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Masters Thesis Abstract

,,An Intertidal Monitoring Programfor Mobil, Port Stanvac (South Australia):

Anthropo genic Versus Natural Disturbance " -

A problem associated with operation of Mobil's Port Stanvac Oil Refinery, situated

in Cuf St Vincent (GSV), South Austraiia, is the accidental release of oil into the

marine environment. If this occurs, the adjacent rocky coastline is likely to be

impacted. A challenge in this situation is to partition the variation associated with an

oil spill from that arising naturally or from other human induced disturbances (such as

recråational pressure). ihis thesis focuses on the development and implementation of
a monitoring program for Mobil, Port Stanvac.

The thesis includes a number of phases. Initially a pilot study and a literature

review were completed; the latter to outline pertinent characteristics of GSV, review

the impacts of oil and identify appropriate monitoring designs and biomonitoring

techniques. A preliminary study focused on temporal and spatial patterns in the

intertid^al urr.rnblug. in GSV. This was followed by computer modelling of the fate

of oil spilt from thã port Stanvac ref,rnery and an investigation of the effectiveness of

Bembicium nantlm as a bioindicator animal. It was likely that trampling could be a

confounding influence at study sites and the impact of this perturbation was

experimentãlly investigated. Finally, the outcomes of these phases were used as a

basis for designing and initiating an ongoing monitoring program.

Pilot Study

The mid-eulittoral section of a number of sites within GSV were sub-divided into

trilo .zones' ('upper' and 'lower') and sampled for dominant intertidal biota. These

were identihed and counted and those physical parameters likely to influence

distribution and abundance were concurrently measured. Various census methods

were also trialed. The pilot study identified nine sites for fuither monitoring and

indicated the most efficilnt sampling methods to be used for the remainder of the

study.

Literature Review and Selection of a Monitoring Design

The literature review established that although confounding factors (e'g. dredging,

stormwater outfalls, the Christies Beach wastewater outfall and recreational shore use)

were operating in GSV their impact on the selected study sites was likely to be

minimal.

A ,,Beyond-BACI" monitoring design (see Underwood lg92\ using a population

level focus and an appropriate bioindicator was used during preliminary monitoring so

that if a perturbatio.r-intèrvened its effect could be assessed statistically. The spatial

scale of relevance to a 'moderate' operational oil spill was at the level of the 'reefl (or

equivalent region on the rocky shore) and the temporai scales of interest were weeks

(designated 'Times') and seasons (designated 'Periods'). The two errors (u and p)

which can arise duríng a statistical analysis were considered equally undesirable and

were set a priori to 0.05.

i Underwood, A.J. (1992) tseyond BACI: The detection of c¡tvitotuttental impacts on populations in

the real, but variable, world. 
'Journal 

of Experimental Marine Biotogt and Ecologt 161, 145-178'
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Preliminary Study

Selected sites were monitored for 15 months (commencing in February/lvlarch
1995) using sampling protocols identified as optimal in the pilot study. Owing to a
paucity of intertidal macroflora the study concentrated on the spatiai and temporal
patterns of the intertidal animal assemblag ), an approach which *ã, n....rary as no 4
priori indicator species had been identified.

Preliminary sampling highlighted enormous spatial and temporal variability in the
intertidal assemblage. This variability obscured identifiable seasonal trends apart
from increased variability in winter and spring. Despite differences in assemblage
structue most sites were dominated by the small gastropod B. nanum.

Two disturbances intervened during the preliminary study; northward sand drift,
which resulted in severe decimation of assemblages at one site, and a ruptured
refinery effluent pipe. A "Beyond-BACI" assessment of the effects of these
perfurbations on the abundance of .8. nanum detected a significant effect at the longest
temporal scale of 'Before-After' in the case of the sand perturbation only. However,¿l-^ ----l -: t , 1 ,tuç arrarytlçar lruwçr tu uctecl lmpacß aI tne temporal scales ot'''l.imes' and 'Periods,
was lower than desired due to the early intervention of the two perturbations and
confounding effects caused by storm mobilisation of substrata at a number of
'control'sites.

B. nanum - a useful Bioindicator

The abundance of B. nanum and its usefulness in investigating the 'unplanned'
perturbations during the preliminary study suggested it may be a useful bioindicator
for the monitoring program. Its sensitivity to fresh Arabian light crude oil and Mobil
petroleum was therefore assessed experimentally. No mãrtality resulted when
B. nanum individuals were exposed to small doses of either type åf oil for a short
time. However, significant behavioural changes (including lois of adherence) were
noted and this could potentially manifest as a population level response to oiling.
Therefore, B' nanum was recommended as the bioindicator of choice for inclusion in
the monitoring program.

Modelling of Oii Transport

To optimise site choice for the monitoring program likely oil spill grounding sites
needed to be predicted. This was done using the .FLowM, M;deiof Dr. i. ay.
(Flinders University) to produce computer simulations of oil transport under various
tidal and seasonal conditions. The model parameters were validaied and refined on
the basis of an oil spill at the refinery in September 1996. Seasonal simulations
revealed some trends but considerable variation in the location and extent of oiling
depending on the timing of oil release and prevalent wind, wave and tidal conditions.
Therefore, the maximum possible number (and spread) of study sites for inclusion in
ongoing monitoring was advocated.

Conþunding Factors

Trampling was identified as the primary disturbance associated with recreational
shore use. To quantify this a number of trampling experiments were conducted
targeting gastropods in the 'bare' substrata cha¡acteristic of the majority of the GSV
sites' These animals were not sensitive to trampling at low intensiiies, implying that
the trampling levels associated with monitoring were not likely to significantþ impact
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on assemblages at study sites. However, under heavy 'weekend' and moderate
,school-holiday'trampling regimes reduced abundances of small B. nanum were seen'

Ongoing Monitoring

The results from the previous phases led to recommendations for an ongoing

monitoring program using a "Beyond-BACI" design and incorporating two temporal

scales of sampling inthelupper'zone ateight'stable'sites in GSV. The abundance

of B. nanum in each of four size classes was the biological variable of interest and it is

recommended that this is assessed in conjunction with substrata composition and the

degree of oiling prevalent at selected study sites.
-the 

oil induóed effect size to be detected by the monitoring program is a 50%

greater change in the abundance of B. nanurz (excluding very small settlers) than

õ..,rr, (on average) in the set of 'control' sites. One sampling run was completed

prior to the project being handed over to Mobil.
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b) Marino Rocks (MR) and c) Hallett Cove (both HCA & HCB)'

The density of 'small' B. nanum is shown at 'Central' (Port Stanvac) sites; a) PS1 &

PSIA, b) PS2 and c) PS3.

The density of ,small' B. nanum is shown at 'southern' sites; a) Port Noarlunga South

(PNS) and b) Robinson Point (RP).

The density of 'small' N. atramento.ra is shown at; a) Kingston Park (KP)' b) Marino

Rocks (MR), c) PSI & PSIA, d) PS2 and e) PS3'

The density of ,smali' A. constricta is shown at; a) Kingston Park (KP), b) Marino

Rocks (Mh.), c) Hallett Cove (HCA & HCB), d) PS1 & PSIA, e) PortNoarlunga South

(PNS) and f) Robinson Point-(RP).
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The density of 'small' A. concamerørø is shown at; a) Marino Rocks (MR), b) ps I &
PSIA, c) PS2, and d) PS3.

The total number of taxa (s) is shown for 'Northern' sites; a) Kingston park (Kp),
b) Marino Rocks (MR) and c) Hallen Cove (HCA & HCB).

The total number of taxa (s) is shown for 'central' sites; a) psl & ps1A, b) pS2 and
c) PS3.

The total number of taxa (s) is shown for 'southern' sites; a) witton Bluff (wB), b) port
Noarlunga South (PNS) and c) Robinson point (Rp).
The total number of individuals (N) is shown for'Northern' sites; a) Kingston park (Kp),
b) Marino Rocks (MR) and c) Hallett Cove (HCA & HCB).
The total number of individuals (N) is shown for'central' sites; a) psl & pslA,
b) PS2 and c) PS3.

The total number of individuals Q.l) is shown for,southern' sites; a) Witton Bluff (WB),
b) Port Noarlunga South (PNS) and c) Robinson point (Rp).

The species richness score (assessed using Margalels Species Rich¡ess Index (d))
is shown for 'Northem' sites; a) Kingston park (Kp), b) Marino Rocks (MR) and
c) Hallett Cove (HCA & HCB).
The species richness score (assessed using Margalels species Richness Index (d))
is shown for'Ccntral' sitcs; a) PSi & pSi.{, ir) FS2 ard c) FSr,
The species richness score (assessed using Margalef s Species Rich¡ess Index (d))
is shown for 'southern' sites; a) witton Bluff (wB), b) port Noarlunga South (pNS) and
c) Robinson Point (RP).
Species diversity, quantified as Shannon-Wiener Diversity (H'), is shown for ,Northern'
sites; a) Kingston Park (KP), b) Marino Rocks (MR) and c) Hallett cove (HCA & HCB).
Species diversity, quantifred as shannon-wiener Diversity (H'), is shown for
'Central' sites; a) PSI & PSIA, b) pS2 and c) pS3,

Species diversity, quantifìed as Shannon-Wiener Diversiry (H'), is shown for ,southern'
sites; a) witton Bluff (wB), b) port Noarlunga South (pNS) and c) Robinson point (Rp).
species evenÌress, quantified as Pielou's Evenness (J'), is shown for ,Northern, sites;
a) Kingston Park (KP), b) Marino Rocks (MR) and c) Hallett cove (HCA & HCB).
Species evemess, quantifìed as pielou's Evenness (J'), is shown for ,central' sites;
a) PSI & PSIA, b) PS2 and c) pS3.

Species evenness, quantified as pielou's Evenness (J'), is shown for ,southern' sites;
a) witton Bluff (wB), b) Porr Noarhurga South (pNS) and c) Robinson point (Rp).

Species dominance, quantified by the Simpson's Dominance Index (SI), is shown for
'Northerrr' sites; a) Kingsion Fark (Kp), b) Marino Rocks (MR) and c) Hallett cove
(HCA & HCB).

Species dominance, quantified by the simpson's Dominance Index (SI), is shown for
'Central'sites;a) PSI & PSIA, b) pS2 and c) pS3.

species dominance, quantified by the Simpson's Dominance Index (SI), is shown for
'southern' sites; a) witton Bluff (wB), b) port Noarlunga South (pNS) and c) Robinson
Point (RP).

The dendrogram was generated using polythetic agglomerative clustering and upGMA
to attempt to separate (or link) GSV study sites on the basis of the taxa they support.
The ordination positions of the 'upper' zones at study sites sampled during pr.ìirninury
monitoring are shown.

The ordination positions of the 'lower' zones at srudy sites sampled during preliminary
monitoring are shown.

The seasonal ordination positions of study sites sampled during preliminary
monitoring are shown.
The ordination positions of the 'sand' perturbed site (HCA), the adjacent HCB site and
the average position of the set of controls (C) used in the Beyond-BACI analysis of the
'sand' perturbation are shown.
The vectors of change coincident with the 'sand' perturbation at HCA (the .sand'

perrubed site) and the set of controls (C) used in the Beyond-BACI analysis are shown.
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Chapter 5
5.1

5.2

5.3

5.4

5.5

5.6

5.7
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5.10

The ordination positions of the'effluent' perturbed site (PSIA), the adjacent PSI site

and the average position of the set of controls (C) used in the Beyond-BACI analysis of
the 'effluent' perfurbation are shown'

The vectors of change coincident with the 'effluent' perturbation at PSIA (the 'effluent'

perturbed site), the adjacent site which was not obviously exposed to effIuent (PSl) and

the set of controls (C) used in the Beyond-BACI analysis are shown'

A principle Axis Correlation (PCC) was performed to determine how well animal taxa

fitted the ordination space produced by the full 'preliminary' MDS ordination. Significant

taxa vectors (Table 4.17) are shown in relation to their general position in ordination

space.

The amount of crude oil recorded at instrument points in a half-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 20 and the su¡face mixing depth was 0'003m.

The amount of crude oil recorded at instrument points in a half-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was l0 and the surface mixing depth was 0'05m.

The amount of crude oil recorded at instrument points in a half-resolution FLOWM

computer simulation of the primary oil spill occurriig from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 6 and the surface mixing depth was 0.05m.

The amount of crude oil recorded at instrument points in a half-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 5 and the surface mixing depth was 0'10m.

The amount of crude oil recorded at instrument points in a half-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 4 and the surface mixing depth was 0.50m.

The amount of crude oil recorded at instrument points in a full-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 15.4 and the surface mixing depth was 0.003m.

The amount of crude oil recorded at instrument points in a full-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refrnery on the 23rd of September 1996. The wave drift factor used i¡
the simulation was 10, the decay time was 0,34 days and the surface mixing depth was

0.05m.
The amount of crude oil recorded at insffument points in a full-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 10, the decay time was 0.17 days and the surface mixing depth was

0.05m.
The amount of crude oil recorded at instrument points in a full-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 15.4 and the surface mixing depth was 0.003m.

The amount of crude oil recorded at instrument points in a full-resolution FLOWM

computer simulation of the primary oil spill occurring from the 'Deep Ocean Point' at the

port Stanvac Oil Refinery on the 23rd of September 1996. The wave drift factor used in

the simulation was 9,1 and the surface mixing depth was 0.05m'

The aurount of crude oil predicted to reach study sites under simulated summer

conditions when released from the 'Deep Ocean Point'.
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5 .12 The amount of crude oil predicted to reach study sites under simulated autumn
conditions when released from the ,Deep Ocean point'.

5.13 The amount of crude oil predicted to reach study sites under simulated winter
conditions when released from the ,Deep Ocean point'.

5.14 The amount of crude oil predicted to reach study sites under simulated spring
conditions when released from the ,Deep Ocean point'.

5' 15 The amount of petroleum predicted to reach study sites under simulated summer
conditions when released from the ,Deep Ocean point'.

5 ' I 6 The amount of petroleum predicted to reach study sites under simulated autumn
conditions when released from the ,Deep Ocean point'.

5 'l'l The amount of petroleum predicted to reach study sites under simulated winter
conditions when released from the ,Deep Ocean point'.

5' l8 The amount of petroleum predicted to reach study sites under simulated spring
conditions when released from the .Deep Ocean point'.

5.19 The amount of peholeum predicted to reach study sites under simulated summer
conditions when released from the ,Wharf point'.

5 .20 The amount of petroleum predicted to reach study sites under simulated autumn
conditions when released from the ,Wharf point'.

\ 21 The amor:nt of petroleun predicted to reach sf.idi' siics',¡ndcr si,¡i¡iaietj wiriicr
conditions when released from the .Wharf point'.

5'22 The amount of petroleum predicted to reach study sites under simulated spring
conditions when released from the .Vy'harf point'.
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Chapter 6
6.1

6.2

6.3

6.4

6.5

6.6
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Chapter 7
7.1

7.2

Reþresentation of the lifecycle of Bembicium nqnum and where in the lifecycle various
processes and factors (e.9. epilithon availability and height on shore) can impact.
A comparison of the average number of adherent B. nanum in experimental treatments;
a) prior to the addition of unweathered A¡abian light crude oil, b) three hou¡s after the
addition of A¡abian light crude oil and c) three hours after siphoning of water from
experimental treatments.
A comparison of the average weighted activity (see Table 6.5) of B. nan m ln
experimental treatments; a) prior to the addition of unweathered A¡abian light crude oil,
b) three hours after the addition ofArabian light crude oil and c) three hours after

siphoning of water from experimental treatments.
A comparison of the average a) pH, b) temperature, c) salinity and d) dissolved oxygen
of water in treatment replicates in the 'crude oil' experiment immediately prior to wãter
being siphoned off.
A comparison of the average weighted activity (see Table 6.5) of B. nanum in
experimental treatments; a) prior to the addition of unweathered leaded (Mobil)
petroleum, b) three hours after the addition of Arabian light crude oil and c) three hours
after water had been siphoning off
A comparison of the average a) pH, b) temperature, c) salinity and d) dissolved oxygen
of water in treatment replicates in the 'refined petroleum' experiment immediatelypiior
to water being siphoned off.
The results of a sSH MDS ordination of 'upper' GSV sites according to their

assemblage structure prior to, and a single time following, an oil spill from the port
Stanvac Oil Refinery.

Comparison of recreational visitation (V) and scored recreational impact (I) experienced
in the mid-eulittoral zone at GSV sites over a 12 month period (from February 1995 to
February 1996).

Scored recreational impact and weighted visitation prohles for each of the sites (shown
in Fig' 7. l) have been averaged to enable broad comparisons between different times of
visitation.

The effect ofa single 'footstep' on the proportion ofunaffected,a) A. constricta,
b) B. nanum and c) i/. atrqmentosa within quadrats was investigated at Kingston park.
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7.4

7.5

7.6

7.7

Comparison of the average abundance of intactX pzlex mussels prior to (pre-step)

and following (post-step) a single footstep into designated mussel dominated plots

established at Kingston Park.

Comparison of the average number of L. vinosa found in 0'045m2 quadrats deployed in

X. pulexbeds which had been subjected to a 'footstep' (step) and those which had not

been exposed to this treatment (non-step).

Comparison of the percentage of C. tramoserica animals remaining in their original
.home' positions in the two treatments (step and non-step) one day after the treatments

were established.

The percentages of three species of mollusc recovered at Kingston Park (a) and Port

Stanvac (b) after being marked and overturned, or marked and left upright and in situ

(control).
The dendrogram generated from the 'weekend' trampling experiment'

SSH MDS Ordination based on double square root transformed taxa abundance

pre-impact and one day after impact in the 'weekend' trampling experiment at Kingston

Park.

The treatment vectors of change associated with the SSH MDS Ordination of the

'weekend' trampling exPeriment.

Summary statistics were calculated from assemblage data and generated from the
,weekend' trampling experiment. The assessed parameters are separately plotted and are;

a) number of taxa, b) Species Richness, c) Shannon-Wiener Diversity and d) Pielou's

Evenness.

comparison of the abundance of B. nanum (a) per 0.75m2 and (b) per 0.25m2 in the

' weekend' trampling exPeriment.

Comparison of the abundance of a) 'medium/large' B. nanum and b) 'small' B. nanum

per 0.25m2 in the 'weekend' trampling experiment.

The dendrogram generated from the 'school-holiday' trampling experiment. Bray-Curtis

similarities were computed for double square root transformed taxa abundances per

0.75m2 for each of 6 plots which had been subjected to three trampling intensities over

a two-week trampling Period'
SSH MDS Ordination based on double square root transformed taxa abundance per

0.75m2 in the 'school-holiday' trampling experiment at Port Stanvac. The full set of

data points are shown in a).

SSH MDS Ordination based on double square root transformed taxa abundance per

0.75m2 in the 'school-holiday' trampling experiment at Port Stanvac. The average

position of treatments and the resultant vectors of change are shown in b).

Comparison of the abundance of .8. nanum per 0.75m2 (a) and per 0.25m2 (b) in the

'school-holiday' trampling experiment'

Comparison of the abundance of a) 'medium/large' B. nanum and b) 'small' B' nanum

per 0.25m2 in the 'school-holiday' trampling experiment.

The stages involved in using a Beyond-BACI design to monitor for an oil spill

perturbation using the abundance of B. nanum as the univariate measure of interest. The

iampling schedule (l) involves comparing an 'impact' site with a number of 'control' sites

The processing and handling of data is illushated in point 2 and described in Chapter 4.

Comparison of substrata composition between the sand-affected HCA site (a) and the

set of Beyond-BACI control sites (b) during 1995.

A comparison of the total abundance of B. nqnum at the 'sand' perturbed Hallett Cove

site (HCA) and the set of conhol sites (designated 'C') used in the Beyond-BACI

analysis ofthis event.

a) The total abundance of B. nanum is shown for each of the study sites selected for

ongoing monitoring. b) The precision associated with each sampling time has also been

shown for each of the study iites following deployment of seven 0.25m2 quadrats'
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8.5 The percentage of the total number of B. nanum categorised into three size classes
('small', 'medium' and 'large') is shown for initial monitoring of the study sites selected
for ongoing assessment. The sites were monitored on two occasions designated 'Time' I

(a) and 'Time' 2 (b) (see text for further details). 52t
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4.15

4.16a

The four outcomes of a statistical analysis designed to test a null hypothesis'

Assessment of the level of oil contamination in quadrats was based on a subjective

scoring system ranging from 0-4.

The average time cost involved in deployment of seven small quadrats at the nine

sites selected for preliminary monitoring.

Average recorded levels of contaminants and water parameters in refinery effluent

discharged to sea in 1994.

An overview of the 'geographical' location ('Northern', 'Central' & 'Southern') of
study sites and the character of the dominant substrata at each site.

The sampling schedule used during preliminary monitoring in relation to the 'effluent'
perfurbation.
Univariate indices were generated from assemblage-data during the preliminary

sampling program using the PzuMER Program, "DIVERSE".
The main factors and levels used in the Beyond-BACI Design for the 'sand' and

' effl uent' perturbation analyses.

Calculation of sources of variation in an asymmetrical Beyond-BACI design. Analysis

'a' incorporates the full data set, while the other analyses involve subsets of the data.

Calculation of hnal variances in a Beyond-BACI design following an impact. Final

values are calculated from the results of the preliminary analyses shown in Table 4.6.

The range of assessed parameters at study sites which were unaffected by the ruptured

ref,urery effluent pipe e.g. all sites other than PSIA.
Calculation of analyses of impact in an asymmetrical Beyond-BACI design using the

'sand' perhrrbation data set. Four separate ANOVAs were performed using various

subsets of the full 'sand-impact' data set as described by Underwood (1993a).

Calculation of final variances following the 'sand' pertubation at HCA. A
Beyond-BACI design and ANOVA were used and the tabled values were calculated

using the preliminary analyses shown in Table 4.9,

Results of the ANALAB analysis of duplicate water samples collected from the Port

Stanvac effluent pipe at the rupture point on the 30th ofAugust 1995.

Effluent parameters measured or calculated at the time of the ruptured ref,rnery effluent
pipe. The first four parameters in this table were measured on the 30th of August 1995.

The remaining two parameters were then calculated according to Vy'etzel and Likens
(1ee l).
Calculation of analyses of impact in an asymmehical Beyond-BACI design using the

'effluent' perturbation data set. Four separate ANOVAs were performed using

various subsets of the full data set as described by Underwood (1993a).

Calculation of final variances following the 'effluent' perturbation at PSIA. A Beyond-

BACI design and ANOVA were used and the tabled values were calculated using the

preliminary analyses shown in Table 4.13.

Summary results pertaining to the Beyond-BACI Analysis of the 'sand' and 'effluent'
perturbations which intervened in 1995 during preliminary sampling of study sites.

The fourteen groups identified in the dendrogram (Fig. 4.53) using the GDEF option in

"PATN" (Belbin 1992) are presented. The number of members in each group and the

breakdown ofeach group on the basis ofstudy site, zone, season, substrata stability,

impact status, location and year of census are shown.

The dendrogram groupings (Fig. 4.53 & Table 4.16a) are again preseiltedrr¡ut the

members of each group have been converted to proportions of the total number of
samples within each of the major defining categories.
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The regression values associated with a PCC analysis (Belbin 1992) indicate the
importance of different taxa in defining SSH MDS ordination space obtained using the
full'preliminary' data set.

A Principle Axis Correlation (PCC) was performed to determine how well animal taxa
fitted the ordination space produced by the full 'preliminary' MDS ordination.
The regression values associated with a Principle Axis Correlation (PCC) to determine
the importance of different physical parameters in defining SSH MDS ordination
space using the full 'preliminary' data set.

The seasonal timing of peaks in the absolute abundance of 'small' B. nanum at sites
where trends in this parameter were noted.

The tidal regime recorded on the day of the operational oil spill (23rd September 1996).
The coding system used to categorise the amount ofoil (in kg) recorded at relevant
instrument points (corresponding to study sites) during seasonal modelling of the
likely grounding sites of oil along the eastern coast of GSV.
The identifïed times of interest in computer simulations of the release of oil at
different points in the tidal cycle, with oil transport influenced by seasonal factors.
The main parameters estimated or calculated for inclusion in the seasonal oil spill
.iñ'ìl.ri^ñ. iñ,'^1,,;-- ^ñ,.¡^ ^il
The main parameters estimated or calculated for inclusion in the seasonal oil spill
modelling simulations in relation to a petroleum spill.

A comparison of the degree of oiling of inskument points (representing the main study
sites) between 28-50 hours of simulated 'FLowM' modelling time. The simulation
involved the release of l00L (approximately 80kg) of Arabian light crude oil at 28 hours
from the 'Deep Ocean Point'.
A comparison of the degree of oiling recorded at instrument points (representing the
main study sites) between 28-50 hours of simulated 'FLowM' modelling time after the
release of 100L (approximately 80kg) of Arabian light crude oil at32 hours from the
'Deep Ocean Point'.
An approximation of the amount of oil retained intertidally at study sites in a simulated
oil spill using a surface mixing depth of 0.003m, a wave drift factor of 15.4, and an oil
decay time of 0.34 days (Fig. 5.6).

A comparison of the life history strategies and characteristics of numerically dominant
animals found in the 'upper' zone at GSV sites.
Dominant species present in the 'upper' zones at GSV sites (apari from witton Bluff)
were considered in terms of their usefulness as bioindicators in an intertidal monitoring
program.
The postulated mechanisms of hydrocarbon impact as either the water soluble fraction
(wsF) or visible form (e.g. crude oil or petroleum) on the processes and lifestages
(Fig. 6.1) of Bembicium nanum.
The treatments used in the experiment to test for the effects on B. nanum of acute
exposure to unweathered Arabian light crude oil.
Weighted scores assigned to the activities of B. nanum within replicates in the 'crude
oil' experiment.
The treatments used in an experiment to investigate the effects on B. nanum of acute
exposure, over one tidal cycle, to Mobil's unweathered leaded refined petroleum.
Paired /-tests were used to determine if the relative abundances of the dominant
gastropod species in the 'upper' zones at GSV sites differed between exposed
surfaces (designated'top') and protected areas beneath mobile substrata (designated
'under').

The results of a statistical analysis on the weighted activity of B. nanum in experimental
treatments (see Table 6.5) prior to the addition of unweathered Arabian light crude oil,
three hours after addition of oil and again tkee hours after the water had been
siphoned off.

6.8



6.g Results of a non-parametric multiple comparison to determine where significant

differences in weighted activity of B. nanum occurred 3 hou¡s after water had been

siphoned from experimental treatments (6 hours after addition of oil) in the 'crude oil'

experiment.

6.10 The range of water parameters recorded in experimental treatments immediately after

the ,crude oil' experiment had been set up and prior to addition of oil.

6. I 1 Kruskal-Wallace (KW) tests were used to determine if physical water parameters

differed according to treatment 3 hours after addition of oil to 'oiled' treatments,

immediately prior to water being siphoning from replicates in the 'crude oil' experiment.

6.lZ Results of a non-parametric multiple comparison to determine where significant

treatment differences in pH occurred 3 hours after oil had been added to the appropriate

experimental treatments in the 'crude oil' experiment.

6. I 3 Results of a non-parametric multiple comparison to determine where significant

treatment differences in temperature occurred 3 hours after oil had been added to the

appropriate experimental treatÍìents in the 'crude oil' experiment.

6.14 The results of statistical analyses investigating the effect of unweathered (leaded)

Mobil peholeum on the weighted activity of B. nanum in experimental treatments

(shown in Table 6.6); prior to addition of petroleum to appropriate treatments,

three hours after addition of petroleum and th¡ee hours after water was siphoned off.

6. I 5 Results of a non-parametric multiple comparison to.determine where significant

treatment differences in the weighted activity of B. nanum occurred 3 hours after

siphoning of water from replicates in the 'reftned oil' experiment.

6.16 The range of water parameters recorded in experimental treatments immediately after

the 'refined petroleum' experiment had been set up and prior to addition of oil.

6.1'l Kruskal-Wallace (KW) tests or ANOVA were used to determine if physical water

parameters differed according to treatment 3 hows after addition of petrol and

immediately prior to water being siphoning from replicates in the 'refined petroleum'

experiment.

XX

The range of recreational activities people were seen engaging in at study sites in GSV

during 1995 and 1996.

Analyses of the effects of a single 'footstep' on three gastropod species inhabiting

'bare' rock at Kingston Park.

Analysis of the effect of overturning dominant gastropods on the proportion of animals

recovered in treatments after one tidal cycle. The ffeatments were paired and consisted

of an'overturned' and a companion'control' group.

Analysis of the effect of overturning dominant gastropods on the distance travelled by

recaptured animals in treatments after one tidal cycle. The treatments were paired and

consisted of an 'overturned' and a companion 'control' goup.

The behaviour ofthree species ofgastropods overturned at Port Stanvac are compared'

The animals were in groups of l0 and were overturned in thei¡ 'original' position on wet

or dry 'bare' rock and then observed for 30 minutes.

A breakdown of the members of dendrogram gloups l-7 (see Fig. 7.8) identihed in the

analysis of the 'weekend' trampling experiment.

Pearson matrix of Bonferroni probabilities; MDS axes ys dominant taxa for the

'weekend' trampling data set.

A pre-impact randomised Block ANOVA was used to compare the average abundance

of B. nanuml\.zsÍJ (incorporating all size classes) between trampling treatments in the

' weekend' trampling exPeriment.

A pre-impact randomised Block ANOVA was used to compare the average abundance

oflmedium-large' B. nanuml\.25m2 between trampling treatments in the 'weekend'

trampling experiment.
A Postiroc multiple comparison following the Friedman's analysis of the average

abundance of 'small' B. nanum per 0.25m2 one day atter completion of trampiing in the

'weekend' trampling experiment.
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A breakdown of the members of dendrogram groups l-7 (see Fig.7.la) identifred by
hierarchical clustering in the'school-holiday' trampling experiment.
Pearson matrix of Bonferroni Probabilities; MDS axes v.r dominant taxa for the
'school-holiday' trampling experiment data set.
Randomised Block ANOVA comparing the abundance of B. nanum/0.25m2 in treatments

prior to commencement of the 'school-holiday' trampling regime.
A Post /zoc multiple comparison following the Friedman's analysis of the average
abundance of 'small' B. nanum one day after completion of trampling in the
'school-holiday' trampling experiment.

The sampling schedule used for preliminary monitoring of selected study sites. In this
instance two sampling periods were completed before the 'sand' perturbation
intervened.

The general design and main factors and levels used in the Beyond-BACI 'sand'
perturbation analysis.
The method involved in calculation of variance values in an asymmetrical Beyond-BACI
design to tease out the relative contributions of the factors of interest following an
impact. Four separate analyses are performed; a) incorporating all data, b) control data
- t _ -\ r ¡vtrry, ç) uçlulç UAt¡1 utUy ¿¡rU U/ [Itg COIll'rOI, OeIOfe qala,

The method by which final variances are calculated.for a Beyond-BACI design following
an impact. Final values are calculated using preliminary analyses (see Table g.3).

The sequence of statistical tests used in a Beyond-BACI analysis to test for significant
environmental impacts at a range of temporal scales. Final variance values (Table 8.4)
are used as the basis ofthese tests.

calculation of analyses of impact in an asymmetrical Beyond-BACI design using the
'sand' perturbation data set (refer to Table 8.3).

calculation of final variances in a Beyond-BACI design following the 'sand'
perturbation at Hallett Cove. Final values were calculated using preliminary analyses
shown in Table 8.6.

A power analysis using the results shown in Table 8.7 which were generated from the
'sand-impact' data. The analysis involves an assessment of the power to detect an
impact at the temporal scales of 'Times' (T) and 'periods' (p) as the number of ,periods,

before the perturbation intervenes are manipulated.
calculation of analyses of impact in an asymmetrical Beyond-BACI design using the
'sand' perturbation data set after the data had been manipulated as shown in Table 8.9.

Ali results are unchanged from those shown in Tabie 8.7 apart liom analysis ,a'.

The 'new' "P (aft) x I" and "T(aft) x I" values were calculated using the 'sand' data
(shown in Table 8.9) as described in section 8.4.4.2 and Underwood (1993a). The values
shown in the table were calculated after the original 'sand' data had been adjusted to
simulate a 50% post-perturbation decrease in B. nanum abundance at the putatively
impacted site.
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Aerial view of two of the 'Northern' study sites; Kingston Park and Marino Rocks.

Aerial view of the remaining 'Northern' study site; Hallett Cove, and the 'Central'

study sites;PSl, PS2 & PS3.

Aerial view of 'southern' study sites; Witton Blufl Port Noarlunga South and

Robinson Point.
The area sampled at the Kingston Park study site. The study region extends from just

beyond the darker bedrock in the foreground and stops before the cobble is reached.

The Marino Rocks study site primarily consists of elevated substrata interspersed by

regions ofloose cobble and boulder.

The Hallett Cove site is located on the flat bedrock strata seen in the centre of this

plate and is flanked on both sides by cobble and boulder helds. At the time this

photo was taken sand had covered sections ofthe substrata.

The flat bedrock substrata which dominates the Hallett Cove study site is shown in

this plate. Note the shallow eroded holes which retain small volumes of water at low

tide. The main animals shown within the wooden quadrat are Bembicium nznum

and Aus tr o c o chl eq c ons tr ict a.

The wooden 0.25m2 quadrat in position at the PSI site. The substratum is

predominantly stable bedrock with fissures and small eroded holes. The small

molluscs present as brown specks on the rock are mainly Bembicium nanum.

The position of the PS2 site to the north of the refinery wharf. Note the large amount

of mobile boulder and cobble substrata at this site. The position of the quadrat

marks the start of the sampled region.

The PS3 site lies to the south of the refinery wharf and ship-to-shore pipeline. The

strata is flat bedrock, with some upthrust areas, overlaid in parts by cobble and

boulder, among which smaller substrata (including sand) is trapped.

Winon Bluff is located by climbing down a man-made boulder retaining wall (shown in

the foreground of this plate). A steep cliff comprised of a mix of clay and sand

sediment, reinforced by the retaining wall, flanks the landward edge of this reef.

Witton Bluff consists of a stable low-lying reef dominated by bedrock which is heavily

eroded to form areas that tend to retain water at low tide (forming rock pools).

A view of the natural seawall which lies to the east of the Port Noarlunga South site.

The area that is sampled at this site is shown in the foreground. A sand and clay-mix

cliff is situated landward of the seawall.

The Port Noarlunga South site consists of a low-lying limestone reef which has formed

from bedrock which has been eroded by constant wave action to form some quite

deep holes.

The Robinson Point site is shown being sampled. The reef consists of cobble and

boulder substrata much of which is embedded and stabilised by sand and mussel

beds. A high cliff lies landward of the site which is low-lying and relatively sheltered.

Discharge of stormwater across the Hallett Cove study sites (HCA & HCB) during a

winter 1995 episode of high rainfall.
The position of the stormwater outfall pipe approximately 40m north of the sampled

reef at Robinson Point.

The oil Spill occurred from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery

on the 23rd of September 1996. Oil grounded intertidally at high shore levels and was

rakeci up anci manuaily removed from the beaches.

Manual removal of oil from the shore of the Onkaparinga River Estuary'

A boom in situ tnthe Onkaparinga River Estuary to further restrict oil transport into
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this waterway.
Heavy seas and rough weather on the day of the oil spill caused a water-in-oil
emulsion termed a 'mousse' to form. This was comprised of 50-80% water dispersed
in the oil phase and is seen here as a chocolate coloured material left by the receding
tide on sand near Witton Bluff.
A closer examination of the mousse which formed under the agitated at-sea conditions
prevailing at the time of the oil spill.
Obvious fresh oil deposis left by the receding tide at the low water mark on the shore.
The clean-up in progress (on the 26th of september 1996) at rhe port Noarlunga South
site.

The Kingston Park study site is reached from a Service Road. At the base of the ramp
is a man-made seawall used to locate the 'zone' to be sampled.
The area sampled at the Kingston Park study site. The study region extends from just
beyond the darker bedrock in the foreground and stops before the cobble is reached.

The Marino study site is located to the north of the boat ramp from which this photo
was taken.
At Marino the substrata sampled is the flatter regions of bedrock occurring amongst
more elevated bedrock. The sampled substrata lies to the seawarri side of the naler
strata.

The sampled zone at the Marino site begins where the person is standing.
The Hallett Cove site is located in the cobble and boulder field directly in front of the
base of the ramp seen in the background.

The tape marks the beginning of the sampled region in the cobble and boulder field at
Hallett cove. The original study site (HcA) used in preliminary sampling is shown to
the right of the new site and was prone to sand influx.
Location of the PS I site is via the coastal track at the refinery. The car is parked at the
southern end ofthe track, adjacent to PS1.
The refinery effluent pipe runs across the intertidal region south of pS I . The pipe join,
from which measurements are made to locate the site, is situated seaward of the
cement box. The large pipe on the cliff in the background discharges runoff from the
Mitsub ishi Manufacturing Plant.

The wooden 0.25m2 quadrat in position at the pSl sitc. The substratum is

predominantly stable bedrock with fissures and small eroded holes. The small
molluscs present as brown specks on the rock are mainly B. nanum.
This photo lvas taken facing east from PS2, the central study site within the refinery.
The area to be sampled is located using the surveyor's peg which is to the right of the
boulder positioned at almost road level to the left of the car.
The position of the PS2 site to the north of the refinery wharf. Note the large amount
of mobile boulder and cobble substrata close to the sampled area.
This photo was taken facing south along the bedrock strata that is sampled at ps2.
Sampling at this site proceeds within the confines of the strata and is not carried out
on adjacent mobile rock.

The PS3 site lies to the south of the refinery wharf and ship-to-shore pipeline. The
quadrat in the foreground of this plate is positioned on the bedrock strata which is
sampled at this site.
This plate again shows the PS3 study site with the quadrat in position. This time the
area is viewed from the shore facing the sea (west).

The landward natural seawall (or cliff) used to locate the area to be sampled at the port
Noarlunga South site.
A distant view of the seawall that lies to the east of the Port Noarlunga South site. The
area that is sampled at this site is shown in the foreground.

The Port Noarlunga south site is a low-lying reef which has formed from bedrock
eroded by constant wave action to form some quite deep holes.
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8. l9 The access path to the Robinson Point site is shown. The area to be sampled is a reef

that líes to the south of the stairs. A stormwater outfall discharges runoffto the north

of this site under high rainfall conditions.

Sampling at the Robinson Point site begins where the person is shown. This site

consists of predominantly embedded cobble which is secured by sand and mussels

and is therefore relatively stable.

8.20

510

510



XXV

List of Appendices

I

A
B

C

D
E

F

G

H

J

K
L
M
N
o
P

a

R

S

T
U
V
w
X
Y

Background to the Project.

"Advertiser" Report, 3Oth November 1996.

The Rocky Intertidal Region: A General Review.

Oil: Characteristics and Properties.

Road Map 152 (UBD Street Di¡ectory Adelaide, 1994), used to locate

Kingston Park, GSV.

Road Map 164 (UBD Street Directory Adelaide, 1994), used to locate

Marino Rocks, GSV.

Road Map 175 (UBD Street Di¡ectory Adelaide, 1994), used to locate

Hallen Cove & Port Stanvac sites, GSV.

Road Map I 85 (UBD Street Directory Adelaide, 1994), used to locate

V/itton Bluff, GSV.

Road Map 195 (UBD Street Di¡ectory Adelaide, 1994), used to locate

Port Noarlunga South & Robinson Point, GSV.

Physical Parameter Assessment Sheet.

Biota Census Sheet,

Photographic Handbook of Common GSV Intertidal Species.

"Advertiser" Report, December I995.

"GMAVS" Instructions.

"BMDP" V 5; Analysis of the 'Effluent' Data Set for Serial Correlation.

Animal Taxa Recorded at GSV Study Sites During Preliminary Monitoring.
Pearson Matrix with Bonferroni Corrections (Taxa vs SSH MDS

Ordination Axes).

Pearson Matrix with Bonfenoni Corrections (Environmental Variables vs

SSH MDS Ordination Axes).

"The FLOWC Model" (Bye and Ng l99a).

"The FLOVy'M Model".

Amendments to "The FLOWM Model".

Final Report to Mobil.

Project Summary.

Final Field Data Sheets.

Final Data: Collected as the Initial Ongoing Monitoring program Data.



Introduction Page I

Chapter 1 General Introduction

This thesis concerns the development of a monitoring program for Mobil's Port

Stanvac Oil Refinery. In designing an effective monitoring program it is necessary to

understand the pollutant or activity that is to be detected and the likely effects it may

have on the area and biota it contacts.

Mobit operates a coastal oil refinery within Gulf St Vincent (GSV). A potential

hazard, of their operation is the accidental release of crude or refined oil into the

marine environment. In the event of an operational oil spill it is likely that the rocþ

intertidal area which dominates much of the immediate coast will be affected'

Therefore, the monitoring program will focus on the rocþ intetidal zone, in

particular its structure and ecology and how it is likely to be changed by an oil spill.

1,1 Monitoring to Detect an Environmental Impact

In this era of technology and urbanisation, environmental disturbance by humans is

increasing. Freshwater and marine communities are especially susceptible to human

induced perturbation and are frequently exposed to a range of activities which can

modify underlying biological patterns and processes (Keough and Mapstone 1995)'

The risk of increased environmental disturbance has been tracked by a growing public

a\Mareness of the problem (Fairweather 1993). Many countries have introduced

legislation requiring the implementation of monitoring programs to detect

environmental change, a trend which has stimulated the development of suitable

monitoring techniques (Millard et al. 1985, Glasby 1997). However, the design of

programs to detect environmental disturbances has not matched the increasing

demand for their use (Underwood 1989 & 1991a). An interesting development in

monitoring programs (see Chapter 2) is the shift in emphasis from disturbance

induced change at the level of the organism to population level (Emlen 1989) and

assemblage level (e.g. Warwick and Clarke 1993) effects'

Anthropogenic activities which result in environmental disturbances can be defined as

any human related processes which place stress on a system (Underwood 1989)'
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These activities fall into a number of categories including planned developments,

services required by the public, such as treatment and release of sewage, recreational

activities, such as trampling on a rocþ shore, or exploitative activities, such as fishing

(Fairweather 1990, Keough and Mapstone 1995). An additional category is reserved

for random or accidental events, such as oil spills, which are difficult to monitor due

to their unpredictable natu¡e (Michener 1997). However, despite this difficulty, a way

of rapidly, reliably, and cost-effectively monitoring and detecting the ecological

impacts of human activities on natural populations is needed (Underwood. 1992,

Osenberg and Schmitt 1996, Michener 1997).

In order to assess how an environmental disturbance has impacted a system it is

necessary to colnpare the pef';rbed. anC unpcrfuibcd states an,j -ru iravs an

understanding of the intrinsic patterns and processes underpinning natural systems

(Kan 1987). Techniques which allow such comparisons include measuring the

physico-chemical composition of discharges, investigating biochemical, cellular and

physiological responses in organisms, and implementing field based sampling

programs focusing on biological monitoring at the population or assemblage level

(Keough and Mapstone 1995, Osenberg and Schmitt 1996).

Biological monitoring is used in the belief that sampling the biota provides

information on the condition of the ecosystem under examination (Henicks and

Caims 1982, Underwood i995a). The coliection of appropriate tleid data is the best

way to provide evidence about a disturbance and assess whether an impact has

occurred (Keough and Mapstone 1995, Underwood 1995a &b). However, it is only

by focusing on how an activity affects biota at population or higher levels that the

ecological implications of a perturbed habitat can be interpreted in a meaningful way

(Underwood 1995a).

Monitoring programs can be tailored to serve a variety of purposes. They can provide

a tool for assessing the condition of the environment or promoting its conservation,

prevent environmental damage by providing feedback which enables management to

avert deleterious change, and can play a role in assigning responsibility for damage

(Constable 1991, Peterson 1993). However, regardless of the use which is to be made
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of results from a monitoring program, its primary function must be to detect the

impact it was designed to detect (Lewis 1978, Underwood 1991a). This central need

has fuelled the ref,rning of monitoring designs from those outlined by Green (1919)

through to the complex Beyond-BACI designs advocated by Underwood (1991a,1992

&. 1993a). These designs all place a heavy emphasis on the importance of formal

statistical methodology as opposed to 'descriptive' monitoring techniques (Stewart-

Oaten 1996).

1.1.1 Scope and Objectives of Monitoring

A monitoring program must be able to yield clear evidence about the magnitude and

existence of 'real' environmental impacts. This requires an understanding of what

variations, e.g. in population parameters, would be expected under perhubed and

unperturbed conditions, and under the influence of 'trivial' and 'important'

perturbations (Stewart-Oaten 1996). The response variables chosen for this task

should ideally be easy to measure and sensitive to the impact but relatively stable in

the unimpacted state (Keough and Mapstone 1995).

Variability and Temporal and Spatial Scales

An inherent characteristic of natural systems is their stochastic nature (Osenberg and

Schmitt 1996, Roberts et al. 199S). This variability is independent of a perturbation

although it may be exacerbated by such an event. A system with high intrinsic

variability can generate a 'noisy' signal which may obscure trends associated with a

disturbance (Underwood 1993a), or even exaggerate the 'true' impact related change

(Hilborn and Stearns 1982). This occurs because in any natural system multiple,

unsuspected factors can be modiffing pattems and processes. The greater the natural

variability the more difficult it becomes to separate impact induced change from the

background fluctuations, and the more costly and extensive the monitoring design

needs to be to achieve this separation (Keough and Mapstone 1995).

Variability in a system operates over a range of spatial and temporal scales (Thrush er

al. 1996). It can also manifest as a time and space interaction which results in
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alterations in the time course of abundances of populations in different locations

(Underwood 1992). A poorly designed monitoring program is one which ignores a

high level of background variation, is too sensitive to a biologically insignificant

impact, or is not sensitive enough to detect a biologically important event (Keough

and Mapstone 1995). To be effective a monitoring program needs to be fine-tuned so

that its ability to detect a change (its power), is balanced against the size of the impact

to be detected (the effect size). These considerations also need to be weighed against

the costs of running the monitoring program.

A well designed monitoring progr¿Lm needs to focus at temporal and spatial scales

which aie relevant to a particular pcrturbation. This can onl¡ bc achicvc,i if the

temporal and spatial scales over which a perturbation is likely to operate are predicted

and then related to underlying processes which may be affected by the perturbation

(Karr 1987, Underwood I99Ia, 1992, 1993a &. I994a). Only when this has been

achieved can variations and patterns seen in monitoring data which are coincident

with a perturbation be partitioned from the background variability (Andrew and

Mapstone 1987).

Clearly, the major focus of a monitoring program should be the functional scale at

which a particular organism (or assemblage) is likely to respond to its environment

(Ancirew anci ivfapstone 1987, Young i990). However, the source of observed

variation in sampling programs is often linked to processes operating at several scales

(Underwood and Kennelly 1990, Karlson and Hurd 1993). This means that the spatial

and temporal scales utilised in the sampling schedule can affect the results and how

they are interpreted (Millard et al. 1985, Young 1990, Ward and Jacoby 1992, Thrush

et al. 1996). This problem can be addressed by optimising a monitoring program to

incorporate a range of temporal and spatial scales. Underwood has succeeded in this

undertaking in his asymmetrical, repeated measures (Beyond-BACÐ monitoring

designs which have established a statistically rigorous way of monitoring and testing

for disturbance induced effects at least under certain circumstances.
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In order to identify the appropriate functional and therefore spatial and temporal scales

over which a perturbation is likely to be felt, computer modelling can be utilised.

processes like physical transport (of contaminants and larvae) and life history

parameters of indicator populations (such as longevity, age structure, rates of

reproduction and mortality) can be modelled and used to identify the scales of

importance for a particula¡ animal or community and contaminant (Walters 1993).

1.1.2 The Importance of Baseline Studies

An environmental impact, for the purpose of this project, can be viewed as a change in

the environment over a given period of time as a result of direct or indirect human

activity (Keough and Mapstone 1995). To be able to detect an environmental change

the baseline condition of the area of interest needs to be established and used as a

yard-stick against which anthropogenic changes can be assessed in context (Ward and

Jacoby 1992, Jan et al. 1994). However, since the underlying ecological processes in

a community are often slow and complex, a long-term data set is recommended. This

is particularly necessary when monitoring rocþ shores where 10 years of data may be

needed before trends can be identified against the high inherent background variability

(Jan et al. 1994). A shorter sampling time may not only fail to show clear patterns but

may also give misleading results (Southward 1991). Baseline data can be used to

assess variation at a range of scales and can be useful in optimising the sampling

design of a monitoring program, for example by aiding in selection of the number of

locations and replicates needed given the 'natural' variability of the system

(Underwood and KennellY 1990).

It is important that clear decision criteria are defined well before a monitoring

program is implemented. For example, the magnitude and direction of change that is

expected in association with a particular perturbation should be discussed at an early

stage (Keough and Mapstone 1995). The level of change that is to be tolerated also

needs to be defineð. a priori. Only then can the observed change be compared to the

baseline data. This avoids a biased monitoring program and prevents a post hoc

subjective allocation of effect size.
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1.1.3 The Relationship Between Cause and Effect

Many monitoring programs which have successfully detected an 'effect' in response

to a particular activity fail to clearly establish a link between the perturbation and the

observed change (Underwood and Peterson 1988, Underwood 7991a, Beyers 1998).

Another problem is the focus of monitoring programs on changes (in particular

decreases) in the average abundance of organisms. A decline in population abundance

can occur in response to an impact. However, it is also possible that a disturbance of

'intermediate' magnitude can trigger an increase in diversity and possibly increased

abundance of certain opportunistic species (Connell 1978, Sousa I979a &, b,

Underwood I995a & b). Therefore, any chanee (either increase or decrease) in

population means that correlates with a perturbation must be considered as an

environmental impact (Underwood 1 99 1 a).

In addition to abundance changes disturbances may result in altered variability within

a natural system. For example, Vy'arwick and Clarke (1993) detected increased

variability in meiobenthos experimentally exposed to organic enrichment and

concluded that this can be a characteristic of stressed assemblages. lncreased

variability may be attributed to changes in the population structure of individual

species or may occur when a stressed assemblage is replaced by a new suite of

organisms (Chapman et al. 1995). Altered temporal variability in a perturbed natural

system can arise as changes in the frequency or timing of major population

parameters, such as recruitment ofjuveniles into a coastal population (Underwood and

Denley 1984, Underwood and Fairweather 1989), trigger a reactive response which

results in changes in the rate or magnitude of fluctuations in organism abundance

around the 'long-run' averages (Underwood 1991a). Monitoring procedures which

t"ocus on altered abundances alone may fail to detect such an impact.
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1.1.4 Summary

In summary, it is known that the intertidal area is particularly susceptible to

anthropogenic perfurbation but its inherent stochasticity makes identification of

changes specif,rc to a particular disturbance diffrcult to quantifr (Jan et al. 1994).

Variation in intertidal assemblages can manifest as spatial patchiness and fluctuations

in species abundance over time in response to such processes as unpredictable

recruitment. Disturbance induced fluctuations may manifest in a susceptible

population as increased temporal variance or alterations in the time courses of

organisms, as well as being reflected by simple changes in the average abundances of

a stressed population (Underwood 1991a).

A monitoring program capable of detecting anthropogenic change against a 'noisy'

background requires a clea¡ link between the sampling variable and the disturbance, a

long-term data set and a design which is able to partition the variation of interest

(whether it manifests as an altered variance or a change in the abundance of a target

species) from natural variation (see Chapter 2).

L.2 Background to the Project

To design an effective monitoring program for Mobil's Port Stanvac Oil Refinery it

was necessary to consider the dynamics and general characteristics of GSV. The

physical oceanography, coastal topography and the main coastal substrata types

required consideration to place the project within a broad context before a finer focus

could be achieved. A review of information relating to the study area in GSV,

oceanographic characteristics (such as wind and tidal action) and the type of coastline

which dominates GSV in the vicinity of the refinery was used as background

information for this project (Appendix A). The location of the refinery within GSV, a

brief history of refinery operation, disturbances which have occurred in the region and

previous studies of local biota were also of relevance to this project and have been

reviewed in Appendix A. An overview of the information contained in Appendix A

'rr I - -:_,^--wlll now oe glvçrr.
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GSV is a shallow marine basin which forms an inverse estuary with limited water

exchange with the open ocean (Appendix A: Fig. 4.1). Adelaide is situated on the

eastern side of the Gulf and impacts on the coast through such activities as effluent

discharges and recreational use of the shore. GSV has a large spring to neap tidal

range and characteristically has higher mean sea levels in winter than in summer

(Womersley and Edmonds 1958).

Wind is known to influence tidal range and is the main determinant of general water

circulation (Bye 1976). Since oil is a surface born contaminant, wind direction and

strength are expected to have an important role in its transport. In GSV the wind
ianlo +n Lo ñ^;ñ1" cn'r+L +^ .^"+L ^^.+ :- ^,,*.-^- ^-J ^^-.+L --r^^+ +^ .^ ^:L i-- ---:,-L'lv¡¡su çv vv ¡¡¡4¡r¡^J rvslu !v svsl¡a-e4ùr l¡r Ju¡ultvl cllt\l JvL¡tll-vYrsùL tu lLur Lll llr wrlllçI

(Petrusevics 1990). Mathematical models have been used to simulate tidal elevations

and currents and predict circulation patterns in water bodies (including GSV) under

varied tidal and wind conditions (see Appendix A: Fig. 4.2). The modelling work of

Marcus Grzechnik (Adelaide University) specifically addressed the transport of oil in

GSV but was not at a useable stage when a monitoring design was being formulated.

However, the 'FLOWM' Model of Dr John Bye (Flinders University) was adjusted to

enable predictions of the passage and ultimate destination of oil spilt in the Gulf (see

Chapter 5).

Oii spilt at Pori Stanvac is iikeiy to groun<i aiong the eastern coast of GSV. To the

north of the coast the shore tends to be relatively sheltered but south of Port Stanvac

the steeper coastal gradient typically results in higher energy exposure and stronger

current velocities, particularly in winter ('Womersley and Clarke 1979, Coast

Protection Board 1984). However, the breakwater and reef at Port Stanvac and

offshore reefs at Port Noarlunga decrease the incident wave energy experienced by

these regions which will in turn affect the transport of oil to the shore and its

persistence on the shore. This illustrates the importance of considering coastal

topography in predicting oil transport and ultimately the fate of grounded oil.
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The coastline in the vicinity of the Port Stanvac Oil Refinery is characterised by rocky

headlands interspersed by inegular wave cut platforms and sandy beaches

(Womersley and Clarke 1979). Another feature of the coast is the presence of boulder

and cobble littoral deposits at the bases of many of the cliffs (Shepherd and Sprigg

lgi6). Both mobile rocky substrata (such as boulder and cobble) and the more stable

substrata afforded by bedrock reefs and platforms fotmd intertidally house a range of

animals and plants which are most at risk of damage should an oil spill occur near

Port Stanvac.

The Port Stanvac Oil Refinery receives crude oil for refinement and exports refined

oil and other products (such as lubricants). The primary points where oil can be

spilled are the 'Deep Ocean Point' (or crude marine berth), the 'Wharf Point' and the

pipeline that leads into the refinery (Appendix A: Fig. 4.3). A procedural oil spill did

occur from the 'Deep Ocean Point' on the 23rd of September 1996. This event was

used as a 'modelling pilot study' to validate the 'oil transport modelling' component

of this project and to investigate oil induced changes in the intertidal assemblage

(refer to Appendices A & B and Chapters 4,5 &' 6).

A number of factors other than an oil spill potentially impact the eastern side of GSV

in the vicinity of Port Stanvac (Appendix A: Fig. 4.4). These include natural

northward sand drift in winter and spring, sewage discharge from Christies Beach, the

Mitsubishi stormwater discharge and the addition of pollutants from Christies Creek

and the Onkaparinga River (Appendix A: Table 4.1). Within the refinery localised

sand dredging (Appendix A: Fig. A.5) and refinery effluent discharge may also result

in coastal impacts.

A few studies have been conducted in GSV which proved useful as background

information for this project. Perhaps the most relevant of these were the surveys

conducted in 1979, 1980 and part of 1981 by Womersley. Womersley (1988)

recorded the intertidal biota present in the region and attempted to establish their

abundance and seasonal patterns over the period ofthe study. Biota abundance tended

to fluctuate markedly on a seasonal basis but extreme variability in organism
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abundance between years was also found. This work highlighted the need for a long

term data-set to establish trends against the large background variability characteristic

of the intertidal region generally.

1.3 Thesis Plan and Aims

1.3.1 Significance

This project will provide Mobil with a method of independently assessing the effects

of an operational oil spill using an appropriate monitoring program and indicator

species. Mobil is aware that an oil spill is a potential hazard associated with the

operation of their Port Stanvac plant and is prepared to take responsibility for this as

indicated by their support of this research. Since not all changes following an oil spill

would be attributable to the spill, this project allows the statistical separation of

effects 'due' to the spill from incidental or 'noise' related changes.

In the event of an oil spill occurring, the monitoring progam will allow Mobil to have

an objective discussion with relevant environmental bodies. It will also enable them

to mount a defence in response to any charges that are laid and minimise the cost

impact of such charges. Mobil has a desire to have an environmental conscience and

to consider the environmental consequences of their activities. These needs will be

met by an ongoing biological monitoring progr¿rm. Mobil ultimately aims to use the

monitoring program to help meet Australian environmental standards in their

operations and practices.

This project also provides a means of monitoring coastal recovery following an oil

spill and of assessing any subsequent clean-up operations that are implemented.

Additionally, in its pre-impact stages the project will allow assessment of effects on

intertidal biota related to the private ownership of the refinery site. Any trends which

appear to be associated with this private ownership (such as a lifting of trampling and

collection pressure on susceptible biota) can then be tested experimentally.
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1.3.2 Aims

The project aimed to establish the existing condition of the intertidal a¡ea at Port

Stanvac. This baseline could then be used as a starting point for designing an ongoing

monitoring proglam using suitable bioindicators. The monitoring program needs to

partition variation due to the other pollution sources mentioned from those statistically

attributable to an oil spill. To achieve this it was necessary to investigate the temporal

and spatial trends seen at va¡ious sites within GSV. In addition, the project aimed to

investigate the effects of recreational shore use. This component of the project

focused on the impact of trampling (in particular) and collection pressure on some of

the more common intertidal animals. Two experiments were specifically designed to

investigate the effects of trampling. In optimising the design of the planned

monitoring program another aim was to identiff suitable control and impact sites

within GSV. This could only be achieved by using a computer model to predict the

most likely sites of oil spillage and grounding.

Specifically, this thesis addressed the following questions:

1. What type of monitoring design recommended in the literature could be adapted to

test for an intertidal oil spill impact?

2. What was the baseline (existing) condition of the intertidal region at Port Stanvac

and other regions along the eastern coast of GSV?

3. What was the most appropriate bioindicator (or bioindicators) to use in monitoring

for an oil spill impact and what other parameters should be assessed concurrently?

4. What spatial and temporal trends were exhibited by biota in coastal areas of GSV?

5. What influence does pollution, such as Mobil's dredging spoil, the Mitsubishi

srorïn water outflow and the Christies Beach wastewater discharge, have on the

coastal region and particularly the selected bioindicator?

6. What was the effect of recreational use of coastal regions on intertidal

assemblages and the selected bioindicator?

7. What recommendations, taking into account the information generated by

questions 1-6, can be made to Mobil concerning all aspects of the monitoring

design?
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1.3.3 Project Overview

The project was conducted in six phases as outlined below

Phase I: Pilot Study

. Rocky intertidal sites within GSV were visited.

. Sites were assessed on the basis of their assemblages, topography and accessibility

for suitability as monitoring sites.

o Data sheets and a photographic key of relevant animals and plants were compiled.

r Potential sampling strategies were assessed.

Phase 2: Preliminary Study

' Optimal sampling strategies from phase 1 were adopted for use in a longer-term

preliminary study.

o A monitoring program was selected to track temporal and spatial changes in the

intertidal assemblage at selected sites over a period of approximately 15 months.

The design was chosen on the basis of a literature review of monitoring techniques.

' The monitoring design and sampling strategies were chosen to be such that if a

disturbance intervened a test of the monitoring design, and the impact, could be

made.

' This phase also allowed investigation of the potential influence of confounding

factors which may confuse changes associated with an oil spill.

' The recreational use of study sites was monitored during the preliminary study.
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Phase 3: Modelling of an OiI Spill at Port Stanvac

. This involved using modeis developed by Dr J. Bye (Flinders University) to

attempt to predict the most likely grounding sites of oil spilt near Port Stanvac.

o predicted seasonal grounding sites were examined assuming oil was released from

the 'Deep Ocean Point' or the 'Wharf Point' (see Appendix A: Fig. 4.3) at various

times within a simulated tidal cycle.

Phase 4: Choice of Bioindicators

. The suitability of potential indicator (animal) species were examined with

particular reference to their abundance, spatial distribution and behaviour (e.g.

preference for the 'top' and 'undersurface' of mobile substrata).

e The species which met the main bioindicator criteria was then tested

experimentally for a 'cause-and-effect' relationship with Arabian light crude oil

and Mobil refined product (petroleum). Exposure to these two forms of oil was of

short duration and only acute (immediate) effects were investigated.

Phase 5: The Effect of Trampling on Intertidal Animals

. The impacts of acute trampling on susceptible animals were examined using

multivariate and univariate analyses.

. Two acute trampling experiments were performed, the first simulating the type of

foot traffic that might be encountered on a busy shore over a weekend, and the

second simulating the type of disturbance that might occur over a two-week school

holiday period.

Phase 6; Recommendations and Implementation of the Ongoing Monitoring Program

. The outcomes of the previous phases were combined to enable recommendations

for the ongoing monitoring program to be made'

. Study sites were redefined where necessary and the first run of the ongoing

sampling schedule was implemented.

o The data obtained were examined so that final adjustments to the monitoring

design could bc made.
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1.3.4 Thesis Plan

The overall structure of the thesis and its development is shown in Fig. 1.1. The

thesis builds on a general introduction to monitoring and examination of

characteristics of GSV (Chapter 1 & Appendix A), with a literature review of
monitoring designs (Chapter 2). In addition, general reviews on the character of the

intertidal zone, activities which impact on this region (including trampling and

collection), oil and its behaviour when spilt and the effects of oil on intertidal biota

were undertaken (Chapter 2). Bioindicator species and the use of bioindicators were

also reviewed as background material to assist in designing a suitable monitoring

program for Mobil, Port Stanvac (Chapter 2).

I he sultablllty ot spectttc study sites and identihcation of appropriate sampling

protocols forms Phase 1 of this project and was investigated in Chapter 3. Chapters 1-

3 were then used to generate a tailored monitoring program and optimal sampling

protocols for use in a 15 month preliminary assessment of spatial and temporal trends

(focusing on animal assemblages) at study sites within GSV (Phase 2, Chapter 4).

The preliminary investigation allowed some quantification of confounding factors

which were operating in GSV. Recreational use of the study sites was also addressed

during preliminary monitoring (Chapters 4 e,T.

It was apparent that three separate lines of investigation needed to be followed in this

thesis in order to select the most appropriate monitoring design to suit Mobil's needs.

The hrst involved determination of where spilt oil was likely to ground, the second

involved the selection of a suitable indicator species to detect an oil impact, and the

final line of investigation involved assessment of how recreational site use (in

particular trampling) was likely to affect intertidal assemblages and the selected

bioindicator.

The f,rrst line of investigation was undertaken in phase 3 of the project which used

computer modelling to predict the most likely sites where oil spilt from the refinery

would ground (Chapter 5). The oil spill which occuned on the 23rd of September was

used to validate the model and was also discussed in terms of its biological
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consequences (Chapter 6). Following validation of the 'FLO'WM' Model, seasonal

modelling was perfonned to predict the likely seasonal grounding sites of oil along

eastern GSV. This was intended to mæcimise the likelihood of inclusion of an

'impact' site in the suite of selected sites for ongoing monitoring (Chapter 5).

The suitability of different intertidal animals as oil spill bioindicators was investigated

in Chapter 6. This chapter includes two experiments addressing the susceptibility of

the most'appropriate' bioindicator to acute crude oil and petroleum exposure (Phase

4). Trampting and other recreational activities were identified as perturbations which

could potentialiy confound a monitoring program and these required further

investigation (Phase 5). Recreational site use was censused and two tampling

experiments were completed (Chapter 7).

The outcomes of Chapters 1-7 were synthesised to enable final recommendations for

an ongoing monitoring program for Mobil, Port Stanvac (Phase 6, Chapter 8). Ttie

initial sampling results and the suitability of the seiected monitoring design for

detecting an operational oil spill inthe region are discussed in Chapter 8.
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An Ovorview: Biomonitoring & GSV
(Chapter l)

Review Chapter: The Best Monitoring Design for Mobil, Port Stanvac.

Includes a reviow ofthe history ofmonitoring, oil and its behaviour,

bioindioators and proporties of the intertidal region.
(Chapter 2)

Selection of study sites and optimal sampling strategies for monitoring.
(Chapter 3)

Selection of bioindicator species.

(Chapter 6)

+

+

(Chapter 4)

\I
+

t
+

, L-
Tho influences of recreational

activities (particularly hampling)
on rocky intertidal animals.

(Chapter 7)

The above chapters will address the quostions:
.Whore will an oil spill beach?
.which animal species are likoly to be the best indicators of oil induced change?

assemblages, in partioular the selected bioindicator species?

Synthesis ofthe intertidal monitoring project including the suitability ofthe solected

monitoring design, initial (ongoing) sampling and recommendations to Mobil
(ChaPter 8)

Executive suÍrmary re rooommendations for ongoing sampling'

Fig. 1.1 A flow chart showing the stages involved in developing a suitable monitoring
program for Mobil, Port stanvac and how they ¡elate to the chapters in this thesis.

Modelling of an oil spill.
(Chapter 5)
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ChaPter 2.

Designing a Biomonitoring Program for the
Roclry Inteftidal Region: A Review

2.! Introduction and Aims

The rocþ intertidal zone is the area of the coast which is dominated by rock

substratum, and extends from above the mean high tide level, where it is covered by

seawater only during extremely high tides or receives water as splash only, to below

mean low tide level, where it is emergent between waves or during very low tides

(Womersley and Thomas 1976). It is an extreme and dynamic place, characterised by

temporal (e.g. tidat fluctuations) and spatial þhysical habitat) variability. The

distribution of biota inhabiting this variable environment tends to be physically

defined by their tolerance to the range of conditions they experience on the shore and

the adaptive mechanisms (such as clamping shut during air exposure, aggregating in

crevices or under rocks to avoid desiccation, and strategies to maintain their position

when exposed to heavy wave action) they utilise to cope with the conditions. The

range of adaptive strategies adopted by biota to face the extreme conditions

superimposes further layers of diversity and heterogeneity on the area'

The rocþ intertidal zone is also a region of concentrated human disturbance due to

the tendency of humans to live a¡ound the coast, particularly in Australia. Isolating

the impact of human disturbances (such as trampling, se\¡/age discharges and

collection of intertidal animals) from the background variability of the rocþ intertidal

zone can be an extremely difficult and challenging task (Keough and Quinn 1998).

One particular human disturbance affecting the rocky intertidal zone is localised oil

spills from refineries, which can result in a variety of effects on coastal areas and their

biota.

In the event of an oil spill occurring from the Port Stanvac Oil Refinery it is likely that

the rocky intertidal zone and its biota will be perturbed. As mentioned previously, it

can be difficult to isolate variation associated with a particular perturbation from

inherent variability, and even more diffrcult to isolate the impact of this one event
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from other human impacts operating locally. This is particularly so with the port

Stanvac oil Refinery, situated in Gulf St Vincent (GSV), where numerous

confounding disturbances (both natural and anthropogenic) are operating (Appendix

A). One way of detecting an impact in the event of an oil spill is to establish an

ongoing monitoring pro gram.

With respect to designing a monitoring progam for the Port Stanvac Oil Refinery, the

aims of this chapter were to:

. Review the characteristics of the rocky intertidal zone.

. Examine natural disturbance in the rocþ intertidal zone.

' Examine human impacts, particularly those pertaining to an oil perturbation, in the

rocky intertidal zone.

¡ Review aspects of oil as a pollutant.

' Review monitoring programs and techniques that may be suitable for oil spill
monitoring and adapted to enable assessment of oil impacts in the rocþ intertidal

zone in and around Port Stanvac.

Tailoring a monito¡ing program to suit the specific requirements of the refinery

requires an understanding of the area which is likely to be impacted (the rocky
intertidal zone), and the mechanism of transport and characteristics of oil and its likely
effects on biota and habitat; all within the context of existing methods of monitoring.

Specific characteristics of GSV in the vicinity of Port Stanvac have been considered

previously (Chapter 1 & Appendix A) but relevant generalised characteristics of the

rocky intertidal region will be dealt with in this chapter. In addition, existing

monitoring designs and the importance and use of bioindicators in monitoring will be

considered. This information will provide background material for later chapters and

will assist in the a priori selection of the monitoring design that would appear to best

fit the needs of Mobil.
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2.2 The Rocky Inteftidal Region: A General Review

The rocþ intertidal region a¡ound Port Stanvac is at risk of oil contamination and is

the focus of the planned monitoring program (see Chapter 1). Therefore, it was

necessary to review features of this region that could be of relevance (see Appendix

C). An overview of some of the more pertinent intertidal characteristics will now be

given.

2.2.1 Habitat Variability and Intertidal Zonation

The intertidal region is an extreme and dynamic habitat largely influenced by the

action of tides and waves (Carefoot and Simpson 1977, Menge and Fa¡rell 1989,

Underwood I994a, Underwood and Chapman 1995). These physical factors create

temporal variability over a range of scales (hours, days, months and seasons) and this

variability may be modifred spatially on local (micro and meso) and regional scales

(Black 1979, Underwood and Chapman 1995).

A number of vertical zones, defined primarily by the duration and extent of water

coverage they experience during the tidal cycle, can be identified within the rocky

intertidal region. For the purposes of this project I have used the classification system

of Womersley and Thomas (1976) which recognizes four main zones; supralittoral,

eulittoral, sublittoral and the sublittoral fringe. The eulittoral zone can sometimes be

fuither divided into three distinct sub-zones; the upper eulittoral, the mid-eulittoral

and the lower eulittoral. A description of intertidal zonation (including dominant

biota) can be found in Womersley and Thomas (1976) and Appendix C.

A range of hard substrata types occur intertidally including; boulders (which are often

interspersed with cobble, pebble or sand), reefs and rocþ extensions of land-masses

(Jan et al. 1994, Underwood and Chapman 1995). Additional physical variability in

rocky areas can occur in response to the geological composition and the susceptibility

to erosion of the rock (Underwood and Chapman 1995). The type of substrata found

in the rocky intertidal region (e.g. stable reef-rock or mobile boulders) will interplay

with such factors as shore exposure, ambient weather conditions and rock

microtopography to determine the composition of assemblages colonising an area and
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their stability. However, biotic factors and disturbance are also important

determinants of intertidal assemblage composition and structure.

The relative importance of biotic versus abiotic factors as they interact at a range of

temporal and spatial scales can vary both within and between intertidal sites

(Stephenson and Stephenson 1949, Dakin 1950, Womersley and Edmonds 1958,

Lewis 1964, Stephenson and Stephenson 1972, Morton and Miller 1973, Underwood

1973, Emson and Faller-Fritsch 7976, Carefoot and Simpson 1977, Underwood I978a

&.b &. 1979, Underwood and Denley 1984, Underwood and Chapman 1989, Russell

1991, Jan et al. 1994, Schoch and Dethier 1996). For example, in a stable intertidal

region factors such as competition and grazing (Sousa 1979a & b, Liebermanet al.

i984, ìvícGuiness \987a &, b) are iikeiy ro be more imporranr in structuring the

assemblage than disturbance (Underwood and Chapman 1995).

2.2.2 The Importance of Planktonic Dispersal and Disturbance

Planktonic Dispersal

Important factors affecting the distribution patterns and composition of the intertidal

assemblage and having major effects on adult population dynamics are planktonic

dispersal, settlement and recruitment (Gaines and Roughgarden 1985, Butler 1987,

Possingham and Roughgarden 1990, Gaines and Bertress 1992, Underwood Ig94b,

Richards e/ a/. 1995, Underwood and Chapman 1995). A planktonic stage is a

coÍlmon lifecycle strategy used by intertidal animals. At large scales planktonic

transport and dispersal is a passive process primarily influenced by ocean currents,

tidal activity, wind and waves (Gaines and Roughgarden 1985, Underwood and

Fairweather 1989, Underwood and Chapman 1995), but at smaller spatial scales

active site selection responses can occur (see Underwood 1994b). Planktonic

dispersal is both spatially and temporally variable and unpredictable and the numbers

of new recruits arriving at a site are not influenced by conspecific adults or juveniles

already present, nor by competition, predation or physical disturbance on the shore

(Underwood and Fairweather 1989, Underwood I994b, Underwood and Chapman

I 99s).
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The importance of disturbance and recruitment limitation and their interaction as

factors structuring intertidal assemblages have been demonstrated in a number of

studies (Dayton 1971, Peterson 1979, Sousa 1979a & b, Paine 1984, Sousa 1984a,

Gaines and Roughgarden 1985, Sutherland 1987).

Disturbance

Disturbance in the intertidal region can be of natural (e.g. violent destructive storm

action) or anthropogenic origin (see Blake 1979, Ghazanshahi et al. 1983, Connell

and Keough 1985, Sousa 1985, Durán et al. 1987, Liddle and Kay 1987, Castilla and

Bustamante 1989, Underwood and Kennelly 1990, Fairweather l99la & b, Kingsford

et ql. lggl,Keough et al. 1993, Underwood 1993b, Grigg 1994, Kaly and Jones 1994,

Wynberg and Branch 1994, Underwood 1995a & b). Many anthropogenic activities

thought to be acting in the vicinity of Port Stanvac and potentially influencing the

distribution patterns of intertidal plants and animals have been considered previously

(Appendix A). However, recreational activities occurring in the intertidal region,

especially human predation (or collection pressure) and trampling required further

consideration (Appendix C) due to their potential to confound an ongoing monitoring

program.

Human predation þarticularly the collection of molluscs) has been shown to critically

influence intertidal communities (e.g. Ghazanshahi et al. 1983, Moreno et al. 1984,

Castilla and Durán 1985, Hockey and Bosman 1986, Moreno et al. 1986, Olivia and

Castilla 1986, Hockey et a/. 1988, Durán and Castilla 1989, V/ynberg and Branch

l9g7). Recreational trampling on rocþ shores can also alter intertidal communities

(Suchanek 1978, Beauchamp and Gowing 1982, Ghazanshahí et al. 1983, Cole et al-

1990, Kingsford et at. 1991, Povey and Keough 1991, Brosnan and Crumrine 1994,

Wynberg and Branch 1997).- However, the effects of trampling can be modified by

factors including intertidal position, morphology of the species and

microtopographical features of the substrata (Anderson et al. 1981, Beauchamp and

Gowing 1982, Kay and Liddle 1989, Liddle 1991, Brosnan and Crumrine 1994).

Succession can be an important process in intertidal cominunities which are cxposcd

to frequent, patchy, natural disturbance at a range of spatial and temporal scales by
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maintaining species diversity and providing colonisation opportunities for new

recruits (see Connell and Slayter 1977, Sousa 1984b, Begon et al. 1986, Farrell 1991).

A range of biotic and abiotic factors (see Appendix C & Underwood 198la &,b, Jara

and Moreno 1984, Farrell I99r, Underwood and Chapman 1995) can influence

successional changes in an intertidal community.

2,2.3 Overview of Processes

The observed biotic pattems on rocky intertidal shores represent the interactions of a

number of processes. Chance elements such as recruitment, resource partitioning and

disturbance shape intertidal assemblages in combination with predation, grazing,

competition, and physical stresses, such as wave and tidal action and associated

challenges. Studies of intertidal communities have generated hypotheses that identifr

natural disturbance (Connell 1978, Connell and Keough 1985), food web regulation,

competition for space (Paine 1984), recruitment limitation (Gaines and Roughgarden

1985, Sutherland 1987), or a combination of these factors, as being of prime

importance in structuring these communities. Although these factors may be of major

importance to the co-existence of organisms they may act differentially in time and

space, and their relative importance in shaping community structure and its

complexity will similarly fluctuate temporally and spatially.

2.3 Disturbance and Environmental Monitoring

2.3,1 Environmental Disturbance

Disturbances can range in magnitude from subtle, localised events to massive

destructive events that trigger large scale environmental change (Skilleter 1995).

When occurring in natural systems, disturbance provides opportunities for new

organisms to become established as space is cleared or predators are removed (Dayton

1971, Sousa 1984a). The release of 'free' space is particularly important in sessile

communities (Denley and Underwood 1979). Chance events such as storms,

unseasonable hot weather, or the movement of boulders (McGuiness 1987a & b) can

all act to open up intertidal space without otherwise altering the system (Skilleter

1995). Natural disturbance tends to operate patchily so that mosaics of disturbed
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areas occur on shores interspersed by non-disturbed areas (Dethier 1984, Skilleter

1995). This situation promotes maintenance of diversity by affording refuge space to

different species (Dethier 1984). However, certain anthropogenic disturbances, such

as an oil spill, may occur on a larger scale and alter the substratum in such a way that

it becomes unsuitable for colonisation by a particular species'

There have been many debates over the definition of a disturbance (Skilleter 1995)'

In this thesis, a disturbance is considered to be an environmental fluctuation or

perturbation that can, but does not always, result in a biological change ([Jnderwood

lgsg). If a biological change does occur, it can manifest in a range of ways such as

altered species abundance, altered diversity or species dominance, or some other

change to assemblage structure (Skilleter 1995). The only disturbance which is of

interest and potentially detectable in a monitoring program is one that results in stress

(defined as a biological change in a population in response to a particular trigger) in

the target population. It is difficult to identiff and monitor stresses in natural

populations due to their inherent natural variabitity in time and space. llowever' it is

important to differentiate between disturbances that trigger a response in the target

population and those that do not initiate a response (underwood 1989).

Underwood (1939) identified several types of disturbance; 'Type I', 'Type II' and

,Catastrophic', which are defined by the effects they elicit in a target population (Fig'

2.1). A ,Type I' disturbance does not result in a detectable response in the population,

while a 'Type II' disturbance results in changes that may be temporary, long-term or

permanent. The remaining disturbance category is 'Catastrophic'; where the

population and its habitat is totally destroyed (Underwood 1989). A small localised

oil spill is most likely to be either a 'Type I' or a 'Type II' pulse disturbance (of short

duration relative to the longevþ of the target population). In the case of an oil spill at

port Stanvac, a perturbed section of the rocþ shore is likely to eventually recover due

to the selfcleansing action and low oil retention rates characteristic ofrocky shores.

Disturbances can also be defined by the duration for which they influence a

population. on this basis the¡, fall into two eategories; pulse and press (refer to

Bender et al. 19g4, Underwood 1989, Grigg 1994) (Fig.2.2). Disturbances that elicit
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effects on a target population may cause these changes directly or indirectly. For

example, a direct response in a target population of molluscs impacted by oil would

be mortality as coated animals were physically smothered. The triggered changes may

also be an indirect response to a disturbance that alters the availability of resources

(food, substrata or space) or physically changes the environment (Skilleter 1995).

Population I Population II
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Fig' 2.1 Comparison of disturbance types by the effects they induce. A 'Type I' disturbance does not
trigger a detectable response in Population I, but a 'Type II' disturbanõe manifests as a reduced
abundance in Population II. Changes associated with a 'Type II' disturbance can range from short
term to permanent responses. Disturbance rerponses seen in target populations cÃ be species
specific, with the same disturbance constituting a 'Type I' disturbance rLtätive to one species and a
'Type II' disfurbance relative to another. The arrows shown in the graphs represent the onset ofthe
disturbance (After Skilleter I 995).
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Fig' 2.2 Comparison of pulse (short duration) versus press (extended duration) distwbances. The
population subjected to a pulse disturbance has rapidly returned to its pre-dishrrbance abundance,
while the press disturbance results in a persistently depressed post-impáct abundance. The arrows
represent the onset of the disturbance and their width represents the duration of the event (After
Underwood 1989).
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2.3.2 The Intensity, Timing and Frequency of Disturbance

Disturbances can differ in their intensity, timing and frequency, which (in turn) can

affect the stress response in the target population and its ability to recover. One way

in which a disturbance can elicit stress responses and influence recovery of an

impacted area is by triggering alterations in the time course and progression of

successional mechanisms (Sousa 1984a & b, Underwood 19S9). The successional

stage of an assemblage and the age and physiological state of its component biota can

also influence the susceptibility of organisms to perturbation and their ability to

recover from such an event (Skilleter 1995).

The intensity of a disturbance can result in differential effects on a perturbed area- As

an example, massive storm waves represent an intense event capable of removing

entire plants from their attachment area, whereas a less intense episode may only

remove portions of fronds (Kennelly 1987). A more intense event is likely to induce

greater successional change and be matched by a longer recovery time than would

occur in response to a less intense stimulus (Underwood 1989).

The seasonal timing of a disturbance can also be an important determinant of the

response and recovery made by an impacted population (Jara and Moreno 1984,

Kennelly ¡gg7, Skilleter 1995). The study by Kennelly (1987) found that manual

removal of the kelp overstorey in winter (when kelp recruitment was intense), resulted

in simultaneous colonisation of the bare space by kelp, filamentous algae and turf

algae, with the kelp rapidly dominating to form a canopy. The same manipulation at

any other time of the year resulted in initial increases in microalgal and invertebrate

cover, and eventual dominance by turf algae. This example illustrates that the most

likety organisms to opportunistically colonise vacated space are those which have

larvae or propagules in the water close to the affected area at the time of the

disturbance. These opportunists may be species with an extended breeding period or

they may be organisms whose recruitment time fortuitously coincides with the

disturbance (Skilleter I 995).
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The frequency of the disturbance can also affect how rapidly a population recovers,

with some (stable) populations able to quickly return to their pre-impact abundance

following frequent disturbances (Underwood 1989). A stable population is one that is

able to retum to its pre-impact condition before the next disturbance intervenes. The

more frequent the disturbance the less time is available for the population to recover

and the more likely it is to be driven to local extinction (underwood 1989).

2.3.3 Recovery Following Disturbance

The presence of the planktonic larval stages of many intertidal organisms are

important in the recovery of a perturbed intertidal area (Sousa 1984b, Skilleter 1995).

If local extinction of a particular species occurs in response to a disturbance. new

recruits can arrive from the plankton to recolonise the disturbed habitat if its condition

allows (Kennelly 1987). In the case of larger, more generalised disturbances,

populations may take much longer to retum to pre-disturbance levels, or may never

regain their pre-impact condition. The latter scenario means an entirely different

biological structure will exist at the disturbed site (Skilleter 1995).

Underwood (1989) identiflred three features displayed by populations that affect their

abilityto recover from aperturbation (Fig. 2.3). The first of these is'inertia', which

equates to the response generated by a disturbance of a specified intensity, frequency

and tvpe (Selye 1973). The 'ineftia' of a poprrlation can t'e gauged objectively by

identifuing the maximum size and type of perturbation that does not cause a response.

Two other population attributes are 'stability' and 'resilience', and these determine

whether the population will recover (e.g. return to its pre-impact abundance)

following a disturbance (Underwood 1989). The rate of recovery is specifically

defined in reference to the magnitude of a disturbance, and is termed the 'stability' of
the population. The 'resilience' of a population is a measure of its ability to recover

from different maenitudes of disturbance (Underwood 1989). The larger the

magnitude of the disturbance that a population can recover from, the more 'resilient' it
is said to be.
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Fig, 2.3 Characteristics of stressed populations are shown as hypothetical fluctuations in local

population abundance. Filled anows represent a large acute perturbation and unfrlled affows a
smaller magnitude acute event. A. fnertia: the population shown in a) & c) is more inert than the

population shown in b) & d). The population in a) does not respond to the small perturbation that

causes a stress response in population b). Both populations are affected by the larger perturbation,

with the population on the right (d) being more severely and rapidly affected by the perturbation that

the population on the left (c). B. Resilience: the population shown in e) & g) is more resilient than

that shown in f) & h), with both populations recovering from a small perturbation, but only the

population on the left (g) recovering ûom a larger pernrbation that drives the population on the

right (h) to extinction. C. Stability: the population on the left (i) is more stable than that on the

right (j), as indicated by its rapid recovery (After Underwood 1989).
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2,3.4 Disturbance Size: Important versus Trivial Impacts

Determining the importance of a disturbance can be subjectively affected by

ecological and economic considerations. This bias needs to be addressed in the design

of monitoring programs which should be sensitive to important impacts (as defined a

priori) ideally on biological and economic grounds, but not oversensitive to smaller

'trivial' responses (Keough and Mapstone 1995). The ability of a population to

recover from a certain magnitude disturbance within a realistic time frame should be

factored into the determination of important versus trivial impacts (see Underwood

1992). This is a particularly important issue in the present study and I will return to it

in Chapter 8.

2.3.5 An Oil Disturbance

Oil is the disturbance that is of interest to this project and the planned monitoring

program at Port Stanvac. The physical and chemical nature of oil, its behaviour in the

pelagic state and its fate when spilt at sea have been reviewed (see Appendix D).

However, the fate of oil when it reaches the shore are of most relevance to this project

and will be discussed in this section.

The Fate of Oil on the Shore

Climate and weather affect the condition of pelagic and beached oil, with wind and

temperature interacting to influence evaporation of its volatile constituents, while

wind and waves can affect emulsion formation (Baker 1983). The viscosity of
stranded oil is affected by temperature, and both temperature and exposure to sunlight

affect degradation rates (Baker 1983 & 1991). The timing of an oil spill in reference

to seasonal and tidal factors can determine where oil beaches and influence how

rapidly and effectively it is naturally removed from a beach. For example, the

increased energy level of winter seas will tend to promote removal of beached oil

(natural 'self-cleaning') by facilitating its degradation and redistribution, while dodge

tides will have the opposite effect (Baker 1991, Hayes et al. 1993).
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Once oil beaches its fate is determined primarily by shore energy, the dominant

substratum type (Gundlach et al. 1978, Mclauren 1985, Tsouk et al. 1985, Baker

1991, Garrity and Levings 1993), shore geomorphology and exposure (Owens and

Rashid lgT6,OwensandRobilliardlgSl,Tsouketal. 1985,Hayes etal. 1993, Sauer

et al. 1998) and a number of physical processes, including sediment transport and

weathering (Antia 1993, Hayes et al. 1993). Its final fate is either penetration into the

substrata or persistence on the surface. The depth of oil burial within sediment is

related to the viscosity and degree of weathering of the oil (see Appendix D), the \ilave

energy of the shore, the shore sediment type, and the pore size and spaces (including

biota burrows and plant root pathways) present in the sediment (Gundlach et al. 1978,

Baker 1991, Essaid et al. 1993, Ganity and Levings 1993). If large volumes of oil are

persistent on shores, penetration into sediments may be enhanced and oil masses are

more likely to incorporate stones and gravel and harden to form relatively persistent

asphalt pavements (Baker 1991).

In general, a rocky, high energy shore will tend to be less impacted and recover faster

from an oil spill than most other shores. This is because rock does not absorb the oil,

leaving it to be removed by the mechanical action of waves. However, coarse sand

beaches with high incident wave energy, record the deepest oil burial (Gundlach er a/.

1978). Sheltered shores will tend to retain oil due to the diminished wave action they

experience and the generally greater algal or mangrove cover they support (Owens and

Rashid 1976, Baker 1991, Ganity and Levings 1993, Hayes et al. 1993). Oil that is

buried in sediments will generally be slow to weather, resulting in a prolonged life and

increasing its toxicity to the environment (Gundlach et al. 1978, Nounou 1980, Baker

1991, Essaid et al. 1993, Sauer et al. 1998). Oil spilt near coastal areas tends to

eventually accumulate intertidally, often at high levels and in shallow subtidal regions,

resulting in most risk to biota in these areas (Rutzler and Sterrer 1970, Nelson-Smith

1973a& b, Chasse 1978, Clark 1982, Baker 1991, Farmer and Li 1994).
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2.4 The Effects of O¡l on Inteftidal Organisms
Toxic chemicals found in anthropogenically altered environments, such as

hydrocarbons in a marine system, are termed xenobiotics (Moore 1985). These

chemicals can be available for uptake by organisms (Nelson-Smith lg73b, Baker

1991, James and Kleinow 1994, Overton et al. 1994). The mechanism and routes via

which animals or plants are exposed to xenobiotics depend on the characteristics of
the xenobiotic and the lifestyle of the organisms it contacts.

The chemical concentrations of xenobiotics in environmental samples are not accurate

predictors of biological and ecological effects. This is because the prevailing

environmental conditions can affect the percentage of the chemical that is bioloeicallv

available (Maslins 1989, Burton and Scott 1992). The bioavailability of toxicants and

how readily they are metabolised is more important than their chemical concentration

and low level toxicant exposure can still have adverse etlècts on animals which

bioaccumulate them (Burns and Smith 1980, Buhler and Witliams 1988, Klungsøyr et

al. 1988, Maslins 1989, Burns 1993).

Oil is a complex pollutant (see Appendix D) and the impact it has on intertidal

animals can be highly variable depending on the characteristics of the animal

involved, the duration and route of exposure, and the oil type, volume and condition

(e.g. degree of weathering) (Nelson-Smith 1973a & b, Tatem et al. 1978. Blackman

and Law 1981, Vargo 1981, McGuiness 1990, Chang 1991, Maher and Aislabie 1992,

Bums 7993, Gary and Handwerk 1994, Overton et at. 1994).

Generally, rehned products will produce more toxic effects than crude oil; with

relative toxicity being directly correlated to the proportion of aromatic hydrocarbons

in the oil (Nelson-Smith 1973b, Neff e/ al. 1976, Clark lggz &, 19g9, pople et al.

1990, Overton et al. 1994). However, this is balanced by the high volatility of many

refined products, such as gasoline, which promotes rapid weathering and dispersal

(see Appendix D & Widbom and Oviatt 1994). Therefore, spilt petrol is expected to

have little impact on intertidal animals unless it beaches very rapidly (Clark l9S9).
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The most acutely toxic and abundant components of fresh oil are the monoaromatic

(benzene) and diaromatic (naphthalene) components (Stromgren 1987, Clark 1989,

Overron et at. 1994, see Appendix D). When oil is recently spilt these compounds are

tikely to induce toxic changes in organisms (Ewa-Oboho and Abby-Kalio 1994,

Overton et al. 1994). As the oil weathers it becomes less acutely toxic but still

contains the high molecular weight polycyclic aromatic hydrocarbons (PAH's), many

of which are mutagens or potential carcinogens (Stromgren 1987, Chang 1997, Maher

and Aislabie 1992, Gary and Handwerk lgg4, Overton et al. 1994). As weathering

occurs these compounds may become enriched in the residual bulk oil (Stromgren

1987, Baker 1991, Overton et al. 1994).

Intertidal invertebrate communities are particularly vulnerable to the floating

component of oil (especially 'mousse') which can coat and suffocate them, while the

heavier components of oil can harm subtidal assemblages (Suchanek 1993)' Heavy

mortality across a range of invertebrate groups has been reported as a consequence of

coating with fresh crude oil, which may prevent or inhibit respiration (Baker 1991).

Similar effects have been reported with intertidal plants and newly settled spores. Oil

adherence may also impede the mobility of (non-sessile) animals or cause them to

become dislodged and carried away by wave or current action to less favourable

positions (Suchanek 1 993).

Oil pollution can impact on individual organisms by inducing death or causing

sublethal physiological, cytotoxic or cytogenic effects (Hose et al. 1983, Stiles 1992,

Sami e/ al. 1992, Suchanek 1993). At the population level, effects range from altered

abundance, a shift in age composition, altered genetic variability, reduced recruitment,

and modihed competitive and predator/prey interactions (Suchanek 1993, Jart et al.

lg94). Alterations in individual and population parameters as a consequence of oil

exposure may also manifest as community level changes (Warwick 1986, 1988a & b,

Warwick et al. 1990a &b, Suchanek 1993).
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2.4.L Mechanisms of Oil Exposure

The mode of feeding, the zone in which an animal lives, and tidal and other

environmental factors can influence the degree of contact with oil and therefore its

impact Q'{ounou 1980, vargo 1981, Clark 1982, wardrop 1983, overton et al. 1994,

Glegg and Rowland 1996). For example, air or water temperatures may affect the

activity of invertebrates and hence their exposure to oil (Wardrop 1983). Also, the

bioavailability of hydrocarbons, the sensitivity of the organism and their ability to

bioaccumulate (or conversely metabolise oil) can affect the toxic responses of a given

species (Wardrop 1983, Overton et al. 1994). Oil can also cause changes (e.g. to the

substratum or epilithon) which make conditions unfavourable for settlement and

colonisation, thus inducing secondary effects to the species of interest (Watt et al.

1993, Christie and Berge 1995).

Pelagic animals are able to move through contaminated areas and in some instances

avoid prolonged exposure to oil, but benthic animals on or near the seabed, and sessile

or mobile invertebrates on intertidal shores are less able to avoid contamination

Q'.lelson-Smith 1973b, Laubier 1980, Sastry and Miller l9gl, Baker 19g3, wardrop

1983, Davies e/ al. 1993, Glegg and Rowland 1996). Hydrocarbons dissolved or

dispersed in the water can gain entry to an animals body via the gills, skin or

gastrointestinal tract (James and Kleinow 1994, Overton et al. 1994). However, the

presence of mucus, cuticles or shells may act as a physical barrier to oil entry

(Wardrop 1983, Baker 1991). The gills of invertebrates are particularly vulnerable to

aromatics, which can irritate their surfaces and stimulate massive mucus secretion,

while surfactants in the oil cause erosion of gill and gut tissue Q.,lelson-Smith 1973b,

Nounou 1980, Guzmán et al. 1991, suchanek 1993). such effects can cause

significant problems with osmotic regulation and respiratory exchange (Guzmán et al.

1991).

Hydrocarbons present in the sediment may be absorbed by direct dermal contact and

ingestion. Filter feeders and deposit feeders are also likely to directly ingest and

accumulate dispersed or sedimented oil (Baker 1983). Oil accumulation by mussels in
a range of locations has been well documented (Laubier 1980, Floc'h and Diouris
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1980, Rowland and Volkman 1982, Burns 1993). Oil which has become incorporated

into the tissues of plants and low trophic organisms, or which externally coats such

prey items, ñây be ingested and absorbed via the gastrointestinal tract by predatory

organisms higher in the food chain (Nelson-smith 1973b, Shaw and wiggs 1980,

James and Kleinow 1994).

A number of studies of marine invertebrates have shown that accumulation of

hydrocarbons is non-selective and depends mainly on the levels of the pollutant in the

environment (Laubier 1980, Carls 1987). Many animals select food particles for

ingestion on the basis of particle size and have no mechanism to reject particles

according to taste or consistency (Nelson-Smith 1973b). Even if a particle-

discriminatory ability does exist, it may be inactivated by oil-induced narcotic effects

(Overton et al. 1994).

Hydrocarbon accumulation sites in tissues differ between species, but ingested

hydrocarbons tend to become fixed in tissues with a high fat content, including the

Iiver, pancreas and gonads of marine invertebrates (Laubier 1980, Nounou 1980).

Hydrocarbons can also accumulate in lipoproteins such as plasma, cutaneous and

nervous tissue, By affecting cellular mechanisms, oil exposwe can cause tissue

necrosis and tumours in susceptible animals Q'.iounou 1980, Overton et al. 1994).

Bioaccumulation of potentially carcinogenic hydrocarbons can occur in the tissues of

animals and then be passed higher up the food chain (Laubier 1980, Nounou 1980,

Overton et al. 1994).

Hydrocarbon sensitivity varies between species and within a species according to life

stage and general health (Smith et al. 1987, Stacey and Marcotte 1987, Overton et al-

1994, Cripps and Priddle t995, Thomas and Budiantara 1995). A number of

organisms, including crabs (Jackson e/ al. l98l), amphipods (Sanders et al. 1980),

and some molluscs (Philtips 1980, Swaileh et al. 1994) can show a seasonal

variability in oil sensitivity.

Generaliy, iarval and juvenile invertebrate lifestages are more susceptible to oil

exposure than more mature life stages (Baker 1983 & 1991, Jan et al. 1994, Widbom
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and Oviatt 1994). Bioassays focusing on the toxicity of the soluble fractions of oil

have found that adult invertebrates can sustain lethal effects from exposure to water

soluble oil fractions in the 1-100 ppm range (Hyland and Schneider 1976), while

smaller, more sensitive larvae and juveniles can suffer mortality at concentrations of

0.1-1 ppm (Suchanek 1993). Sublethal responses to the soluble fraction of oil have

been reported in adult marine invertebrates at concentrations of 10-100 ppb (Hyland

and Schneider 1976), while larvae have shown sublethal responses at concentrations

as low as 1-10 ppb (lrlounou 1980). The most common processes altered by sublethal

exposure to oil include reproduction, growth, respiration, excretion, chemoreception,

feeding, movement, stimulus response and susceptibility to disease (Hyland and

Schneider 1976, GESAMP 1977, Sandeß et al. 1980, Farke et al. 1985, Overton et al.

re94).

2.4.2 fnvertebrates and Oil

Invertebrates are very diverse in structure and function and this is matched by a
similarly wide range of responses to oil pollution (den Hartog and Jacobs 1980,

McGuiness 1990, Peterson 1993, Suchanek 1993). They tend to be important

members of intertidal systems and many are vulnerable to oil exposure, as either an

acute or chronic stressor (Suchanek 1993). Shore invertebrates tend to be highly

susceptible to oil due to their restricted mobility and the tendency of oil to float on the

water surface which maximises pollutant contact Qrlouncu 1980, Clark 19g2, V,¡ardrop

1983, Garrity and Levings 1993, Suchanek 1993).

As a slick, oil can physically suffocate intertidal animals and it can also induce direct

toxic effects Q.{elson-Smith I973b, Nounou 1980, Clark 19g2, Watt et al. 1993).

Crude oil in the form of a 'mousse' is potentially very damaging to sho¡eline

invertebrates (Suchanek 1993), and can kill most organisms which it heavily coats

(Baker I99l,Wattet al. 1993). Heavy oils and'mousse'emulsions clog or blanket

surfaces and fine structures, inhibiting respiration, movement, feeding and digestion

Qrlelson-Smith 1973b, Nounou 1980, Ganity and Levings 1993, Suchanek 1993).

Small mobile invertebrates may be dislodged (as oil adheres to their shells) and
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carried away by waves or currents, potentially to less suitable habitats (Dewry et al

1985, Suchanek 1993, Trussell et al. 1993)'

Molluscs, crustaceans, worrns, and echinoderms can suffer high mortalities if coated

with fresh crude oil (Nelson-Smith l9/3b,Baker 1983 & 1991). Exposwe to fresh oil

can also result in behavioural changes that can ultimately affect survivorship (Levell

1976). Narcotic effects including detachment or retraction into their shell (Blackman

et al. 1973) and cessation of swimming (Brodersen 1987) have been reported in

molluscs and crustacean larvae respectively when exposed to fresh crude oil'

However, crude oil is generally less toxic to invertebrates when it is weathered

(Wardrop 1983, but see Bender et al. 1980, Clark and Ward 1994)'

In addition to effects on the immediate health of organisms, spilt oil can alter the

structure of assemblages by changing natural pattems and processes, such as

succession (Smith and Hackney 1989, Shaw 1992). Both acute catastrophic oiling

and chronic oil pollution are characterised by increased mortality and decreased

community diversity, in association with dominance by a few resistant species (Clark

i9S2). This situation is followed by extreme fluctuations in populations of

opportunistic fauna. Over time, the population oscillations slowly dampen and

diversity retums to its pre-oiled levels (Clark 1982)'

Some studies suggest otherwise, but it would appear that most invertebrate

communities subject to major oil spills do not recover quickly (e.g' within a few

years) (Koreas and Burns 1977, Clark 1982, Baker 1983, Elmgren et al' 1983,

Suchanek 1993). Population and community structure is typicaily altered for 2-I5

years by large oil spills, with the actual recovery time depending on the type of

community impacted, its successional state, the severity of the disturbance, the

characteristics of the oil, and the nature of the habitat prior to oiling (Blackman and

Law 1981, Clark |982,Baker 1983, Shaw l992,Teal et al. 1992).
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2.4.3 Intertidal Flora and Oil

Oil can cause mortality or affect the growth of a range of plants including seagrasses,

mangroves (spooner 1970, wardrop 1983 &, 1987, Baker 1991, Grant et al. 1993,

Duke e/ al. 1997), saltmarsh flora (Cowell 1969, Baker 1991), macroalgae (Floc,h and

Diouris 1980, Baker 1991, vantamelen et al. 1997), lichen and epilithon. It is

important to consider the effects of oil on epilithon, lichen and macroalgae as they are

a major component of the intertidal food chain and may also provide habitat and

shelter for some intertidal invertebrates in GSV.

Oil can damage flora in a variety of ways. It may act as a physical barrier and prevent

gas exchange, coat the plant and cause mechanical breakage and tissue damage,

induce toxic effects, affect soil or sediment properties, or the ability of other plants to

grow and compete (Floc'h and Diouris 1980, Baker 19g3, Antrim et al. 1995). A
number of hydrocarbons can enter the leaves and stems of plants, and are thought to

interfere with the structue of intercellula¡ membranes and regulation of essential

metabolic processes (Irlelson- Sm ith | 97 3 a).

intertidal areas, even if completely denuded of plant life, can rapidly recover as new

spores recruit into the area but community composition may change dramatically

(Baker 1991)' For example, ephemeral algal blooms have been observed on rocky

sections of the shore that had been cleared of plant life by a severe oil spill in panama

(Jackson et al. 1989). Indirect floral changes can also occur when oil eliminates or

reduces the density of grazers, allowing invasion and proliferation of opportunistic

algal species; a situation which can persist for several years (Avolizi and Nuwayhid

r974, chasse 1978, Floc'h and Diouris 1980, crark 19g2, Baker 19g3).

Macroalgae including Fucus gardneri (De Vogelaere and Foster |gg4, Stekoll and

Deysher 1996) and the sensitive brown alga Laminaria ochroleuca (Floc,h and

Diouris 1980) have been reported to suffer severe damage, including tissue necrosis,

and overweighting and subsequent loss in response to oiling. Oil induced effects can

also flow on to the next generation. This was seen in the 1989 Exxon Valdez oil spill

(Miller 1990), where damage to adult Fucus gardneri resulted in loss of new zygotes
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and created unfavourable conditions for the subsequent growth of juvenile thalli

(Brawley and Johnson 1991, Stekoll and Deyshet 1996, Vantamelenl99T)'

Algae and lichen in rock pools or present high in the intertidal region are particularly

susceptible to oil-induced effects, and smothering of these organisms in large volume

oii spills has been reported (Chasse lgTS,Baker 1983). Epilithon is particularly prone

to oil damage. This is because of the high oil contact rates the epilithon experiences

as some oil particles become attached to the substrata and a proportion remain

suspended in the water column (Baker 1983). Blue-green algae (a component of some

epilithon films) have been reported to be severely damaged by oiling (Krupp and

Jones 1993).

2.5 Bioindicators and Oil

2.5.1 Selection of Biotogical Variables

Laboratory studies are useful to establish links between a toxicant and the

performance or .health, of an individual, but it is more difficult to assess ecological

change at higher biological levels (Maltby and Calow 1989, Cairns et al. 1993)' This

is because populations, communities and ecosystems are influenced by stochastic

processes such as planktonic dispersal, recruitment variability and immigration

(McGuiness 1990, Fairweather 1991b, Clark and Ward 1994, Chdstie and Berge

1 9es).

2.5.1.1 Biological Levels of Pollution Induced Change

The starting point for environmental stress responses is at the biochemical and

physiological level of the organism (Moore 1985, Giesy et al' 1988, Johnson ef a/'

1993). Changes at these levels are capable of providing an early and sensitive

indication of detrimental effects occurring in response to environmental stress (Giesy

et al. lgS1,Giesy and Graney 1989), while changes at higher biological levels impact

on the sustainability of the target population and the larger community (V/arwick ef a/'

1990b, Cairns et al. 1993). A broad understanding of the different biological levels



Chapter 2 page 38

that can be altered by exposure to a pollutant is necessary when designing a

monitoring program.

Or gani s m Lev e I Indi c ators

Pollution effects at the level of the individual, which result in sublethal changes in

health and/or performance, fall into a number of sub-categories (Moore 1985). The

most obvious effects on the individual are acute changes, typically mortality, but

cellular, sub-cellular, physiological and pathological changes can also occur (Giesy e/

al. 1988, Giesy and Graney 1989). Bioaccumulation of pollutants is another response

that is indicative of exposure of the individual to polutants.

t) Cellular and Sub-Cellular Responses

Cellular and sub-cellular responses are biochemical alterations, including chemical

imbalances and abnormal or excessive biochemical functioning, which are triggered in

central metabolic organs by pollutant exposure (Moore 1985, Sindermann l9gg,
Celander et al. 1995, Keough and Mapstone 1995). These changes may be effective

acute predictors of chronic effects at higher levels of organisation because changes

must occur at lower levels before they can manifest as higher level changes (Moore

1985, McKee and Knowles 1986, Regoli 1992). However, it is important when using

sub-organism indicators that they are related in a meaningful way to ecologically

pertinent endpoints for the individual and the population (Graney and Giesy 19g6,

Keough and Mapstone 1995).

ii) P hysiological Responses

Physiological changes in response to toxicant exposure can be used as a way of
quantiflzing that exposure. These include alterations in feeding and burrowing rates,

the valve movement response in mussels (Abel 7976, Nounou 1980, Olla et al. 19g3,

Kramer et al. 1989, Coles et al. 1994), respiration and oxygen consumption, excretion

and nitrogen balance, growth, fecundity, osmotic and ionic regulation and

haematology (Avolizi and Nuwayhid 1974, Widdows 1985, Sindermann 19Sg).

Physiological responses can quantifu an organisms condition (e.g. oxygen : nitrogen

ratio), its performance (using rate variables such as growth) and its growth efficiency,

at an early stage of sublethal pollutant exposure and change (Olla et al. 19g3,
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widdows 1985). However, to be a useful indicator of biological change the

physiological variable used should be responsive to environmental stress over a range

of scales from sublethal to lethal (Widdows 1985)'

A difficulty associated with using physiological indicators is the extreme range of

responses that can be triggered by a host of highty variable intrinsic and extrinsic

factors (Sindermann 19S8). This response variability can be standardised by adopting

an adjusted physiological measure, such as the 'scope for growth' measurement which

quantifies the instantaneous glo'wth rate of an animal (Sindermann 1988). Widdows

(19g5) and Widdows ef al. (1990) found tinks between the 'scope for growth' and

concentrations of hydrocarbons and metals in bivalves'

iii) P atholo gical ResPonses

pathological indications of pollutant exposure include inflammation, necrosis,

neoplasms, skeletal abnormalities, lowered disease resistance and increased disease

incidence (Maslins et at. 1983, Browder 1988, Sinderrnann 1988, Sidall et al. 1993).

pathological indicators can provide the hrst obvious signs of extreme environmental

contamination (Keough and Mapstone 1995), but are often non-specific to the stressor

(Sindermann 198S). Another difficulty is that it is often uncertain how changes at the

level of the individual will affect the population (Keough and Mapstone 1995).

iv) Bioaccumulation

The degree of pollutant bioaccumulation can also be used as a measure of pollutant

exposure. Marine molluscs have been widely used for this purpose due to their ability

to accumulate and concentrate organic and metal pollutants (Burns and Smith 1980'

Fanington et al. 1983, Akberali and Trueman 1985, Goldberg 1986, Pereita et al.

1992, Burns 1993, Davies et al. 1993). Filter feeding bivalves have been particularly

useful in quantifuing the spatial and temporal extent of pollutants in aquatic systems

e.g. ,.Mussel Watch" (Farrington and Tripp 1993). Bivalves make good bioindicators

because they are sedentary, can bioaccumulate toxins, tend to be cosmopolitan with

relatively stable and extensive local populations, are able to integrate biologically

available toxicants over tinte, and can be readily manipulated experimentally

(Fanington et at. 1983). Problems associated with the use of bioaccumulators are that



Chapter 2 page 40

many can survive under quite high pollutant loads (Farrington et at. 1983) and that

dehnitive links have yet to be established between toxicants in the field and the health

of the animal or population (Keough and Mapstone 1995).

v) Other Responses

Many contaminants are mutagens, teratogens and carcinogens capable of inducing

genetic responses in organisms and affecting reproduction, fertilisation, and patterns

of larval settlement (Sindermann 1988, Keough and Mapstone 1995). For example,

reduced competence of planktonic invertebrate larvae will affect settlement or post-

settlement survival of the individual and impact on the population structure of adults

(Keough and Mapstone 1995). Chromosomal anomalies induced by contaminant

exposure have been seen in eggs, embryos and the larval stages of shellfish (lr{ounou

1980). Such effects may result in direct increases in mortality, or the genetic change

may act indirectly to impact on future lifestages and populations (Sindennann lgSg).

P opul a tio n Lev e I Indic ators

The most common methods used to quantifu population level pollutant effects have

relied on static population measures such as; the presence/absence of a species, altered

abundance, or altered population structure (Suchanek 1993, Keough and Mapstone

1995). Detecting ecological change at the population level means that exposure to a
pollutant or some other perturbation has resulted in the accumulation of sufficient

changes in individuals to be detectable as 'important' population level changes

(Underwood 1992). The real difficulty lies in establishing the link between changes

in the individual and changes in the population, the latter being complex (particularly

if the species has a planktonic life stage) and hard to simulate realistically in the

laboratory (Keough and Mapstone 1995).

Communitlt Level Indicators

Most community level studies investigating pollutant effects and disturbance

responses have focused on benthic faunal communities (Burd et al. I991,Keough and

Mapstone 1995). Such studies have been extensively discussed in the scientific

literature (Elmgren et al. 1983, warwick 1986, Gray et al. l9gg, Help et al. I9gg,
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Warwick 1988b, Warwick et al. 1988, Gray 1989, Gray et al. 1990, Watwick et al.

1990b, Warwick and Clarke 1991).

Community level biomonitoring is labour intensive and expensive due to the expertise

and time required to census organisms (Keough and Mapstone 1995). It is also

difficult to link responses to .stressors (which are often complex and poorly

understood) to the observed community change. The great complexity seen in a

community also makes it virnrally impossible to realistically establish the system in

the laboratory in order to investigate toxicant induced changes under controlled

conditions

The advantage of a community approach for biological studies is that, unlike lower

levels of biological organization, the sampled assemblage structure reflects the

integrated and assimilated conditions over a period of time (Kan 1987 , Dostine et al.

1993, Warwick 1993). By focusing on the community, a broad selection of responses

to toxicant exposure is offered (Gray et al. 1990). This can be an advantage where

there is no a priori basis for selecting an indicator species (Dostine et al. 1993), ot

where the perturbation is accidental and therefore not readily predictable (Warwick

1 e93).

Community changes seen with stress responses include a reduction in species

diversity, a change in size structure to smaller species, and dominance by

opportunistic species (Levings et al. 1983, Schindler 1987). Community responses to

stressors have been reviewed by Gray (1989) who sees such classical changes as

occurring late in the sequence of change (Gray et al. 1990)'

2.5.1.2 Singte Species and Multiple Species Toxicity Testing

Toxicity testing ultimately aims to monitor or predict the effects of single compounds,

elements or mixtures of compounds on the health of individual organisms,

populations, communities or ecosystems (Soule 1988, Giesy and Graney 1989). This

is done by introducing a pollutant into biological systems of varying complexity

(Maltby and Calow 1989). Such environmental bioassays play an important role in
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assessing the actual or potential impacts of anthropogenic agents on natural

environments (Calow 1989, Giesy and Graney l9S9).

The focus of toxicity testing has tended to be on short-term acute responses rather

than on chronic long-term effects, which are frequently infened from acute studies

(Giesy and Graney 1989). However, a pollutant may have a different mode of toxic

action in chronic and acute exposures making the latter inference undesirable. A

useful discussion of acute, chronic and sublethal laboratory toxicant testing is given

by Rippon and Chapman (1993), while Mackay et al. (1989) reviews the use of
bioassays to detect chronic sublethal effects on biota.

Single species bioassays have been the primary source of data used to evaluate the

relative sensitivities of organisms to chemicals or effluents (Caims and Niederlehner

1987). Death is often the biological response measure used in bioassays, with the

most common test being determination of the lethal dose (or concentration) of the

pollutant (the LD56 or LC5s) which will kill 50Yo of the test population over a given

period of exposure (Nounou 1980, Keough and Mapstone 1995). Despite the focus on

single species bioassays, it is also important to aim some toxicity tests at the

community level (Buikema et al. 1982, Caims 1983, Rippon and Chapman 1993),

where pollutants are likely to differentially affect organisms which are interacting in a

complex way and which have varied food, habitat and reproductive requirements

(Sprague 1971, connelr r974, Cairns 1983, Perry and rroelstrup 198g, Soule 19gg,

underwood and Peterson 1988, Warwick et al. 1988, Rippon and Chapman 1993).

2.5.2 Selection of a Bidindicator

The rocky intertidal zone is the area most likely to be impacted by an oil spill from the

Port Stanvac Oil Refinery, and epilithon and invertebrates are most at risk of
sustaining damage. The major oil types handled by the refinery are petroleum and

Arabian light crude oil (Appendix D). A petroleum oil spill is likely to rapidly

weather and lose its volatile constituents, while Arabian light crude oil is expected to

weather more slowly and possible form a 'mousse' and be more damaging as a

smothering agent than as a toxic agent.
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Epilithon and its constituent species have frequently been used to monitor pollution in

streams (Yasuno and whitton 1986). A review of the usefulness of algae in

freshwater monitoring can be found in McCormick and Cairns (1994)' However, due

to sampling difficulties and lack of extensive studies on intertidal epilithon (see

Mclulich 1986, Hill and Hawkins 1990) similar monitoring has not occurred in

marine systems, and this material was not considered further in the design of a

monitoring program for Mobil, Port Stanvac. Lichen is the dominant plant in the

supralittoral zone at some GSV sites but again was not suitable for consideration as a

bioindicator material due to diff,rculties associated with its sampling and

quantification.

Intertidal invertebrates are likely to be impacted by an oil spill and are relatively easy

to monitor and census (Jar. et at. 1994). It was expected that one or more of the

intertidal invertebrates seen in GSV (Chapter 1 & Appendix C) would be suitable

bioindicators of oil pollution. Gastropod and bivalve molluscs were generally an

obvious component of the intertidal fauna and were expected to be the best source of

bioindicators for monitoring oil-related change. See Chapter 6 for an investigation of

the suitability of different GSV species for use as bioindicators.
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2,6 Development of Environmental Monitoring
Designs

A major challenge in detecting an environmental impact is to differentiate the effect of

interest from natural temporal and spatial variation ('noise'), and to distinguish

between 'trivial' and 'important' impacts (Osenberg et al. 1994, Keough and

Mapstone 1995). Therefore, it is necessary to choose an appropriate variable to

monitor and to have an awareness of the natural variation seen in that variable over a

range of temporal and spatial scales under'normal' and perturbed conditions.

The need for effective monitoring programs has led to a review of existing monitoring

designs, and recently some quite complex and statistically rigorous designs have been

advocated and extensively discussed in the literature (including Stewart-Oaten et ql.

1986, Underwood l99la, 1992 &, 1993a, Green 1993, Underwood 1994a &, 1995a).

Analysis of variance (ANOVA) is commonly used to analyse data generated from

many of the (univariate) monitoring designs aiming to detect anthropogenic change.

This is a statistical technique used to partition the variation associated with various

factors (explicitly identif,red by the investigator in the design of the study) and to

assess their relative magnitudes against the 'noise' in the data set (Zar 7984, Millard er

al.1985).
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A number of factors need to be considered when designing a monitoring program.

These include the size of the impact to be detected, the power of a program to detect

this impact, and the error risks associated with determining whether or not an impact

has occurred (Underwood 1997). These considerations will be discussed briefly in the

following paragraphs.

A statistical investigation of a perturbation begins with a null hypothesis (a statement

of no change). This basically states that a perturbation has not produced an alteration

in an assessed parameter. The null hypothesis is paired with an alternative hypothesis

which states that an impact of a specific magnitude has occurred (and produced an

alteration in the assessed parameter). A statistical test is then used to give a
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probability of obtaining the data if the null hypothesis were true' If that likelihood is

low, then a decisionis made to reject the null hypothesis and to accept the specified

alternative hypothesis (strong 1980, Toft and shea 1983, Fairweather 1991a'

Mapstone 1995).

There are four possible outcomes of a statistical test, two 'true' outcomes and two

erroneous results (Table 2.1). The'true' statistical outcomes are acceptance of atrue

null hypothesis and rejection of a false null hypothesis' However' an analysis may

also result in retention of a false null hypothesis (a 'Type II' enor) or rejection of a

true null hypothesis (a .Type II, error) (Mapstone 1995)' These two errors have their

own costs, and the consequences ofeach need to be considered to ensure that the risks

of both are keptto an acceptable level (Bernstein and Zalinski 1983' Rotenberry and

Wiens 19g5, Andrew and Mapstone !g87, Fairweather 1991a, Mapstone t995'

Keough and Mapsto ne 1997). Traditionally, scientific studies arbitrarily set the 'Type

I' error rate (a) at 0.05, but often give little consideration to 'Type II' errors (Þ) and

the power (1-Þ) of the analysis (Toft and shea 1983, Andrew and Mapstone 1987'

peterman 1990a & b, Fairweather 1991a, Keough and Mapstone 1997)' Mapstone

(1995) reviewed a number of unpublished environmental impact reports and found

many where the null hypothesis of no impact was not rejected' but only a few where

the ,Type II', error was less than 0.4 for impacts ranging from 80-100% in the

measured variables.

prior to beginning a monitoring program it is necessafy to specif the magnitude and

form of the maximum environmental impact e.g. the effect size (ES), which would be

,acceptabie' (cohen 1988, Mapstone 1995). The ES can be defined as the difference

between the null hypothesis and the altemative hypothesis (Winer l97l' Cohen 1988)'

As the effect size is increased, the ability, or po\¡/er, of a monitoring program to detect

the effect also increases (Mapstone 1995). It is difficult to determine how large an

effect is to be expected aS a consequence ofexposule to a perturbation unless relevant

theoretical considerations that are independent of the hypothesis being tested exist

(Rotenberry and wiens 1985). In the absence of such considerations it is advisable to

use experimental methods to select a biologically or economically meaningful ES

(Mapstone 1995).
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The power (P) of a statistical test is related to B, and is essentially the probability that

the null hypothesis will be rejected when it is false and the specified alternative

hypothesis is true (Bernstein and Zalinski 1983, Toft and Shea 1983, Genodette 19g7,

Peterman 1990a & b). Loosely, the statistical power of a monitoring program is a
measure of the likelihood that an impact would be detected when one really does exist

(Keough and Mapstone 1995). An a priori determination of the power of a planned

monitoring program can be used to avoid wasting time, effort and resources, and to

optimise a design (e.g. selecting the number of replicates). In contrast, an a posteriori

power assessment can be used to interpret results when a null hypothesis is retained

(Cohen 1973, Peterman and Routledge 1983, Toft and Shea 1983, Genodette 19g7,

Peterman 1,989 8.1990 a & b, Taylor and Gerrodette 1993).

Table 2.1 The four outcomes (l-4) of a statistical analysis designed to test a null hypothesis. The

probability ofeach outcome is presented in parentheses (adapted from Toft and Shea l9g3).

Decision Made

Aclual situation Null hypothesis retained Null hypothesis rejected

Null hypothesis true

Null hypothesis false

l. Conect (l-a)

3. Type II enor (p)

2. Type I error (a)

4. Conect (l-B)*

* (l-B): power of the analysis

2.6.2 A Review of Techniques Used in Environmental Monitoring

2.6.2.1 The Basic Design

The earliest monitoring designs used a paired set of sites consisting of a single

'control' and a single 'impact' site, monitored a single time following an impact. This

design is not able to differentiate between an impact and natural spatial variation,

lacks 'true' replication (see Hurlbert 1984), and violates many of the criteria discussed

by Green (1979). The use of multiple 'controls' and a single 'impact' location or

multiple 'control' and multiple 'impact' sites sampled once following an impact
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improves on the previous monitoring design, but still does not provide a way to

measure change (Keough and Mapstone 1995). It is also possible that the control and

impact groups were different purely by chance before the impact intervened' The only

case where this basic design is justifiable is when pre-impact data is not available and

a post ftoc assessment of impact is needed. ln such a situation the minimal

requirements would be multiple 'control' sites (the number being determined by

weighing the costs and benefits associated with maximising this variable) and a single

'impact' site (Stewart-Oaten et al. 1986, Keough and Mapstone 1995, Underwood

I 995a).

2.6.2.2 The BACI and BACIP Designs

Spatial variation is a natural phenomenon in systems (Eberhardt 1978) and could

result in differences between separate sites (designated 'cpntrol' and 'impact') after an

activity commenced even if the activity failed to have a major impact (Keough and

Mapstone 1995). This necessitated the development of the Before After Control

Impact (BACI) design which was intended for environmental impact studies and is

able to control for pre-impact site differences (Green 1979, Humphrey et al' 1995). In

its most basic form, this design consists of ¡wo treatment groups; designated 'control'

and ,impact', which are sampled once prior to and once following a perturbation. The

basic BACI design has been criticised by many environmental biologists for its lack of

temporal and spatial replication which prevents a valid test of the interaction between

,before-after' and 'control-impact' treatments (Bernstein and Zalinski 1983, Hurlbert

1984, Stewart-Oaten et al. 1986, Eberhardt and Thomas 1991). Howevef, Green

stated that this design met only the minimal requirements of monitoring and did, in

fact, recommend spatial and temporal replication where possible (Green 1979 &'

1993). The BACI design can also be extended to community-level data (see Faith e/

al. r99r).

Bernstein and Zalinski (1983) and Stewart-Oaten et al. (1986) both advocated using

temporal sampling to overcome some of the deficiencies in the more basic BACI

design. One 'control' (C) and one 'impact' site (I) are sampled simultaneously a

number of times 'before' and 'after' the perturbation (see Peterson 1993). Since the
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design uses paired 'control' (which could be a single site or the mean of a set of sites)

and 'impact' locations it became known as the Before After Control Impact Paired

(BACIP) design (Keough and Mapstone 1995). The analysis used with this design

statistically contrasts the means of C-I differences between the 'before' and 'after'

time periods to assess if they change coincidentally with the commencement of the

perturbation (Stewart-Oaten et al. 1986). Importantly, Stewart-Oaten et al. (1986)

recornmended using infrequent, randomised sampling times to achieve sampling

independence and to avoid coinciding with regular cyclic processes that might be

occurring in the system. This version of the BACI design became popular in

environmental monitoring studies (Green lgg3) and recognised that it was unlikely

that a population would be stable through time even in the absence of a disturbance. It
should be noted that subsampling in a BACIP monitoring program does not increase

the degrees of freedom of the main test or directly influence the power of the analysis

(Hurlbert 1984, Zar 1984). However, it does provide a more accurate and less biased

estimate of the mean at a particular time (Keough and Mapstone 1995).

The major problem with a BACIP approach to environmental monitoring is its
inability to determine whether a statistical 'site-time' interaction is due to ,treatment'

or'site'effects (Keough and Mapstone 1995). This is a serious problem as marine

organisms, in particular, often show asynchronous population fluctuations

(Underwood 1991a) which may be an essential mechanism in population and

community dynamics (Butler and Chesson 1990). This can only be overcome by the

use of multiple 'control' sites and, if possible, more than one 'impact' site (Green

1993). Another deficiency with the BACIP design is its failure to deal with a change

at the 'impact' location which is unrelated, but coincident with a perturbation, and

restricted to that site (Keough and Mapstone 1995).

ANOVA and Serial Correlation

The analysis of variance (ANOVA) used with these monitoring designs assumes that

deviations of the observations from their true means (errors) are uncoffelated in time

and space (Zar 1984, Millard et al. 1985). However, patterns in nature, and

observations in monitoring, often show temporal and spatial correlation (see Millard
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et al. 1985). It has also been shown that spatially or temporally correlated data can

significantly affect the outcome of ANOVA tests (Miilard et al. 1985).

To avoid serial correlation, where samples are not independent within and between

different temporal treatments (Green 1993), it is necessary to choose a sampling

interval that is long enough for some turnover of individuals or species, through

migration, mortality or recruitment (Underwood 1993a). This can be achieved by

considering the organism being sampled and its longevity when allocating sampling

times. For very long-lived organisms the most appropriate sampling period may be

intervals of greater than a year which would make it untikely that short term effects

will be detected or that the program will be long enough to collect a reasonable time

series data set. Alternatively, for short-lived or highly mobile organisms counts taken

at short intervals may show little serial correlation (Underwoo d 1992, Keough and

Mapstone 1995, Underwood 1995a). The initial choice of sampling times can be

reassessed after several sampling occasions, usually towards the end of the pre-impact

period, for example with a Durbin-Watson test. If serial correlation is present it can

be treated by eliminating some time intervals from the data set, and persisting with the

adjusted time intervals in the post-impact monitoring period (Keough and Mapstone

1995), or by using an analysis which incorporates serial correlation.

Trends in C-I differences before or after the perturbation will invalidate the statistical

analysis used in temporally replicated BACI designs, and may not be detected until

late in the monitoring program. Appropriate data transformations may remove such

trends but introduce new problems such as loss of important biological information, or

an increase in variance and consequent loss of statistical power, possibly leading to

abandonment of the analysis (Zar l984,Keough and Mapstone 1995). It is possible in

such a situation to analyse the trends themselves by considering the samples through

time as two ordered series rather than as random from the 'before' and 'after' periods.

If this is done, orthogonal polynomials can be used to resolve the actual trends

through time (Keough and Mapstone 1995).
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2.6.2.3 MBACI

MBACI is the design recommended by (Keough and Mapstone 1995). It uses

multiple 'control' and (if possible) multiple 'impact' locations and is analogous to the

Beyond-BACI design discussed extensively by Underwood (1991a, 1992 &, 1993a,

1994a &, 1995a), except that it focuses on a single designated spatial and temporal

scale.

2.6.2.4 Beyond-BACI

The BACIP design can be improved by the use of multiple 'control' locations sampled

multiple times 'before' and 'after' an impact occurs. This combines the temporal

replication found in the BACIP desisn with sreater snatial replicafion in the form of

multiple 'control' locations (Underwood 1991a, 1992 &,1993a). Underwood (1993a)

advocates the use of multiple, randomly-chosen 'control' locations selected from a set

of appropriate locations e.g. rocky shores with a similar suite of organisms. Practical

problems associated with this monitoring design include locating suitable control sites

and the increased expense and sampling effort needed compared with more basic

designs (Keough and Mapstone 1995).

Be:tond-BACI and Temporal and Spatial Considerations

Underwood states that the focus of monitoring techniques on detecting changes in the

average values of an assessed parameter may be poor practice as it ignores impacts

that result in altered variance (Underwood I99Ia, 1992, 1993a &, I994a). This

deficiency is addressed with a Beyond-BACI design which basically uses a repeated

measures ANOVA, incorporating various factors (including two or more 'time' and

'spatial' scales) and allowing a complex partitioning of variance (Underwood 1993a).

To accommodate different temporal scales of interest, sampling effort is allocated to

an appropriately short sampling interval (Times) which is nested within a longer

sampling interval (Periods). Sampling then consists of a series of 'Before' and 'After'

Periods divided into distinct intervals with a series of randomly assigned Times nested

within each (Underwood 1993a). Similarly, if more than one spatial scale is of

interest, sampling effort can be partitioned to incorporate them (see Underwood

1992). The specific use of a Beyond-BACI design, with reference to temporal scale

considerations, will be discussed further in Chapters 4 8.8.
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To maximise the efficiency of a Beyond-BACI design it is advisable to determine the

expected response prior to monitoring and allocate sampling effort accordingly' For

example, it is known that pulse distu¡bances operate over a shorter time scale than

press disturbances, and recovery from the former is generally more rapid' Therefore'

responses to a pulse event are expected to be Seen as changes in variance over short

time scales and would be best detected with a design using many intervals (Perigô)

and few times within intervals (Times). The reverse is true for detection of a press

effect or a slower pulse event (Keough and Mapstone 1995).

The temporal sampling used in a Beyond-BACI design regards time as the variable of

interest which, as previously mentioned in relation to the BACIP design, can result in

serial correlation and violate one of the underlying assumptions of ANOVA (Zar

1934). This problem can be overcome in some instances by using randomising

sampling times (Stewart-Oaten et al. 1936). However, selecting truly random

sampling times can be difficutt and it is also important to take account of seasonal

pattems in a population. Therefore, Stewart-Oaten et al. (1986) advocates the use of

appropriate fixed sampling intervals, and treatment of the sampling times as a 'ftxed'

effect (see Zæ 19S4). Again, a consideration of the scale of the study is necessary, as

randomisation of sampling through time within seasons' as long as serial correlation is

avoided, could be appropriate (Stewart-Oaten et al' 1986)'

Underwood's suite of Beyond-BACI monitoring designs gives consideration to spatiai

as well as temporal scales. It is possible that a perturbation may have an impact that is

of interest at more than one spatial scale, depending targely on the character of the

disturbance (Keough and Mapstone 1995). For instance, if oil grounds on a rocþ

reef, changes within small sections of the reef, as well as effects to the entire reef, are

likely to be of interest. Localised changes within the reef could be tolerated but major

changes at the larger spatial scale could be considered ecologically unacceptable. This

illustrates the need for an a priori consideration of the aims of a monitoring program

and a knowledge of the disturbance and the effects it is expected to elicit. Only then

can the ternporal and spatial scales that are relevant to the disturbance tre incorporated

into the monitoring design.
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Keough and Mapstone (1995) believe that the MBACI design has advantages over the

Beyond-BACI design of Underwood (in that they save effort and resources). The

MBACI design may indeed be appropriate to detect a range of impacts and should be

used preferentially when it is suited to the disturbance being monitored. However, the

Beyond-BACI design allows partitioning of variance over a range of important scales

and can allow detection of complex 'mixes' of disturbance (such as combination pulse

and press events). Choice of the most appropriate design for a monitoring program

should be based on the type and magnitude of distwbance that is likely to occur, and

the persistence and amount of change that is predicted over different spatial and

temporal scales. These considerations then need to be balanced against power and

resource concerns.

2.6.2.5 Response Surface and Grid Sampling Models

Response surface and grid sampling models primarily deal with the distribution and

spread of effects associated with a perturbation, and are not designed to test

hypotheses about this distribution. These techniques tend to be used in situations

where a perturbation is known to be present, such as a continuous sewage outfall, and

are useful in compliance monitoring (Keough and Mapstone 1995). They involve
establishment of a sequence of sites over a gridded area in which the primary

discharge point is centrally located. The parameter of interest. such as effluent
dilution, is then sampled across sites (Keough and Mapstone 1995). The collected

data is then fitted to a response surface and a three-dimensional plot generated. This

and a similar technique known as indirect gradient analysis (refer to Whittak er 1967,

Minchin 1987 &' Ellis and Schneider 1997), could not be adapted to Mobil,s
requirements and will not be discussed further.

2.6.2.6 Summary Statistics

Summary statistics, such as species richness and diversity, can be useful measures in
environmental monitoring. Summary techniques represent community structure as a

single value (which can then be subjected to univariate analysis techniques) (Sundberg

1983). However, using species diversity and similar measures results in a loss of
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information on species function (Kan 1937). A criticism of diversity indices is their

lack of robustness in response to seasonal and other temporal factors, as well as

pollution and anthropogenic disturbance (Sundberg I 9 83)'

Derived indices of environmental quality compiled, for example, by using the total

number of aquatic invertebrate taxa and the total number of such taxa intolerant to a

particular pollutant, can be useful in monitoring for pollution effects (Lenat 1993,

Lang and Reymond 1995). Another approach involves using ecologically similar

groups (guilds), such as particular functional feeding groups' to detect environmental

change. Use of this technique is illustrated by Schlosser (1982), who detected a

decline in invertivore and invertivore-piscivore fish in response to anthropogenic

alteration of a headwater stream.

2.6.2.7 Dominance Curves

This technique superimposes separate /c-dominance curves for abundance and biomass

to produce abundance-biomass-comparison curves (ABC). Species are ranked on the

x-axis, on a logarithmic scale, in order of importance for both biomass and abundance,

and this is graphed against the cumulative percentage dominance on the y-axis (Clarke

and Warwick 1994a). There are three possible curves produced by this technique

(Fig.2.Ð which correspond to unpolluted, moderately polluted and severely polluted

conditions (Warwick 1986).

It is hypothesised that disturbed benthos will be represented by a macrofaunal

abundance curve that is above the biomass curve (Warwick 1986). This trend occurs

as one or a few large species, each represented by a small number of individuals, will

coexist with the numerical dominants which will tend to be a small species with a

rypically high level of stochasticity (Clarke and V/arwick 1994a). The distribution of

biomass will show strong dominance, while the distribution of individuals among

species will be more even, and hence will lie below the biomass curve. When a

perturbation constitutes a moderate disturbance, the large competitive dominants are

eliminated, reducing the mismatch between the numerical and biomass dominants so
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that the biomass and abundance curves are fairly close and may overlap and cross. As

the level of perturbation increases the communities become dominated by one or a

few small species resulting in an abundance curve that overlies the biomass curve for

its entire length (Clarke and Warwick 1994a).

Dominance curves have been useful in describing the responses of benthic

macrofauna and meiofauna to perturbation (V/arwick et al. 1990a & b). Their

advantage is that 'controls' are not needed as the aburdance and biomass curves are,

in effect, acting as internal references to each other. However, it is advisable to use

external reference samples as a further check of the results, and to include adequate

replication (Clarke and Warwick 1994a). This technique goes further than univariate

statistics and is able to extract information on the dominance pattem without reducing

community data to a single summary statistic (Clarke 1990).
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Fig. 2.4. Hypothetical k-dominance, or abundance/biomass comparison (ABC) curves, representing

unpolluted, moderately polluted and severely polluted (or otherwise disturbed) macrobenthic

communities. When conditions are stable and disturbance is infrequent the biomass curve lies

above the abundance curve (a). Under moderately polluted conditions the abundance curve is close

to the biomass curve (b), and under heavily perturbed conditions the abundance curve lies above the

biomass curve for its enti¡e length (c) (After Warwick 1986).
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2.6.2.8 Multivariate Techniques

The monitoring designs discussed to this point have generally relied on a single

variable that is assumed to be representative of environmental change (Sundberg

1g83, Keough and Mapstone 1995). However, the real world consists of complex,

interactive, dynamic systems in which multiple physical and biological processes co-

vary in time and space (Huston 1985). Understanding the dynamics of any complex

interactive system, whether in an impacted or unimpacted condition, is likely to be

better elucidated at a community level (Powell 1989, Jan et al' 1994, Keough and

Mapstone 1995). The community level is the common focus for many environmental

studies and is believed to reflect the integration of conditions over a period of time

(Warwick 1993).

Various multivariate techniques have been extensively discussed in the scientific

literature (e.g. Gauch and Whittaker 1981, Minchin 1987, Clarke and Green 1988,

James and Mcculloch 1990, Clarke Igg3, Palmer 1993, Wa¡wick 1993). Such

techniques were developed as a way to describe and analyse complex ecological data

sets, and are now widely used to address a range of questions and problems including

environmental monitoring. They are able to reduce the complexity of a huge data set,

comprised for example of a 'sites x species' matrix, to a manageable level while

preserving species-specific information (James and McCulloch 1990, Cobelas et al.

1995). In manipulating the data in this manner it is possible to suggest ecological

explanations for observed patterns.

Multivariate techniques are generally sensitive to changes in community patterns

arising as a result of pollution and disturbance (Sundberg 1983, Warwick et al. 1990a

& b, V/arwick 1993). As previously mentioned, they have the disadvantage of being

labour intensive and expensive (Warwick 1993). However, it is possible to use higher

taxonomic levels, such as family, to show patterns associated with a perturbation, and

save processing time and money (Warwick 1988a & b). A brief description of the

most common multivariate techniques used in pollution studies and biological

monitoring will now be given.
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Clustering

Multivariate methods were f,trst developed for use in terrestrial plant communities,

and were then used to describe patterns in marine soft sediment benthic communities

(Keough and Mapstone 1995). The simplest and most commonly used of these early

techniques involved clustering to group samples that displayed the greatest similarity

in their attributes in a branching structure (James and McCulloch 1990). A popular

technique of this type is Agglomerative Hierarchical Cluster Analysis. This begins by

forming a pairwise similarity matrix among objects (e.g. individuals, sites,

populations, taxa). The two most similar objects are then placed into a group and the

similarities of that group to all other groups are calculated. Repeatedly the two closest

groups are compared until a single group remains (James and McCulloch 1990). The

rcsultaui iricr¿uchicai 'irsc' is a'uis iu siruw paLi.crns bul has rhe ciisacivanrage of

lacking robustness if different algorithms are applied to the data. For this reason the

Bray-Curtis index is often used as it tends to give fairly consistent results (Faithet al.

l 987).

Ordination methods such as Principle Components Analysis (PCA) and Canonical

correspondence Analysis (CCA or CANoCo), with its variant, detrended

correspondence analysis, are useful techniques for handling multivariate data sets.

PCA has enjoyed wide usage in ecology and systematics. This technique is again able

to reduce the complexity of a large data set to a manageable size, which is done by

producing a smaller number of abstract variables, termed principle components, which

are linear combinations of the original va¡iables (Keough and Mapstone 1995). Each

of the principle components successively generated are uncorrelated with previous

ones, and the aim of the analysis is to identifu groups of similar variables "by using

the cross-correlated counts of species (numbers and abundance) and positioning the

groups on the derived axes" (Keough and Mapstone 1995, pg37). Identification of a

perturbation-induced change with this technique would occur if the 'control' sites

grouped out separately to the 'impact' sites. Problems associated with clustering

techniques include sensitivity to outlying data and the abstract nature of the derived

axes, both of which make interpretation of the results difficult (James and McCulloch

1ee0).
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Correspondence analysis composes a two-way contingency table of counts of objects

and their attributes (Keough and Mapstone 1995). Scores are then calculated for each

of the row and column categories in the table and eigenvectors generated to illustate

the way in which the rows and columns deviate from what would be expected with

independence (Hill 1973). The extraction of continuous axes of variation from

species occuffence or abundance data is then used to apply identif,red environmental

gradients (indirect gradient analysis) (ter Braak 1996). This is achieved by relating the

pattern of variation seen in community composition (usually well represented by the

first few ordination axes) to the environmental variables (Gauch 1982). Canonical

correspondence analysis (CCA) extends on this by using known environmental

variables to select the ordination axes (ter Braak 1996). In the situation where species

disptay bell-shaped, or unimodal, responses to environmental gradients a detrended

approach (detrended canonical correspondence analysis) is more appropriate, yielding

an ordination plot that shows the relative positions of species and sites, with vectors

representing environmental variables (ter Braak 1989 & 1996). The technique allows

the approximation of the centres of species distribution along each of the

environmental variables and improves the power to detect the effects of interest (ter

Braak lg1g 8.1996). Applied examples of the effective use of gradient analysis are

given in ter Braak (1989).

Mul ti dimensional Scal inq

Multi-dimensional scaling (MDS) has been widely used in recent environmental

studies, including investigation of pollution effects (Faith et al. 1991, Clarke 1993,

Clarke and Warwick 1994a & b). MDS simplifies a complex cotnmunity data set into

points scattered in multidimensional space so that ecological patterns can be seen and

interpreted (Kenkel and Orloci 1986, Clarke and Warwick 1994b, Keough and

Mapstone 1995). MDS is preferred to some other multivariate methods as it is less

affected by the underlying relationships between species or samples, in particular

distribution of species aburdances (but see Clarke 1993).

Non-metric MDS (using transformations, stanclardisations and similarity coefficients

suitable to the hypothesis being tested) has been effective as an ordination technique
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(Clarke 1993). Hybrid multidimensional scaling (HMDS), which combines metric

and non-metric criteria, is described in Faith et al. (1987), along with the importance

of the choice of a dissimilarity measure in ecological ordination techniques. The main

problem inherent in the use of MDS and other multivariate methods is that although

patterns may be seen in the data, interpretation of their importance tends to be

qualitative and subjective (James and McCulloch 1990).

Despite recent advances in multivariate techniques it is still not possible to relate the

distance between points on an MDS plot to the size of the impact in a statistically

meaningful and consistent way (Keough and Mapstone 1995). Therefore, MDS is

most useful in environmental monitoring as a support to other techniques, when a pre-

impact <iata set is absent, or wiren the expecteo response to a perturbatlon rs not

known and cannot be used to select a suitable univariate indicator (Keough and

Mapstone 1995).

MANOVA and Discriminant Analyses

Multivariate Analysis of Variance (MANOVA) and the related discriminant function

analysis are useful in situations where a range of variables have been gathered for the

same sample set and there is more than one dependant variable (Wilkinson 1990,

Keough and Mapstone 1995). These techniques are similar to ANOVA in concept

and can be used to handle complex monitoring designs.

MANOVA can be more useful than ANOVA in that changes in a suite of organisms

can be tested, rather than relying on a single univariate measure (Keough and

Mapstone 1995). However, MANOVA assumes that the variables being analysed are

independent, an assumption that may be violated in many situations and which needs

to be assessed before an analysis proceeds. This is a major difficulty, but these

techniques can still serve as a useful analysis tool if the appropriate care is taken (Day

and Quinn 1989, Tabachnik and Fidell 1989).
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2.6.2,9 Staircase Design

This technique was designed for fishing and fisheries management and is used to

monitor effects occurring under different impact regimes (Walters et al' 1988' Keough

and Mapstone 1995). The basic methodology involves adjusting the intensity of the

impact, such as fishing effort, and measuring the responses in target species (V/alters

et aI. 1988). In this way it is possible to identiff the point where the impact has no

serious effect on the target population. This method of impact assessment would not

be useful in detecting oil spill effects at Port Stanvac'
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2.7 Best Monitoring Design for Port Stanvac

In the event of an operational oil spill occurring at Port Stanvac, it is likely that the

rocky intertidal area that dominates much of the coastline adjacent to the oil refinery

will be impacted (see Chapter 1). Therefore, the rocþ intertidal area, particularly the

mid-eulittoral zone, is the focus of a monitoring program. As well as being identified

as one of the habitats likely to be impacted by an oil spill, the rocky intertidal area is

relatively easy to access and its biota are able to be censused non-destructively. These

are important considerations when planning an ongoing monitoring program.

A web of interactive factors, both biotic and abiotic, determines the biological

consequences of an oil spill. These include the tyne and amqr,rlt of oi! and its

condition (e.g. degree of weathering), physical environmental factors (e.g. substrata

type and prevailing weather conditions) and prior exposure of the area to oil. The

presence of other pollutants, the 'self-cleaning' ability of any contaminated coastal

sites, the rapidity of any manual spill cleanup and the nature of biota are also

important in determining the biological consequences of an oil spill (Loya &
Rinkevich 1980, Baker 1991, Suchanek 1993). The complexity of these factors and

the way in which they interact, together with the difficulty in determining likely oil
grounding sites (see Chapter 5), means that it is not possible to specifically and

accurately predict all possible scenarios associated with an operational oil spill at the

refinery' Therefore, it is in:ponant to establish a generalised morritoring progra¡n

which is sensitive to a range of effects in response to an unknown volume spill of
either crude oil or refined product at an unpredictable stage of weathering, which may

ground at a number of different coastal sites in GSV.

Intertidal biota are likely to be affected by the floating component of the oil as it is

carried ashore, and may suffer direct toxic effects or physical effects such as

smothering. Oil is unlikely to be retained in rocky areas although it may accumulate

in sand between rocks and may be trapped in small amounts in rock crevices and

between areas of upthrust rock. Long term oil retention on GSV rocþ shores is not

expected. This, coupled with the relative longevity of most intertidal animals (see

Quinn et al. 1992), and the likelihood that oil release will be rapidly detected and
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managed by refinery personnel, means it is likely that an operational oil spill will act

as a pulse disturbance in the area and that recovery will be rapid.

The literature review of environmental monitoring techniques (Section 2.6) suggested

using a Beyond-BACI approach to monitoring for an oil spill at Port Stanvac. This

improves on other BACI techniques in that it is able to assess perturbation-induced

variance on a range of temporal (and spatial) scales. As an oil spill is likely to occur

as a rapid pulse disturbance, it should be most readily detected using a design with

many intervals or 'Periods', in which a few shorter sampling intervals ('Times') are

nested (Keough and Mapstone 1995). Preliminary monitoring will focus on two

different 'zones' within each designated site, although the primary spatial scale of

interest is at the level of the entire reef, or equivalent areas of the shore (see Chapter

4). The two temporal scales of interest are expected to be 'lileeks' and'seasons', and

this will be discussed in Chapter 4.

Utilising a Beyond-BACI design in preliminary monitoring allows a test for

significant perturbation effects should an intervening impact occur. Since the two

e¡1ors (a & B) which can arise during statistical testing are considered equally

undesirable they have both been set to 0.05 (see Mapstone 1995). Therefore, the

desired power of statistical testing to determine if an impact has occurred will be 95o/o.

The effect size to be determined is not known and requires further investigation once

the most appropriate environmental variable has been selected.

Intertidal fauna were considered more appropriate bioindicators than intertidal floral

elements due to the difficulty in sampiing the latter (Jan et al. 1994) and their

relatively poor representation in the mid-eulittoral zorle at eastern GSV sites

('Womersley and Thomas 1976, Womersley 1988). A literature review considering

the general effects of oil on intertidal biota found in GSV (section 2.4) could not

identifi a suitable a priori bioindicator animal, although gastropods, which display a

range of responses to oiling, dominated the targeted intertidal zone (Womersley and

Thomas lgi6, 'Womersley 198S). However, consideration of the various biological

levels that can be used to determine pollutant-induced effects, suggested a population

approach for monitoring in GSV (section 2.5.1.1). The lack of an identified a priori
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bioindicator animal meant that a suite of animals needed to be studied (in conjunction

with relevant physical site characteristics) to determine spatial and temporal trends

during the pilot study (Chapter 3) and preliminary monitoring (Chapter 4) phases of

this project. Such a broad community approach was necessary until a bioindicator

species could be selected (Chapter 6), and until spatial and temporal trends in

intertidal assemblages had been examined (Chapter 4).

The variability reported in intertidal biota in the vicinity of Port Stanvac (V/omersley

1988) meant that long term monitoring was necessary to partition variation associated

with an oil spill from natural variation ('noise') (Underwood 1991a, 1992, I993a &,

I994a). A long-term program is also important to differentiate between 'trivial' and

'rmportant' rmpacts (osenberg et al. 1994, Keough and Mapstone 1gg5). A

knowledge of natural variation in GSV could only be achieved by selecting

appropriate biological variables and examining their fluctuations under perturbed and

unperturbed conditions over a number of temporal and spatial scales. Therefore, a

preliminary study of GSV and its biota in the vicinity of Port Stanvac was needed

(Chapters 3 &.4).

A Beyond-BACI design requires selection of a number of 'control' and at least a

single 'impact' site (section2.6.2.4). However, the difficulty in accurately predicting

potential 'impact' sites within GSV (due to seasonal and shorter term variations in

tide, wind strength and direction, and wave conditions and therefore oil transport)

meant that a range of sites were required for preliminary monitoring. This approach

maximises the likelihood of at least one of the monitored sites being perturbed.
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Chapter 3. Pilot Study Investigation of Rocky
Inteftidal Areas in Gulf St Vincent

3,1 Introduction
In order to optimise resources for the monitoring prog&Lm it was necessary to establish

the most appropriate sampling protocols (Hewitt et al. 1993) and to investigate the

amount of temporal and spatial variation in various intertidal animal and plant

assemblages in Gulf St Vincent (GSV). In addition, the Beyond-BACI design

advocated a priori for preliminary and ongoing monitoring (see Chapter 2), required

choice of a number of spatially separate 'control' sites, which should ideally be

randomly chosen from a large number of suitable sites, and be representative of the

,impact' site(s) (e.g. similar in substrata and assemblage character) (Underwood 1989

&. r99la).

In an effective monitoring program it is necessary to score the presence and magnitude

of the pollutant or perturbation of interest (in conjunction with an assessment of the

abundance of the bioindicator(s)) and to consider physical parameters which may be

important modifiers of patterns of distribution and abundance of biota. These may

include site aspect and shelter (Womersley and Thomas 1976), substrata type and

complexity, (Emson and Faller-Fritsch 1976, McGuiness 1987a & b, Underwood and

Chapman 1989, Connell and Jones 1991, Lohse 1993, Lemire and Bourget 1996) and

special features such as pools (Metaxas, Hunt and Schiebling 1994, Metaxas and

Schiebling Ig93 & 1994, Schneider and Frost 1996, van Tamelen 1996).

To quantifi surface complexity a number of techniques were considered (see

McCormicklgg4, Sanson, Stolk and Downes 1995). However, since sampling time

needed to be kept to a minimum, the quickest and easiest field method to adequately

quantiff surface complexity in a rocþ area appeared to be the contour length versus

linear length ('chain-and-tape') method described by Risk (1972). This method can

successfully discriminate between broad habitat types (see Aronson et al. 1994,

McCormick 1994).
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Non-destructive assessment of biota was necessary in this study due to the plan for

repetitive sampling of study sites. Two broad quantitative techniques for assessing

intertidal assemblages are transect or quadrat sampling (Jan et al. 1994), with the

latter technique often using 0.25m2 quadrats (Andrew and Mapstone 1987). Either of

these techniques can be used in conjunction with in situ field counts, video sampling

(see Carleton and Done 1995) or photographic sampling (Holme and Barrett 1977,

George 1980, Foster et al. 1991) to quantiff biota. The use of video techniques has

been useful in underwater surveys (Potts et al. 1987) and the video image can be

frame-grabbed and input into a computer program using suitable software/hardware

and then computer analysed (Jan et aL 1994). Photographic or video recording of

assemblages saves field time but has potential disadvantages such as expense,

pnotograpnlc larlure (and thus data loss), tncreased laboratory time and failure to find

cryptic species, while in situ field counts provide an immediate and inexpensive

method of collecting data but are more costly in terms of f,reld time.

An overview of general features of GSV, with specific reference to the eastern coast

in the vicinity of Port Stanvac has been given previously (Chapter I & Appendix A).

This part of the thesis deals with a closer examination of the section of eastern GSV

which was likely to provide a suite of study sites suitable for biological monitoring

and inclusion in the preliminary and possibly ongoing monitoring phases of this study.
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3.2 Pilot Study Aims

The aims of the procedural pilot study were to examine a number of suitable rocþ

intertidal sites along eastern GSV and begin planning and testing sampling strategies

for use in preliminary sampling (Chapter 4) and ongoing monitoring (Chapter 8).

The specific aims of this chapter were;

o to select suitable study sites within GSV for ongoing monitoring.

o to become familiar with the dominant animals and plants and their distribution

patterns at these sites.

o to assess the efficiency of different sized quadrats for sampling dominant intertidal

organisms.

. to compare the efficiency of photographic and video techniques of animal census

within sifz field counts.

¡ to identiff appropriate parameters which may affect biota abundance, such as

substrata composition, weather conditions and oil presence'

3.3 Materials and Methods

3.3.1 Site Selection

Fifteen sites identified as 'rocþ' on a 1:50,000 topographical map; "Noarlunga 6627-

4 &, PT 6527-1,3rd Edition", were visited in February 1995. During this visit

assessments of the topography, presence and distribution of intertidal biota, and the

ease of access and wave exposure of sites were made. Nine sites were selected as

study sites for the preliminary monitoring program to identiff spatial and temporal

trends (Chapter 4) and for consideration for inclusion in the ongoing monitoring

program (Chapter 8). These nine sites are described in more detail in section 3.4.

Sites were sampled and visited at low tide and access was possible until they were

submerged by the incoming high tide. At each site the distribution patterns and

dominant animals and plants were noted and recorded. Based on these initial surveys

data sheets for census of the most common species and assessment of physical



3 66

parameters were generated and a photographic handbook compiled to assist with

future freld identification.

3.3.2 'Zones' of Interest

In general, two'zones' of interest at selected study sites were identified for sampling.

Broadly speaking these 'zones' corresponded to the mid-eulittoral zone (Womersley

and Thomas 1976) and were divided into a¡tificial 'upper' and 'lower' sub-zones for

the purposes of this study. The 'upper' zone was typically dominated at most sites by

one or a few species of gastropod molluscs, and the 'lower' zone supported a similar

suite of animals but was characterised by a generally greater contribution of mussels

þrimarily Xenostrobus pulex) and/or specific gastropods (such as.Nerita atramentosa

and Aus tr o c o chl e a spp.).

3.3.3 Biota Census

Plants were scored to genus where possible (e.g. UIva, Enteromorpha, Cystophora,

Sargassum, Corallina and Gelidium) but otherwise were classified at high

taxonomical leveis (e.g. hlamentous brown algae), and quantified by the area they

occupied within each quadrat. However, animals were the primary focus and were

identilred to species (apart for Notoacmea spp. which were difficult to identifr in the

field, and which were classified to genus). The abundances of all animal taxa present

tn e a¡rerTref rvere reenrder{--^ - '1. ---^ -

Species identification was primarily based on descriptions in Shepherd and Thomas

(1989) and Quinn et al. (1992), although some specimens were taken to the South

Australian Museum for identification by Karen Gowlett-Holmes and Wolfgang

Zeidler. All animals which were clearly visible to the naked eye (e.g. greater than

2mm in diameter) were censused in situ and classified into three size classes for each

species; 'small', 'medium' and 'large'. The 'small' size corresponded to a width up to

a third of the adult animal's width, 'medium' corresponded to a width greater than a

third and up to two-thirds of the adult width, and 'large' incorporated any width

greater than this, with adult size as defined in Quinn et al. (1992).
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3.3.4 Optimal Sampling Strategies

A number of different procedures, parameters and sampling protocols were tested

during this phase of the project. These included the optimal number and size of

quadrats to deploy, in situ versus other methods of animal census, and the 'chain-and-

tape' method of quantifuing topographic complexity.

Quadrats: Size and Sampling Efficiency

The use of quadrats seemed most applicable to the study (due to the focus on 'zones').

Two sites, Hallett Cove and PSl, were randomly selected and used to assess the

efficiency of different sized quadrats in sampling dominant animals in the two

arbitrary zones. The quadrat sizes tested were: 0.25m2,1m2 and 2.25m2. Quadrats

(positioned using a random numbers chart) were placed in each of the defined

intertidal zones to sample the animals present and test the sampling precision obtained

when up to ten quadrats were deployed. Precision, calculated by dividing the standard

error by the average abundance of a species per quadrat (Zar 198\, was graphed

against increasing quadrat number. Cumulative species capture was also compared

using the different sized quadrats. When trialing the different quadrat sizes the small

quadrat was randomly positioned first and then consecutively replaced by the larger

quadrats to save censusing time.

Photographic and Video Census Versus Field Counts

A Pentax P30 camera with zoom lens was used to obtain a photographic record (using

35mm colour slides) for each small quadrat which was deployed at Hallett Cove. The

abundance of each animal species present in each quadrat were also censused in situ

by eye. This study took place in late February 1995 and slides were processed,

brought back to the laboratory and enlarged on a screen to determine species

composition and abundance. Video recording of quadrats was performed on a single

day in March 1995 and the image extracted by freezing the hlm and projecting it onto

a screen. In both cases, census methods were compared to the appropúate in situ fteld

counts (for the same quadrats). Seven replicates were used for each of the trialed

methods þhotographic, video and field counts) and comparisons were made only in

relation to the dominant animal species present. Video recording was carried out in
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the 'upper' zorte at Hallett Cove, while the photographic pilot study was performed in

both the 'upper' and 'lower' zones at the same site.

Analysis of how well the photographic and video techniques compared to in situ

animal census involved paired student's ,-tests. The two trialed methods of

photographic and video recording were separately compared with the 'control' method

(in situ counts), with all differences between the treatment pairs being normally

distributed (based on the Anderson-Darling (AD) test statistic) (refer to Snedecor and

Coch¡an 1989), after a logls(x+l) transformation (Zar 1984). All statistics were

computed using "SYSTAT" V5.0 (Wilkinson 1990). It was hypothesised that

photographic and video techniques would underestimate the abundance of the

ciominanr species rEL:orded ai. sludy siics, su u¡rc-laiic¡.i irypuiircsys wçrç uscri i¡r í.irç

analyses.

Parameters Assessed in Conjunction with Biota Abundance

It appeared that substrata complexity was an important modifier of biota patterns and

the 'chain-and-tape' method was trialed during the pilot study to attempt to roughly

quantifu this parameter. A four metre galvanised steel chain consisting of interlocked

couplet links (1.5cm apart) was used to quantiff substrata topography as described by

McCormick (1994). As hydrocarbon analysis would be costly zurd time consuming,

oil (or hydrocarbon) presence was assessed using a subjective score ranging from no

oiling to heavy levels of oiling (Table 3.1).

Table 3.1 Assessment of the level of oil contamination in quadrats was based on a subjective scoring
system ranging from 0-4. Both crude and refined product can be quantified by this scoring system

although category 'l' cannot be applied to a petroleum oil spill.

Description

no visible oil or oil product

old weathered tar-like aggregation

fresh oil present as a taint or sheen

fresh oil present as obvious oil (globules or thin fihn)

fresh oil present in large amounts (e.g. thick oil fihn)

Score

0

I

2

J

4
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In addition to scoring substrata complexity and hydrocarbon presence, a number of

other parameters were deemed relevant to this study. These included weather

conditions such as sun presence versus the degree of cloud cover, air temperature, rain

(nil, light, medium or heavy), wind strengfh and direction, wave action and human

visitation (the latter discussed in Chapters 4 &,7). Wind and wave strength were

subjectively ranked on a scale of 0-4; 0:nil, l:light, 2:moderate, 3:strong, 4:storm

or gale-force conditions.

In each quadrat the amount and type of substrata (sand, pebble, cobble, boulder,

bedrock), percentage shade, maximum water depth, maximum elevation of substrata

and the percentage of retained water were recorded. The pH, conductivity (and

salinity) and water temperature (at a depth of 20cm) were also recorded in the closest

water, other than a tidal pool, at each site using a hand held YSI 600 water-meter. As

tidal pools were clearly different to adjoining substrata, when random numbers

positioned a quadrat in a distinct permanent pool the quadrat was reassigned to the

closest adjacent non-pool substrata. A full sampling run involving all sampling

parameters and protocols identified as optimal in this phase of the project, was carried

out over two days in February to determine any difficulties and the time costs likely to

be incurred in preliminary monitoring. However, only data pertaining to the

abundance and precision associated with in situ sampling of B. nanum at the full set of

study sites has been included in this chapter.

3.4 Study Sites

Potential study sites situated along approximately 24 km of the eastern side of GSV,

stretching from Seacliff to Moana, were visited during February 1995 to assess their

suitability as study sites (Fig. 3.1 and Plates 3.1,3.2 &,3.3). The rocþ intertidal area

within the boundary of the Port Stanvac Oil Refinery was visited first and used as a

reference against which other potential sites were compared. Sites were judged as

suitable for monitoring if they had similar topography to Port Stanvac (e.g. 'rocky',

with a preference given to stable bedrock strata) and a similar suite of animals.
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Following initial assessment, nine sites which met the criteria for inclusion as

monitoring sites were randomly selected (Fig. 3.1). Three of these were situated to

the north of Port Stanvac, designated as 'Northem' study sites, th¡ee to the south,

designated as 'Southern' study sites, and three positioned within the boundaries of the

refinery, were designated as 'Central' study sites. Two. a¡bitrarily defined 'zones'

within the mid-eulittoral region, classified on the basis of clearly different

assemblages, were defined at each study site apart from Witton Bluff.

The selected study sites gave a reasonable cover of 18km of coastline, with Port

Stanvac being roughly centrally located (Fig. 3.1) and were also relatively easy to

access. These sites will be briefly described in"SpeciJìc Site Descriptions". It must

be noreci rhar when a sii.s is said to be worke<i in rwo <iirections, for exampie west anci

south, this means that quadrats are positioned using two random numbers one of

which is allocated to each of the designated directions. To assist in locating study

sites, road maps copied from "UBD Street Directory, Adelaide, 1994: (31st Edition)"

have been presented as Appendices E-I.
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Marino Rocks

Kingston Park

t,' .f;ì.

Plate 3.1 Aerial view of two ofthe 'Northern' study sites (Kingston Park and Marino Rocks) that are
situated on the eastern coast of GSV. Original photo from an 'Environmental Protection Board'
Aerial Survey (obtained from 'Map Larrd', Netley).
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Porl Stanvac Oil RofinerY

HallettCove

plate 3.2 Aerial view of the remaining ,Northern' study site (tlallett Cove) and the 'Central' study sites

(situated within Port Stanvac and disignated PSl, pSZ anA PS3)' Study sites are situated on the

eastern coast of GSv. original photolom an 'Environmental Protection Board' Aerial Survey

(obtained fiom'MaP Land', NetleY)'
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Robinson lloir¡t

Port Noarh-rnga South

¡ÈV'itton Bluff

plate 3.3 Aerial view of the 'southern' study sites (witton Blufl Port Noarlunga South and Robinson

point). Study sites are situated on the eastern coast of GSV. Original photo from an 'Environmental

Protection Board' Aerial Survey (obtained from 'Map Land', NetlÐ'
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Spe cifi c Site Descriptions

Kingston Park (Plate 3.4)

Kingston Park is located next to the Kingston Park Caravan Park and may be prone

to recreational pressure especially during school holidays and weekends. It is

situated in a relatively sheltered bay and is flanked to the east by a cliff.

This site is situated at the end of a Service Road which is entered from Esplanade

Road (Appendix E: Map 152, coordinates E e, A5). At the end of the Service

Road is a seawall with a cemented lower section. The 'upper' zorte cornmences

24m from the start of this seawall and extends for a fuither 11m. The substrata is

predominantly flat bedrock with fissures and shallow eroded depressions and

occasional interspersed areas of rounded pebble, cobble and boulder. The 'lower'

zone commences 48.5m to the west of the seawall and is restricted to the last flat

strata before the cobble section that extends from the low water mark to the

sublittoral zone. This substrata is similar to that seen in the 'upper' zone but is

generally more elevated and has a more 'cracked' and fissured swface.

Assemblages in the 'lower' zone are characterised by the presence of areas of

mussels. Both zones are worked towards the west and the south.

Marino Rocks (Plate 3.5)

This site is located to the south of Kingston Park, is relatively sheltered and is the

central of the 'Northern' study sites. It is flanked on its landward side by very

steep clay cliffs and is accessed from a car park at the end of Jervois Road

(Appendix F: Map 164, coordinates D & 0.5). The sampled area is located 250m

south of the boat ramp which is situated at the end of the track leading from the car

park to the beach. The 'upper' zoîe commences 32m from a cairn which has been

built at the base of the cliff, and consists of bedrock strata (some of which is

elevated) and areas of loose cobble and boulder which entraps sand. The 'lower'

zone commences 50m west of the cairn and is similar in substrata composition but

supports a more diverse fauna. Both zones are worked towards the west and south.
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Hallett Cove (Plates 3.6 &3.7)

The Hallett Cove site is adjacent to a Surf Life Saving Club and a reserve with

playground and barbecue faoilities. It is flanked by a man-made boulder retaining

wall situated behind the path which leads to the beach and is bordered by sandy

hills which increase in size on either side of the site.

The sampled area is situated south of the Surf Life Saving Club at Herron Way,

adjacent to the car park that is entered from Grand Central Avenue (Appendix G:

Map 175, coordinates Q & 1). The 'upper' zone consists of very flat bedrock strata

marked with occasional shallow (less than 1.5cm) depressions. It is located

immediately north of a cobble and boulder field. Sampling of the 'upper' zone

sorrunerses i 5¡n wesl ui i.irç si¿ul ui iirc íiai bçriruçk siraia ¿urd çxlcuds îur a iuri.ilcr

10m. The 'lower' zone begins 35m west of the start of the flat bedrock, continuing

for a distance of 10m. This zone predominantly consists of bedrock strata and is

characterised by an increase in diversity and the presence of mussels. The area is

worked to the west and south for both designated zones.

Port Stanvac Study Sites

The refinery is entered via R.efinery Road (Appendix G: Map 175, coordinates N &

15). All Port Stanvac sites are accesse<l by oar via the coastal track within the

refinery. The coastline within the refinery is predominantly rocky, with flat

bedrock interspersed by heavily upthrust bedrock and overlaid in parts by large

amounts of mobile substrata. Topographically this substrata tends to be less

homogeneous than that seen at the majority of the other study sites. PSl and PS2

are bordered by high shale cliffs on their landward side, while PS3 has a sand hill

backdrop. The 'lower' zones at the Port Stanvac study sites are distinguishable

from the equivalent 'upper' zones by an increase in species diversity.

PS1 (Plate 3.8)

This is the most northern of the 'Central' study sites and is located close to the

northem boundary of the refinery. Refinery effluent is discharged via a pipe which

lies 30m to the north of PS 1. Mitsubishi Motors operates a plant adjacent to the

rehnery, and discharges manufacturing and other runoff via a pipe on the cliffjust
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outside the northern refinery boundary. Both the Mitsubishi outfall and Mobil's

effluent outfall can potentially affect assemblages at PSI and possibly other

adjacent sites depending on seasonal factors and prevailing wind, wave and tidal

conditions (see APPendix A).

The pS 1 site is situated at the end of the coastal refinery road. The actual area to

be sampled is located at a point 30m to the south of the join on the effluent

discharge pipe, and 7m to the west. The 'upper' zoîe begins at this point and

extends a further 15m west, and consists predominantly of flat bedrock with

occasional upthrust sections and interspersed areas of cobble and boulder. The

,lower' zone begins in a region of cobble that overlies bedrock a fi.rther 5m beyond

the ,upper' zone and is restricted to this area. Both zones are worked to the west

and south.

PS2 (Plate 3.9)

This site is accessed from the coastal refinery road before PSl is reached. The

,upper' zone is located 7m west of an obvious upthrust rock which is situated 48m

to the west of survey peg no. 302 (the second blue surveyor's peg to the north of a

large rock column). The 'upper' zoîe consists of flat bedrock strata which extends

for approximately 30m in a north-south direction. Another region of flat bedrock

strata is found to the west, but the most easterly strata is the one which is worked

upon. Sampling is restricted to this strata and continues in a southerly direction.

The 'loweÍ' zone coÍtmences 3.5m beyond an area of upthrust rock which is

seaward of the 'upper' zone and is sampled towards the west and the south.. The

substrata in this zone is mainly bedrock, some of which is upthrust.

PS3 (Plate 3.10)

This site is located to the south of the Port Stanvac wharf beyond the fuel tanks

adjacent to the beach. A large boulder is found embedded in the sand midway

along the beach, approximately 25m west of a lm high sand dune. The 'upper'

zone is located at a point 19m south-west of this rock, heading towards the last

beacon situated on the southern stone breakwater. The strata is flat bedrock with

. some upthrust areas, overlaid in parts by cobble and boulder, among which is
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trapped smaller substrata (including sand). The 'lower' zone commences to the

west of the 'upper' zone, lm beyond a small region of upthrust strata, and does not

extend beyond the next region of upthrust rock. This zone consists of a mix of

cobble and pebble amid areas of flat bedrock and is characterised by an increase in

species diversity. Both zones are worked towards the west and the south.

Witton Bluff (Plates 3.lI e,3.12)

V/itton Bluff is designated as a marine reserve and is situated north of the Port

Noarlunga Jetty and the Onkaparinga River Estuary. The sampled site consists of a

stable reef comprised of bedrock which is heavily eroded to form areas that tend to

retain water at low tide and form rock pools. It is low-lying, and is exposed to the

^:- f^- ^ *.-^L -L^¿^- ¿:-- rL^-- ¿1-- ^rt- - , -L 14rr rvr 4 uruwrr ùuvl LUI Llllls LllcLtI Lug uLlltrI stuuy sl!gö.

It is accessed from Esplanade Road which is entered from Beach Road (Appendix

H: Map 185, coordinates E &.3). The site is reached from a path that runs behind a

toilet block. The reef is located by climbing down a man-made boulder retaining

wall. A steep cliff comprised of a mix of clay and sand sediment, reinforced by the

retaining wall, flanks the landward edge of the reef.

Due to acccss difficulties only the 'upper' zone was sampled at this site. This

com.mences 30.3m west of the stone breakwater wall and extends for an additional

20m. This reef haci a uniqueiy ciittêrent animal assemblage to the other sites, being

dominated by the gastropod Turbo undulatus which was not seen within the

defined zones at the other sites. The reef itself is elevated on its northern side

which has extensive mussel beds, while the southem edge has an extensive spread

of Ulva spp. The man-made retaining wall at this location supports high numbers

of diverse animals including abalone, Notoacmea spp. and Cellana tramoserica.

Port l{oarlunga South (Plates 3.ß e,3.14)

This site is some distance from the Port Stanvac sites and is entered from

Esplanade Road beyond the Onkaparinga River. It is on the southern side of
Onkaparinga Head, to the north of a Trig Point which is located in a car park

(Appendix I: Map 195, coordinates E e, n). The site is reached via a path from
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the car park and the reef to be sampled is the last one north of the path immediately

adjacent to deep water. The 'upper' zone commences24mto the west of an eroded

hole in the centre of a small natural seawall landwa¡d of the intertidal reef and

extends a further 18m from this point. The 'lower' zorte coûlmences 50m from the

eroded hole in the cliff and can continue to low water mark and is characterised by

an increase in mussel density. The centre of the reef is worked in a west and south

direction for both zones. Port Noarlunga South consists of a stable rock platform

with large eroded holes which tend to retain water and form small rock pools, so

topographically it resembles Witton Bluff. The site is flanked by a high landward

cliffcomposed of sand and clay type material.

Robinson Point (Plate 3.15)

This site is the most southern study site and is again reached from Esplanade Road

(Appendix I: Map 195, coordinates E & 8). The car park adjacent to bus stop 84 is

entered and the reef accessed via stairs from the top of the high cliff flanking the

site. The reef being sampled is the first to the south of the stairs and is low-lying

and therefore difficult to access at times. A stormwater outfall pipe lies

approximately 50m south of the site and may influence the reef under high rainfall

conditions.

Robinson Point consists of a relatively homogeneous substrata of embedded

boulder and cobble stabilised in sand. The tendency to be embedded affords the

substrata a high degree of stability, made even more so by the sheltered aspect of

the reef. It is considered to be equivalent to sites with stable bedrock substrata

since it is unlikely the substrata would be readily mobilised. However, sand scour

may be a feature of the area.

Sampling of the 'upper' zone begins 68.5m from the base of the cliff, extending a

further 26m from this point. The 'lower' zone is characterised by an increase in

mussel density and is defined as beginning 104m from the base of the cliff and

extending to the low water mark. The reef is worked to the west and south for both

zolles
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Plate 3.4 The area sampled at the Kingston Park study site. The study region extends from just beyond
the darker bedrock in the foreground and stops before the cobble is reached.

#. 
'.,

Plate 3.5 The Marino Rocks study site primarily consists of elevated substrata interspersed by regions of
loose cobble and boulder.
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ptate 3.6 The Hallett cove site is located on the flat bedrock strata seen in the centre of this plate and is

flanked on both sides by cobble and boulder helds' At the time this photo was taken sand had covered

the sampled area. s .,] -# t)Fq{' Í,.
substrata in

I

1È,&

g i'rinl

,',
l!'

ì;{.u

plate 3.7 The flat bedrock substrata which dominates the Hallett cove study site is shown in this plate'

Note the shallow eroded holes which retain small volumes of water at low tide' The main animals

shown within the wooden quadrat arc Bembicium nanum and Austrocochlea constricta'
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Plate 3.8 The wooden

stable bedrock with
0.25m2 quadrat in Position at

fissures and small eroded holes'
the PSl site. The substratum is predominantly

The small molluscs present as brown specks on

the rock are Bembicium nanum.

Plate 3.9 The Position of the PS2 site to the north of the refinery wharf. Note the large amount of mobile

boulder and cobble substrata at

regron.

this site. The Position of the quadrat marks the start of the sampled
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Plate 3.10 The PS3 site lies to the south of the refinery wharf and ship-to-shore pipeline. The strata is

flat bedrock, with some upthrust areas, overlaid in parts by cobble and boulder, among which smaller

substrata (including sand) is trapped.

Plate 3.11 Witton Bluffis located by climbing down a man-made boulder retaining wall (shown in the

foreground of this Plate). A steep cliff comprised of a mix of

retaining wall, flanks the landward edge ofthis reef.

clay and sand sediment, reinforced bY the
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Plate 3.12 Witton Bluffconsists of a stable low-lying reef dominated by bedrock which is heavily eroded

to form areas that tend to retain water at low tide (formlng rock Pools).

Plate 3.13 A view of the natural seawall which lies to the
^ -iftut 

is sampled at this site is shown in the foreground'

of the seawall

east of the Port Noarlunga South site' The area

À ,un¿ and clay-mix cliff is situated landward



Chapter 3 pageï5

Ptate 3.14 The Port Noarlunga South site consists of a low- lying limestone reef which has formed from

bedrock which has been eroded constant wave action to form some holes.

Plate 3.15 The Robinson Point site is shown being sampled. The reef consists of cobble and boulder

substrata much of which is embedded and stabilised by sand and

landward of the site which is low-lying and relatively sheltered.

mussel beds. A high cliff lies
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3.5 Results and Discussion

3.5"1 Assemblage Structure at Study Sites

The preliminary examination of the study sites was used to assess assemblage patterns

and composition. All selected study sites had relatively stable substrata (bedrock or

embedded cobble), but Marino Rocks and t'wo of the Port Stanvac sites also had

patches of less stable substrata.

The 'Northern' Study Sites

The 'upper' zoÍte at Hallett Cove was dominated by the gastropod Bembicium nanum,

interspersed with small patches of the mussel Xenostrobus pulex. This zone was also

characterised by occasional appearances of the gastropods Austrocochlea constricta,

Austrocochlea concamer:ta and Siphonaria diemenensis and the limpet Cellana

tramoserica. The 'lower' zone at Hallett Cove was heavily dominated by X. pulex (in

terms of space occupied and numerical abundance). B. nanum was also present in this

zone at similar abundances to those found in the 'upper' zone. In addition, slight

increases in the densities of the other gastropods, and rare appearances of Nerita

atramentosa artd Lepsiella vinosa occurred in this zone. The 'upper' and 'lower'

zones at Marino Rocks revealed very similar patterns to the equivalent Hallett Cove

zones. However, Marino Rocks generally supported lower densities of all species

compared to Hallett Cove, although the relative contribution by N. atramentosa

increased. Patches of X. pulex mussels were seen in the 'lor,ver' zone atthis site.

Kingston Park had similar assemblage pattems to Marino Rocks and B. nanum was

again the most common species in the 'upper' zone. Littorina spp. were noted at high

regions of the shore at Kingston Park and Marino Rocks, with the greatest densities

reing seen in the supralittoral zone. )wever, some of these animals extended their

distribution into the 'upper' zones ai these sites. At all 'Northern' sites N.

atramentosa and Austrocochlea spp. were seen in greater abundance in the 'lower'

zones than in the corresponding 'upper' zones.
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The 'Central' StudY Sites

Similar patterns to those seen in the 'Nofhern' sites were observed in the three

.central' sites. However, the 'lower' zone atPS2 was the only Port stanvac site with

high densities of x. pulex. The Port Stanvac sites, particularly their 'lower' zones'

showed a greater numerical contribution by rarer gastropods (such as Austrocochlea

spp. and N. atramentosa). Littorina unifasciata and Littorina praetermissa wete

noted to occur infrequently in small aggregations in the 'upper' zone at PS1'

The'southern' StudY Sites

The .Southern, sites consisted of reefs where the primary difference between the

,upper, and ,lower, zones were heavier densities of x. pulex in the latter, a

characteristic which was gradual rather than abrupt. witton Bluff \ /as unusual in that

it was the only designated study site where the large gastropod Turbo undulatus'

which is typically found in rock pools and in the lower littoral zone, occuned (Quinn

et øt. 1992). It should be mentioned that this animal was seen at Port Stanvac and

Hallett Cove but was found in the lower littoral region at these sites, and was rarer at

Hallett Cove. Austrocochlea spp. þarticularly A' constricta) also occurred at Witton

Bluff.

The 'Witton Bluff site was diffrcult to access and relatively homogeneous in terms of

its assemblage structure. Only one 'zorte'was targeted for preliminary monitoring

although two were examined during the pilot study phase of this project' The 'lower'

zone atWitton Bluff supported very high densities of X' pulex in association with

reduced densities of T. undulatus. The densities of algae (such as coralline and mat

algae) \¡/efe conspicuously high at Witton Bluff presumably due to a topography

which promoted water retention and a short period of air exposure during low tide'

This site supported low densities of the two Austrocochlea spp'

port Noarlunga South was a relatively homogeneous site in terms of its substratum

and species assemblage. X. pulex occurred throughout the site but higher densities

and larger animals were Seen in the 'lower' zone. B. nanum, S' diemenensis and A'

constricta was also present at high densities in both zones but tended to be most

abundant in the 'uPPer' zone.



Chapter 3 page88

Robinson Point was the most southern of the study sites and its 'upper' zone was

dominated by B. nanum and characterised by high numbers of A. constricfa and low

densities of L. vinosa. In contrast, the 'loweÍ' zone was dominated by X. pulex and,

supported high densities of S. diemenensis. Low densities of the limpet C.

tramosericd were seen at all sites apart from Kingston Park. Barnacles þrimarily
Chthamalus antennatzs) occurred at the majority of sites but were inconspicuous at

Hallett Cove and Robinson Point and most abundant at Port Noarlunga South and the

'lower'zone of PS1.

3.5.2 Optimal Quadrat Size and Number

Species Capture

The pilot testing of the effrciency of three different sized quadrats occuned at Hallett

Cove and PSl in February 1995 and involved animal species only. No association

between species capture and the trialed quadrat sizes was found at PSl, and the

majority of species were captured after three quadrats (of any size) had been deployed

(Fig. 3.2). Hallett Cove was more diverse than PSI and at this site the larger quadrat

was slightly more efficient, in terms of early species capture, than the other quadrats

(Fig. 3.3). However, after seven quadrats had been deploycd in both zones the

majority of animai species were accounted for. Therefore, in terms of species capture,
+L^ --^^ ^c -----,- -----tl , -- ftutr usç ur svvtrrl srrlall quacrra$ was recommen(leC to eülclently sample animals in

both the 'upper' and 'lower' zones at the two selected sites (which were considered

representative of the suite of study sites).
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Abundance and SamPling Precision

B. nanumwas the most abundant animal in the 'upper' zones at PS1 and Hallett Cove

and displayed a more homogeneous distribution pattern that the majority of other

species, including X. pulex which was characterised by a higþ degree of spatial

patchiness. Sampling precision and the avefage abundance per quadrat (and standard

error) associated with B. nanum census have been separately plotted against number

of quadrats deployed for both the PSI and Hallett Cove sites' However, only

precision graphs have been presented for the rarer and/or more spatially variable

species. The lower the precision value, the less fluctuation exists about the mean, and

the more satisfactory the outcome.

The graphs relating to PSI reveal a plateau of B. nanum abvndance after three

quadrats were deployed in the 'upper' zone (Fig. 3.4a), but little evidence of

stabilisation of numbers after ten quadrats were deployed in the 'lower' zone (Fig'

3.4b). A satisfactory precision of 0.2 was achieved after seven quadrats had been

deployed in the 'upper' zoÍLe, and there was no discernible difference in precision

between the different sized quadrats (Fig. 3.4c). Sampling precision remained higher

for B. nanum in the 'lower' zone at PSl, but underwent a steady decline after

deployment of six quadrats (Fig. 3.ad). Only after ten quadrats had been deployed did

the sampling precision approach 0.2 in the 'lower' zone at PSl. The precision

obtained in reference to two other species found in the'lower' zorte at PSI did not

differ significantly according to the size of the quadrat deployed, but a general

tendency to reach an asymptote after seven quadrats had been deployed was noted

(Fig. 3.5). The values calculated for sampling precision remained above 0.2 for both

S. diemenernsis (Fig. 3.5a) and the barnacle C. antennatus (Fig.3'5b) at PSl'
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The abundance of B. nanum at Hallett Cove was different in the two zones, with the

'upper' zone supporting much higher densities than the 'lower' zone. An abundance

plateau was seen in the 'upper' zone after deployment of 6 quadrats (Fig. 3.6a), while

a similar trend appeared to be present when five to eight quadrats were used in the

'lower' zone, although an increase in abundance w¿rs noted when more quadrats were

deployed (Fig. 3.6b). The standard error associated with the average abundance of B.

nanum at Hallett Cove appeared to be greater in the 'upper' zone, particularly when

the larger quadrat was used (Fig. 3.6a).

An examination of the sampling precision associated with B. nqnum revealed

differences between the various sized quadrats, with slightly better results being

achieved with the smaller quadrat in both 'zones' at Hallett Cove (Fig. 3.6c & d).

Greater precision was achieved in the 'lower' zone than in the 'upper' zone when the

small quadrat was used, with scores of 0.08 and0.24 being achieved respectively after

seven quadrats had been deployed (Fig. 3.6c & d). A. constricta and, X. pulex were

found in the 'lower' zone at Hallett Cove, and the precision associated with their

abundance and the different sized quadrats was also investigated (Fig. 3.7). This

examination revealed attainment of precision values below 0.15 after five quadrats of
any size have been deployed.
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The precision and abundance results generated from the pilot study at Hallett Cove

and PSI support the use of the smaller quadrat (deployed at least seven times) for

preliminary monitoring. This size saves sampling time which is important when

censusing assemblages in an intertidal area. In some instances, as was seen with B'

nanum in the 'lower' zone at PSl, more quadrats may be needed to achieve a

sampling precision below 0.2 (Fig. 3.4d). However, a calculation of sampling time

required to use the small quadrats revealed that it would not be possible to census all

community data at study sites and use more than seven quadrats as the time cost was

estimated to be too great (see Table 3.2). For example, the minimum time required to

census animal assemblages at all nine study sites using 7 small quadrats would be

13.5 hours (Table 3.2), and, yet tides allow maximum access to sites of 5-6 hours

depending on tidal conditions and other relevant factors. This means that it would

take between two to three days to complete all sites if seven small quadrats were used

and two 'zones' were censused at each.

Since the Beyond-BACI monitoring design advocated a priori recommends the use of

,simultaneous' sampling of study sites (see Chapter 2) the time cost would be too

great if more than 7 small quadrats (or fewer larger quadrats) were used. in addition,

the calculations shown in Table 3.2 do not include extra travelling time and

occasional 'poor' tides may restrict site access to well below 5 hours. Therefore' in

terms of the time cost of sampling, seven small quadrats is the maximum number that

can be considered if assemblage data is to be assessed.

Table 3.2 The average time cost involved in deployment of seven small quadrats at the nine sites

selected for prelimLary monitoring. Number of quadrats (n) = 7, number of zones (m) :2' Site

cost (C,) : ti*" cost of locating the sites and positioning the quadrats. Quadrat cost (Cq) : time

cost ofl'recording abundan."r óf animals in each quadrat. Location cost (CL) : time cost of

completing ,u-pÌittg at each study site. Total cost (Cr): time cost of sampling all nine study sites

(exciuding additional travel time) (After Keough and Mapstone 1995).

Parameter Time Cost (minutes)

l0

5

90

810

c,

Cq

C¡:mCr+mnCq

Cr=9*Cl
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A comparison of the average abr¡ndance of .8. nanum for the full range of study sites

after deployment of seven small quadrats revealed considerable va¡iability between

the study sites (Fig. 3.8a). B. nanum was never forurd at Witton Bluff, but occurred at

densities ranging from 8-90 animals per quadrat at the other sites. Variability in B.

nanum abundance was also evident between the two zones at the majority of study

sites (Fig. 3.8a). Sampling precision similarly showed some variation, the two ,lower,

zones at PSI and PS2 having a higher value for this parameter than did any of the

other sites and zones (Fig. 3.8b). Apart from psl and pS2, all sites were

characterised by precision values close to 0.2 which was considered acceptable for the

preliminary monitoring program.
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3.5.3 Parameters to be Scored

All parameters identified as important at the start of this phase of the project (apart

from shade which was deemed to be too subjective to properly score) were readily

obtainable and so were recommended for inclusion in preliminary sampling (Chapter

4). The chain-and-tape method of quantiffing substrata complexity was found to be

quick and easy to use in the field and so was also recommended for future use. It was

found to take an average of one minute to deploy the chain and then measure the

linear distance it covered within a single quadrat. This time, and the time taken to

score the other physical parameters of interest within a quadrat, have been factored

into the time taken to deploy a quadrat (Cq), used in the time costing breakdown

lTabìe 3.2)

Two data sheets were produced during the pilot study for use in the preliminary

monitoring phase of this project; one for recording physical parameters (Appendix J),

and the other for biota entry (Appendix K); It was recornmended that all biota should

be censused during preliminary monitoring, but that the focus should be on animals

which will be categorised into the three size classes previously described. Therefore,

a photographic field record (Appendix L) was produced, which, in conjunction with
Shepherd and Thomas (1989) and Quinn et at. (1992) will bc used for in situ field,
identification of taxa during preliminary monitoring.

3.5.4 Preferred Method of Census

Th. of in situ field count s versus photographic

assessment' and in situ field counts versus video assessment of animals (within
quadrats) were nornally distributed, with Anderson-Darling test statistics ranging

from 0.23 0 to 0.47 7 (ADcritlo.os ),2,6:0.525).

The abundance of l. constricta was not significantly different between photographic

and in silz methods of census þerformed in the 'upper' zone at Hallett Cove)
(P:0.105), but a significant difference in total B. nanum abundance (p=0.039) was

found between the two methods (Fig. 3.9a). The photographic method of animal

census was found to severely underestimated the abundance of 'small' B. nanum
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(P:0.008). However, no significant difference between the two census methods was

found when 'medium' B. nanum abundance was the univariate measure of interest

(P:0.196). Similar results were found when the same comparisons were made in the

'lower' zone atHallett Cove (Fig. 3.9b), with no significant differences occurring in

the abundan ce of A. constricta or 'medium' B. nanum (P:0.06 &' 0'441 respectiveÐ

(Fig. 3.9b). However, significant differences were again found between the two

methods when the total abundance of B. nanum and the number of this species

categorised in the 'small' size class were considered (P:0.009 & 0.008 respectively)'

The video method of animal census was found to underestimate the abundance of the

'small' animals, but no significant differences were seen in the numbers of A'

constricta or 'medium' sized B. nanum at Hallett Colre (P:0.89 & 0.56 respectively)

(Fig.3.10). However, the total abundance of B. nanum aJrd the abundance of the

,small, component of this species were significantly different between the two

methods of census (P:0.016 & 0.015 respectively)'

clearly it was more accurate to use in situ field counts than the other two census

methods trialed. This arises because the video and photographic methods

underestimate the abundance of species which are small or which have a population

structure heavily biased towards 'small' animals. This problem is compounded if

species are similar in colouration to the substrata (e.g. B' nanum). Although not

statistically tested, it was apparent that video and photographic techniques could not

easily distinguish between individual animals in X' pulex beds, making accurate

quantification of the abundance of this species, and similar animals, difficult. In this

situation the in situ fieldcount method is again preferred unless surface area occupied

is to be used as the measure of abundance'
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compared statistically using a paired student's f-test and a one-tailed hypothesis (see text for

details¡. The numerical dominance of B. nenum enabled a statistical breakdown of how the two

methods of census affected the main size classes ('small' and 'medium') which dominated the

population at Hallett Cove as well as the total abundance of this species. The resultant probabilities

(P) are shown on the graPhs.

3.6 Conclusions

Based on the pilot study it is recommended that seven randomly assigned quadrats are

deployed in each of the defined'upper' and'lower' zoll,es at the nine sites selected for

preliminary monitoring. The use of the smaller (0.25m2) quadrat is advocated as it

will allow compadson with other intertidal studies (see Andrew and Mapstone 1987)

and does not result in a significant decline in sampling precision compared with the

use of the larger quadrats, and may even achieve greater sampling precision depending

on the site and zone of dePloYment.

0
B. nanum (meó,)

Species

paired student,s f-tests on the dominant species of intertidal animals censused by in

sir¿¿ field counts and photographic recording of quadrats indicated a significant

difference between the two methods when'small' animals (less than 1cm wide) were

included in the analysis. No significant differences were seen between the two
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methods when only the larger size classes (or generally larger animals) were

considered. The same result was seen when the two techniques of video recording

and field counts were compared. Since smaller species (such as B. nanun) were often

numerically dominant at many of the study sites and appeared to be heavily biased

towa¡ds 'small' animals in their population strucfure, in situ field counts are expected

to provide the most appropriate method of community census for this project.

Therefore, the methods recommended for use in the preliminary monitoring program

are;

' Sampling of the nine selected sites (Fig.3.1), with sampling being ca:ried out at

low tide and as close as possible to the same day (ali sites sampied over a period of
no more than2-3 days).

. Two 'zones' within each site are to be sampled at each sampling time.

' Seven randomly assigned small (0.25m2) quadrats are to be deployed in each zone.

' Assessment of oil presence (subjectively scored on a scale of 0-4), substrata

complexity ('chain-and-tape'), substrata composition, substrata elevation,

maximum water depth and percentage of retained water are to be recorded in each

quadrat that is deployed.

' The following variables are to be scored at each site: water pH, temperature,

conductivity, wind strength and direction, wave strength, air ternperature, rain and

general weather conditions, and human visitation. Human visitation will be scored

as the number of people present on a study site over a period of observation and the

activities they perform during this time (see Chapterc 4 &,8 for more details).
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Chapt er 4 Monitoring of GSV Study Sites for
Spatial and TemPoral Trends

4.! Introduction

Rocky intertidal communities show extreme temporal variability and are typically

patchy in distribution on a range of scales (Appendix C). This is a function of the

physical variability inherent in the rocky habitat, the dynamic and variable influences of

wave and tide, the stochastic nature of planktonic transport, recruitment and disturbance

and the interplay of biotic processes such as competition, gtazing and predation'

Disturbance can be natural or can arise as a consequence of anthropogenic activity

(including recreational use of rocþ shores or the introduction of pollutants into an area)

and can result in effects at the level of the individual, population or community (chapter

2 & Appendix C). The extreme unpredictability which is characteristic of rocky

intertidal shores make optimising a monitoring program to detect anthropogenic

disturbance in this medium difficult. The main challenge lies in partitioning changes

associated with the perturbation of interest from background variabitity and effects

introduced by confounding factors.

In order to address this problem and optimise a monitoring program for Mobil it was

necessary to conduct a preliminary study to assess temporal change over the selected set

of study sites and to investigate differences that existed between the study sites.

Temporal and spatial variability could only be assessed in context if concurrent physical

changes, known physical site differences and confounding factors operating in Gulf St

Vincent (GSV) were simultaneously considered. This enabled determination of the

contribution of different factors to the observed variance in taxa abundance and

assemblage parameters, and partitioning of pattems in the data from 'noise'' Since an

oil spill was likely to be widely dispersed by the action of wind and tide the spatial scale

of interest in terms of the monitoring proglam was at the level of 'reefs' or equivalent
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areas of the coast. However, within this spatial scale two specified 'zones, were

designated for sampling (see Chapter 3).

The data generated from preliminary monitoring formed a temporal baseline, which was

used to investigate temporal and spatial variability. It was also used to refine the final
design of the monitoring program including optimal sampling protocols, choice of study

sites and selection of appropriate temporal sampling intervals. Time constraints limited

this phase of the project to approximately 15 months although a longer term data set

would have increased the ability to detect 'real' trends (Womersley 19gg, Jan et al.

1994) Tt was clecided to q':41i1u,i':ely mcnitor all organisms prcseni in ilie i'içriidai
region at all sites during the preliminary phase of the study. This approach focused

monitoring at the level of the assemblage, allowing a broad examination of processes

and strucfure operating at this level. It also meant that individual species could be

assessed in terms of their potential as indicators for the ongoing monitoring progam

and as variables in a statistical analysis. The assemblage (or 'communify,) approach to

monitoring was necessary, as no bioindicator had been identi fied, a priori as a suitable

tool to determine changes associated with an oil perturbation (Chapter 2).

Since an oil spill was predicted to differentially affect the study sites preliminary

morutonng took the form of a Beyond-BACI design (Underwoo d, I99la, 1992, 1993a,

1994a & I995a) incorporating two temporal scales. An oil spill was expected to be an

acute, pulse event (relative to the longevity of intertidal organisms) and the relevant

temporal scales of interest were therefore likely to be short. The shortest temporal scale

of interest was 'weeks', which were expected to indicate immediate acute effects. This

time frame was nested in the longer temporal scale of 'seasons', which were likely to
indicate more persistent change. This design had the advantage of being able to detect

either a short pulse or a longer term pulse disturbance (at any of the study sites) and

enabled a test of the Beyond-BACI design should a perturbation intervene during this

phase ofthe project.
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4.1.1 Confounding Factors

The intertidal coastline within and adjacent to the Port Stanvac Oil Refinery is currently

or may potentially be influenced by a number of anthropogenic disturbances. The

majority of these factors have been introduced previously (Appendix A) but those of

relevance to preliminary monitoring will be considered within the context of the

preliminary monitoring pro$zrm and will be frrther examined in the "Results" section

of this chapter where appropriate.

Sand Dredging and Sand Inflw

The Coast Protection Board conducted sand dredging in the study region between

January and May 1991. This pulse disnubance was unlikely to impact on crrrent

intertidal conditions. However, the episode of sand dredging carried out by Mobil

between the 2nd and the 29th of January 1996 was a perturbation that potentially

impacted intertidal assemblages during the preliminary sampling phase. The dredged

sand and associated water was discharged intertidally at a site to the north of the

dredging point, between the wharf and PS2 (Appendix A: Fig. 4.5)'

Natural sand drift was noted at some of the study sites during preliminary sampling.

impacting the 'Northern' sites, in particular Hallett Cove, in June 1995. The sand

obliterated rocky substrata and clearly affected intertidal assemblages, necessitating

selection of a second Hallett Cove site (designated HCB) in the boulder field adjoining

the original site. The new Hallett Cove site served as a reference against which changes

in the original site (HCA) couid be compared.

The Christies Beach ll'astewater Outfall

The Christies Beach sewage outfall introduces a chronic source of pollutants to GSV

and has constituted a press disturbance to the eastern coastal waters since it commenced

operation in 1971. However, it is more likely to affect local benthic communities (see

March 1996) than it is to pertwb intertidal biota. Of the selected study sites, 'Southern'

sites, particularly Witton Bluff, are most likely to be impacted by this disturbance.
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Storm l|'ater Discharges

Storm water outfalls are located at a number of points along the coastline and in times of

high rainfall and subsequent high runoff are likely to introduce stormwater and its

contaminant load as point source discharges into the coastal region. Mitsubishi Motors

Australia Ltd has a large outfall site on the cliff at close proximity to the northern

boundary of the Port Stanvac Oil Refinery (Appendix A: Fig. A.4 &' Plate 4.1). During

times of high rainfall (particularly winter) local land based runoff contributes freshwater,

suspended solids and heavy metals to the region, with the outfall discharging down the

cliffand onto the beach below. This source of pollutants is most likely to impact PSI but

is liable to be of concern only after high rainfall episodes.

Stormwater outfalls also occur in close proximity to the Hallett Cove and Robinson Point

sites. The outfall at Hallett Cove has been observed to occasionally discharge very large

volumes of water and contained material from street runoff directly across the Hallett

Cove sites (Plate 4.1). The outfall at Robinson Point is less likely to cause a local impact

as it is situated at a greater distance from the monitored site (about 40m north and high on

the beach) (Plate 4.2). These outfalls contribute low salinity water and could contain

variable contaminants including oil and grease, acids, suspended sediments, land based

nutrients and heavy metals.

plate 4.1 Discharge of stormwater across the Hallett Cove study sites (HCA & HCB) during a winter

1995 episode ofhigh rainfall'
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Plúe 4.2 The position of the stormwater outfall pipe approximately 40m north of the sampled reef at

Robinson Point.

Refinery Eftluent Dis char ge

The refinery discharges a mixture of refinery effluent into the ocean at a point

approximatety 120m west of the low tide mark, close to the northern refinery boundary

(Cove lgg4). The refinery outfall introduces low salinity water carrying a mixture of

refinery contaminants into the ocean and operates as a local press disturbance in the area'

Themixedeffluentismonitoredbyrefinerypersorrnelatthejunctionbox(aholding

chamberwhichreceiveswaterfromtheNorthCollectionBasinandtheBallastWater

Holding Pond) prior to its discharge into the ocean (cove 1gg4)' The average 1994

condition of effruent water and the levers of contained contaminants afe pfesented in Table

4.1, and are below the "operational tafget" and "excursion tatget" levels set by the

refinery (Cove 1994). Refinery water which is used for cooling purposes within the plant

is recycled and not discharged with other refinery effluent þers' comm' cove)'
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Table 4.1 Average recorded levels of contaminants and water parameters in refrnery effluent discharged
to sea in 1994 (pers. comm. Cove).

Parameter or contaminant measured Average leveI recorded
Furfural
Oil in water
Suspended solids
pH
Biological Dxygen demand (BOD)
Chromates
Phenols
Sulphides

4.916 ppm
I 1.85 ppm
61.90 ppm
6.91
127.79 ppm
0.370 ppm
1.164 ppm
0.084 oom

N.B ppm : 'parts per million' which is equivalent to mg/L (milligrams per litre)

Dtt¡î¡twn n{ ¡lnn Do(ì-n^' E#1"'^-t D:-^LJJ ' 6w' .. r .ye

On the 29th of August 1995 the refinery effluent pipe was observed. to have ruptured

around a join. At the point of rupture a large volume of brownish, turbid \¡/ater with a

visible oily surface scum and an offensive smell was spilling onto the beach close to the

northern refinery boundary. i notified refinery personnel ofthe discharge and rechecked

the site the following day. The mid-eulittoral zone close to the most northern of the

'Central' study site (PSl) received the majoriff of the discharged water on both days.

I returned to the site on the 1lth of September 1995 to find that the deunaged section of
pipe was being, repaired and that a new flexible pipe was diverting the effluent and

ciischarging it ciirectiy onto the beach. Final repairs were in progress on the l3th of
September when Transfield Co. staff reconnected the new outlet pipe to the old

(repaired) pipe and refinery effluent was again discharged out to sea. ln view of this

unexpected pulse perturbation during preliminary sampling a new impact site

(designated PSlA) was selected for preliminary monitoring. Sampling at this site

commenced on the 1lth of August 1995.

Recreational Use of Study Sites

A major confounding factor expected to differentially act across all study sites, was

recreational shore use. The only sites protected from this disturbance were located

within the refinery where private ownership precluded public access. Damage caused

by recreational use of intertidal areas includes removal of biota as aquaria specimens,
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food, or bait, and crushing of delicate animals or plants as rocks are overtumed or the

substrata is trampled (Underwood 1993b). Any or all of these activities can upset the

natural processes operating on an intertidal shore and either directly or indirectly affect

the abundance of various taxa and/or the assemblage composition.

In December 1995 the Primary lndustry Minister, Mr Kerin, announced that regulations

would be introduced to protect shellfish from scavengers. These regulations were aimed

at preventing reef destruction and poaching of shellfish and other marine forms and

made it illegal to take biota from any intertidal reef in South Australia (Appendix M).

Offenders faced fines of up to $2000 for breaching the new conditions. However, since

the regulations came into force fossickers have been observed collecting buckets of

Nerita atramentosa and Austrocochlea spp. from Hallett Cove and Kingston Park and

continuing to do so even when told of the risk of fines. Recreational use of the study

sites and the effects of various intensities of trampling will be discussed in detail in

Chapter 7 of this thesis.

4.L.2 The Design of the Freliminary Study

The preliminary study involved monitoring the sites selected during the pilot study for a

period of about 15 months. Sampling protocols identified during the pilot study as

optimal in terms of precision and time costs were adopted during this component of the

study (see Chapter 3).

A Beyond-BACI design was used to allow investigation and assessment of any

perturbations occurring during preliminary monitoring even though the final monitoring

program was not yet designed and implemented. The advantage of this approach was

that a number of different temporal and spatial scales of relevance could be investigated

in reference to a perturbation without a huge increase in sampling effort (Underwood

lgg¡ &, 1993a). An added advantage was that if a perturbation occurred during

preliminary monitoring the power of the Beyond-BACI analysis to detect any change
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coincident with the event could be tested and informed design refinements could then be

made to the ongoing monitoring program (discussed in Chapter 8).

The animal assemblages occurring at study sites were investigated during the l5 months

of this study in relation to physical factors (such as site characteristics and weather

conditions) and all animals were considered as potential 'oil spill' indicators (discussed

in Chapter 6).

4-1-3 The Ainr of the Prelininar,v Study

The overall aim of the preliminary study was to assess assemblage (or 'community')

level change occurring at the study sites over a period of 15 months.

Specifically the preliminary study addressed the questions of:

o Were the study sites similar in terms of their community composition (in particularly

the size structure and relative abundance of dominant animals)?

' How did the main species and assemblages fluctuate over the 15 months of the

study?

' Were fluctuations in the relative abundance and size distribution of animals within

sites responding to environmental parameters (such as weather conditions) or

particular processes (such as recruitment)?

' Which animal (or animals) would appear to be suitable indicators for the long term

monitoring program (considered in detail in Chapter 6)?

' How effective was the Beyond-BACI design for use in an intertidal monitoring

program (considered in detail in Chapter 8)?
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4.2 StudY Sites

The nine main study sites selected for preliminary monitoring have been described

previously (Chapter 3). The sites extend from Kingston Park (north of the Port Stanvac

Oil Refinery) to Robinson Point (south of the refinery), and represent about 18 km of

coastline with port Stanvac being approximately centrally located (Chapter 3: Fig. 3.1).

In addition, two new sites (PSIA and HCB) were selected during the course of

preliminary monitoring. An overview of site characteristics, particularly the dominant

substrata composition, is given in Table 4.2.

The study sites formed three geographically distinct groups; 'Northern', 'Central' and

,southem'. The 'Northem' sites consisted of Kingston Park, Marino Rocks and the two

Hallett Cove sites (HCA & HCB), the 'Central' (Port Stanvac) sites were called PSl,

pSlA, pS2 and PS3, and the 'southem' sites consisted of Witton Bluff, Port Noarlunga

South and Robinson Point. Two zones \ilere generally selected for sampling at each

site; the 'upper' zone which was characteristically dominated by one or a few

gastropods, and the 'lower' zone which was lower on the shore (seaward) and was

generally typif,red by an increase in mussels and/or a greater animal diversity' The focus

on two .zones' was continued during the preliminary phase of this project but due to

time constraints and frequent access difficulties the 'lower' zones were less frequently

censused than the 'uPPer' zones.
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Table 4'2 An overview of the 'geographical' location ('Northern', 'Central' & 'southern') of study sites
and the character of the dominant substrata at each site. Sites were described as ,stable' if their
dominant substratum was bedrock with little loose rocþ overlay, or rock stabilised through the
presence of mussel beds or embedded sand and protected by its position on a sheltered shore. The
main factor defining a site as 'stable' was a low risk of substrata mobilisation even under relatively
severe storm conditions.

Location Study Site Substrata Description

'Northern' Kingston Park (KP) Mainly flat bedrock with minor fissures and occasional

Marino Rocks (MR)

Hallett Ccve A (HCA)

Hallett Cove B (HCB)

'Central' Port Stanvac I (PSl)

Fort Stanvac lA (PSIA)

Port Stanvac 2 (PS2)

Port Stanvac 3 (PS3)

'Southern' Winon Bluff (WB)

Port Noarlunga South (PNS)

Robinson Point (RP)

shallow holes; overlaid by cobble and boulder close to the
low water mark. Considered to be ,stable', particularly the
'upper'zone.
Mainly bedrock strata elevated in parts and interspersed by
large amounts of mobile substrata ranging from sand to
boulder. Considered to be relatively ,unstable' due to the
high cobble and bo':lder ccnpcncnt.
Mainly flat bedrock with shallow eroded depressions;
prone to sand inundation. Considered to be ,stable' in
terms of the dominant substrata which lacked a mobile
rock overlay.
Adjacent to HCA and consisting of a mobile, rounded
cobble and boulder field interspersed by sand. Considered
less 'stable' than HCB although the reef was fairly
sheltered.

Mainly flat bedrock with minor cracks, fissures and eroded
holes; interspersed by areas ofupthrust strata and overlaid
in parts by small amounts of mobile substrata. Considered
a 'stable', relatively sheltered site.
As for PSI but with larger amounts of mobile substrata
(ranging in size from pebble to boulder). Less ,stable'

than PSI but relatively sheltered.
Mainly bedrock strata some of which was upthrust;
:-1^--,-, - r rurtrrspcrscu oy areas ot mootle rocK (rangu:tg m size Aom
pebble to boulder). The presence of the latter made rhis
site less'stable' than PSl.
As for PS2.

A low-lying limestone reef platform, exposed for a limited
time at low tide and tending to retain water in heavily
eroded areas. Considered an extremely ,stable' 

site.
As for V/B but not as low-lying and with a higher
proportion of deeply eroded holes which retain water at
low tide.
A relatively low-lying reef consisting mainly of potentially
mobile cobble and boulder substrata which was stabilised
by embedded sand and large numbers of mussels towards
the lower aspects. Considered to be equivalent to the
other 'Southern' sites in terms of its stability and long
immersion times.
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General Study Site Characteristics

Substrata at the Kingston Park and HCA sites was predominantly flat bedrock with little

intrinsic elevation and only shallow eroded depressions, the laffer resulting in minimal

water retention at low tide. However, the 'lower' zone at Kingston Park consisted of

more complex bedrock than was seen in the 'upper' zone and also had a greater

proportion of loose cobble and boulder. HCA was more low-lying than the other

'Northem' sites and was difficult to access at times.

The base rock at Marino Rocks was similar to that of the other 'Northem' sites but was

slightly more elevated in parts and interspersed with increased amounts of cobble and

boulder which were mobilised under certain tide and wave conditions. The area

selected for sampling was essentially free of the mobile rock found in closely adjoining

regions. The 'lower' zone sampled at Marino Rocks was similar to the equivalent zone

at Kingston Park.

The 'Central' study sites consisted of a mix of flat and uplifted bedrock strata

interspersed with areas of boulder, cobble and pebble. The relative contribution of the

mobile substrata varied between these sites, resulting in differences in 'stability' (Table

4.2).

The'Southern' sites were composed of stable substrata and all were relatively sheltered

and low-lying. Witton Bluff and Port Noarlunga South were very stable rocky reefs

with no obvious loose rock overlying their bedrock bases. The bedrock at both sites was

eroded in parts and promoted water retention at low tide. Witton Bluff was the most

low-lying of all the study sites and its marine reserve status ensured considerable

protection from collecting pressure even before the new regulations prohibiting removal

of reef animals were implemented. It was also more difficult to access by foot than the

other sites, which may afford protection from trampling and related recreational

disturbance. Robinson Point was a relatively stable reef dominated by embedded cobble

and boulder. It's sheltered aspect and the stabilisation of the rock afforded by embedded

sand and mussel beds combined to. reduce the likelihood of severe storm related
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perturbation effects (Sousa 1979a & b, McGuiness 1987a &.b, Lieberman et al. 1984,

Underwoocl 1994b). This reef was similar to Witton Bluff in that it was low-lying and

submerged for longer periods than most of the other sites. This was expected to

diminish the risk of desiccation stress to animals and plants, and possibly afforded

protection from heavy trampling.

The Additional Study Sites

The sand influx to 'Northern' sites þarticularly Hallett Cove) and the effluent pipe

rupture at Port Stanvac necessitated the addition of two new study sites to the original

suite of nine- Onlv one 'zone' was samnled within each of these new sites as the

substrata was relatively homogeneous and species distribution patterns appeared

consistent within each site. The new sites were designated HCB and PSlA respectively.

Hallett Cove B (HCB)

The new Hallett Cove site (HCB) adjoined the original Hallett Cove site (HCA). HCB

consisted of a mix of boulder and cobble with entrapped sand between the larger rocks,

which did not stabilise them to the degree seen at Robinson Point. This site was prone

to natural disturbance including sand drift and mobilisation of substrata under certain

weather conditions. However, the risk of the latter was reduced by the presence of

^-+-^..-^l ^^-J L^*,,^^- +i.^ -^^'1.^ ^-,{ +L^ ^l^^l+^-^,{ -aâ,-^ ^f +L^ -^^f 'r.L^ ^^--1^l ^-^^wrrLr4yPvu ù4lu uvlvvvvrr Lrrv ruvÀù alu ulv JrlulLulvu llcLuu r.rt Lllç llvul.. r rtç ò(uuP¡ç\r <uç4

commenced 33m from the base of the ramp allowing access to the beach, and continued

for an additional 16m from this point. The site was sampling from the south and west

(refer to Chapter 3).

PSIA

The PSIA site was situated immediately north of PSI and was bordered by the refinery

effluent pipe. PSIA had a bedrock base overlaid with cobble and occasional boulder

(see Table 4.2). The area to be sampled commenced lm east of the join in the effluent

pipe, extending for a further 15m west of this point and was worked to the south and

west.
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4.3 Materials and Methods

The nine original study sites selected for preliminary monitoring were assessed over a

period of 15 months beginning in March 1995 and finishing in June 1996' Sites were

visited at low tide and both 'zones' were sampled when access was possible' only one

zone was sampled at Witton Bluff due to the relative homogeneity of the substratum and

the assemblage it supported and the restricted sampling time and access difficulties

associated with its low-lying status. Once the two impacts (the sand drift and effluent

discharge) intervened, the additional 'impact' sites (PSIA and HCB) were included in

the sampling schedule.

Sampling utilised the strategies identified as optimal during the pilot study (chapter 3)'

At each site (within each zone) a 0.25rt quadrat was randomly deployed seven times'

care was taken to remain within the designated sampling area at each site and

permanent rock pools were not sampled (the next closest region being selected if the

quadrat was assigned to a permanent rock pool)'

Fishing line was used to divide the quadrat (used as the sampling unit) into four equal

sections. This facilitated estimation of parameters such as the percentage of each

substrata type in the quadrat and aided in assemblage census' To avoid destructive

sampling no rocks were overturned to census animals or plants and only those

organisms visible on the tops or sides of rock were included in the count' Assemblage

census was aided by the use of a hand-held counter and animals and plants were

identified as described in chapter 3. All data were entered and managed in the

,,MICROSOFT OFFICE" data base program: "ACCESS", Version 2'0 (@ 1989-1992)'

Within each quadrat maximum elevation of the substrata and its composition (the

percentage of substrata categorised as sand, pebble or gravel, cobble' boulder and

bedrock (or reef-rock)) were determined. Maximum water depth' the percentage of

retained water, surface topographic complexity (quantified using the 'chain-and-tape'

method), and a subjective scoring of the plesence of oil (see Chapter 3) were aiso
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recorded for each quadrat. Site parameters assessed were: ambient air temperature;

maximum and minimum daily air temperature (obtained from the National Tidal
Facility at Flinders University); wind strength (subjectively categorised as nil, light,
medium, strong or gale-force) and wind direction; the height and time of high and low
tide (obtained from the National Tidal Facility at Flinders University); and wave
strength' The nearest body of water (other than a rock pool) was then selected and a
hand-held YSI 600 water-quality meter was used to determine water temperature (at a
depth of 20cm), pH, conductivity (and salinity) and oxygen saturation. Maximum and

minimum water temperatures at Port Stanvac were also obtained from the National
Tidal Facility at Flinders University.

At each sampling time (during low tide) recreational visitation was scored and the
activities of people present at sites recorded. A full description of the methodology and
results relating to recreational shore use and trampling are given in Chapter 7. To assess

the quality of the water discharged from the ruptured effluent pipe at port Stanvac
duplicate one-litre water samples were collected in glass bottles on the 3gth of August
1995 and sent to ANALAB (a chemical analysis centre in Melbourne) to independently
test for the main contaminants. The water samples were kept on ice from the time they
were collected until they were processed. The YSI 600 water-quality meter was used jn

situ to measure the pH' conductivitv and temrrerature of the discharged rcfinery w-ater..

4.3.1 The Beyond-BACI Sampling Design

The two temporal scales of interest in the preliminary sampling program were weeks
and seasons' Changes at the shorter temporal scale in relation to a perturbation were of
interest as they were likely to reflect immediate short-term effects, whether or not they
persisted' The seasonal temporal scale was relevant to perturbations affecting processes

(such as recruitment) which were driving changes over a longer temporal scale.

Sampling used three sampling 'Times' two-three weeks apart nested in ,periods, which
were 2-3 months apart (Table 4.3). Within each of the two temporal scales actual
sampling times were randomly chosen from the days when tidal conditions allowed site
access' All sites at each time were sampled as close as possible to the same day,
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generally over 2 days, which was considered to be 'simultaneous' sampling' Sampling

continued in this pattem until a disturbance intervened, when the post-impact sampling

immediately commenced. Tidal and weather conditions occasionally prevented access

to some of the low-lYing sites.

Table 4.3 The sampling schedule used during preliminary monitoring in relation to the 'effluent'

perturbation. two simpling 'Periods' were-ctmpleted before the pipe ruptured' Following the

disturbance all sites were immediately sampled ai the same intervals as the pre-impact sampling'

.periods' (P) were 2-3 months apart anâ 'Timìs' (T) were two-th¡ee weeks apart and nested in P'

PostBefore

TI

The two observed perturbations, which occurred during preliminary sampling'

differentially affected the study sites. The 'sand' disturbance predominantly affected

HCA (the ,sand, perturbed site) which had been monitored before this event occurred'

The burst effluent pipe primarily affected PS1A (the teffluent' perturbed site)' PS1A

had not been monitored prior to the effluent disturbance intervening (see"Beyond-BACI

Analysis of 1995 Impacts" for additional comments). Both of these disturbances were

analysed using a Beyond-BACI ANOVA (refer to Underwood 1993a)'

In addition to the .sand, and 'effluent' disturbances an operational oil spill occurred on

the 23rd of Septemb er 1996. Fresh crude oil grounded at the Port Noarlunga South site

(designated the .oil-impact' site) but this occuned some time after preliminary sampling

was completed and wilt be discussed in Chapters 5 &' 6'

The only member of the biota occurring at the majority of sites and sufficiently

numerous to be useful in a statistical analysis was Bembicium nanum. Therefore, the

abundance of this animal was the dependent variable used in all statistical analyses'

which were used to determine the significance of changes associated with the 'sand' and

' effl uent' perturbations.

T3
T2 T3 T2TI T3 T2TI T3 TI 'r2Periotl2_]PÐ Perio¡ll-ÍPÐ
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4.3.2 Analysis

Univariate Assessment of Temporal Change

The total abundance of B. nanum per 0.25 m2 quadrat and the distribution of these

animals within each of the th¡ee defined size classes (see Chapter 3) were plotted for
each sampling time for the duration of this phase of the project. where other animal
species were present at relatively high densities, either in association with B. nanum or
as the numerically dominant species, abundance and size distribution graphs were also
generated if they were expected to be informative. To enable a number of series to be
viewed on the one graph it was sometimes necessary to adjust the day of sampling so
thar 5a¡1n!rng dates sho''"TÌ on the ;-axis of g.aplis ¡rrcscli.eci in rhe resuits sectlon
represent the date shown +l- l-2 days.

The presence of eggs or egg capsules was recorded to provide additional qualitative
information pertaining to the life-history strategies of the more common intertidal
species at GSV sites' The presence of 'very small' newly settled animals (less than
2mm in diameter) were also noted and if possible classified to species. Animals smaller
than the lower limit of the 'small' size class were not quantified due to time constraints
ancl problems in accurately and quickly identifuing them.

Variabiiit-v- in pirysicai parameters which were relatively consistent between sites and
were not thought to be directly contributing to inter-site differences over the study
period were presented graphically only for the 1995 data since similar pattems were
noted in 1996' These parameters included maximum and minimum daily air
temperature, maximum and minimum daily water temperature (recorded at port

Stanvac), daily height of high and low tides, and wind speeds and di¡ections along
eastern GSV' For the majority of these parameters monthly averages were also

calculated and have been presented graphically. These graphs were used to illustrate the
variability in physical conditions faced on a range of temporal scales by biota inhabiting
the intertidal region.
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Variability between study sites was quantified by such palameters as maxlmum

subsüata height, composition and complexity, the percentage of retained water in

quadrats, water conductivity, pH, water temperature and dissolved oxygen (DO)' These

data have been presented graphically and were useful in supporting and interpreting the

results of the Beyond-BACI analyses. The parameters which appeared to be important

in determining multivariate ordination patterns were used in the Pearson Correlations

and the Principle Axis correlations (abbreviated Pcc by Belbin (1991) to attempt to

Iink them to positioning of sites in ordination space. PCC is essentially a multiple linear

reqression program, which can be used to aSSeSS how well a set of attributes can be

fitted to an ordination space (Belbin 1991). The latter technique was considered a more

appropriate way to relate physical conditions during the entire preliminary sampling

period to the MDS Ordination of study sites according to the animal taxa they supported

(see,,Analysis of Community Patterns"). This is because it was known that many of the

physical parameters used in the Pearson Multiple Correlation were not independent of

each other. All pearson Correlations used in this chapter were considered to violate the

assumption of independence (see zar 1984) but were considered a useful starting point

to determine any apparent patterns before PCC was used'

The PRIMER program "DIVERSE" (Clarke and Warwick 1994b) was used to generate

univariate indices from community data. Species richness (Margalefs Index (d)),

Shannon-'Wiener Diversity Index (H'), Pielou's Evenness Index (J'), and Simpson's

Dominance Index (SI) were calculated for the 'upper' zones (Table 4.4). Assemblage

data were summed over the Seven quadrats for each 'zot(e' at each sampling time to

generate the data from which these indices were calculated. In general, species level

data were used, but where this was not possible e.g' wilh Notoacmea spp', genus level

data were included.
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Table 4.4 Univariate indices were generated from assemblage data during the preliminary sampling
program using the PRIMER Program, "DIVERSE" (see Clarke and Warwict 1994b ior further
discussion of these indices).

Univariate Measure Formula Definition of symbols

Species richness;
Margalefs Index (d)

S=otal number of species
d:(S-l)/log N N=otal number of individuals

Dominance:
Simpson's Dominance Index SI:sum(2pl

SI:Simpson's Index

Pi =Proportion of total count
arising from the (i)th species

Equitabititv;
Pielou's Evenness Index (J') (J'):H'1our.-.ay'H'^o

H'1obseru"a¡:observed diversity
H'*:maximum diversity

achieved if all species were
cquaiiy abuncianr 1=iog s,¡

Diversity;
Shannon-Wiener Diversity (H,) H':-sumi pi(ogpi)

Analysis of Assemblage Patterns

Assemblage change (based on animal abundance measures) was examined over the l5
months of preliminary monitoring. The data collected in relation to the oil spill
perturbation were also analysed in conjunction with the preliminary data but the results

are not presented in this chapter. Size classes were pooled for each animal species at

each sampling time and rare taxa were removed from the data set before a square root
transformation was performed to increase the weighting of taxa with a medium
abundance. Following these adjustments a multivariate 'site x species, analysis was

carried out (see below). A taxon was classified as rare if it occurred in less than five
percent of samples (see Gauch 1982). Other scientists use different definitions of rare

such as Clarke and Warwick (1994a) who define a rare species as one which comprises

less than 5%o of the total abundance in each sample. Rare taxa may be more sensitive to
pollution than other biota and thus should be considered in any pollution-based study
(Gray and Pearson 1982).

Multivariate analyses were undertaken using the "PATN" statistical package (Belbin
1992)- The first part of the multivariate processing involved agglomerative hierarchical

p¡:proportion of total count
arising from the (i)th species
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clustering using flexible UPGMA as an aid to inte¡preting the MDS patterns and to

determine the degree of association between objects. Species averages for each site at

each sampling time were used as the basic measure to investigate the similarity between

the various study sites (in terms of their species composition) over time. The results of

this clustering were presented as a dendrogram and the members of the dendrogram

groups were defined using the GDEF option in "PATN" (Belbin 1991).

A Semi-Strong Hybrid (SSH) Multi-Dimensional Scaling (MDS) Ordination was

performed in "PATN" to place the study sites (as a temporal series) in species

ordination space (using the average animal abundances recorded for each site at each

sampling time). This ordination method effectively combines some of the advantages of

non-metric ordination with those of metric techniques (Faith 1990). SSH MDS

Ordination treats a data group with low associations as 'ordinally accurate' while those

with higher associations are treated as'ratio accurate'. This leads to reasonable

estimates of 'real' distances in the ordination even when object associations are poor

(Belbin 1991). The point where the association values start to peak is called the 'cut-off

point' and this was 1.0 in the case of the GSV animal data set.

The SSH MDS Ordination used 50 repeat random starts and the result which achieved

the lowest stress value was used to generate the multivariate graphs. The stress value

indicates how well the plot obtained compares with 'true' distances (Digby and

Kempton 1987). In this ordination, three dimensions were informative, interpretable

and gave a lower stress value (S=0.13) than two dimensions and all MDS graphs were

plotted showing combinations of the three dimensions. It was felt that no additional

information could be obtained by resorting to higher dimension solutions. The full set

of data were analysed jointly, but graphs illustrating the position of the study sites in

ordination space have been separated into those pertaining to 'upper' and 'lower' zones

at study sites. The 'lower' zones represent a much smaller data set due to the difficulty

in accessing them at various times during preliminary sampling and were thus expected

to be less informative in revealing trends than the 'upper' zones. The ordination points

were also separated on the basis of season to attempt to identiff seasonal patterns.
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In order to clariff the effects of the 'sand' and 'effluent' perturbations the data generated

from the full ordination were manipulated further. The average position for the set of

Beyond-BACI controls were calculated for each sampling time and compared to the

position of the study sites of interest (e.g. HCA & HCB for the 'sand-impact', and PSlA

& PSl for the 'effluent-impact'), prior to and after the respective perturbations. The

resultant series were then plotted against combinations of the three ordination axes.

To further simpliff patterns linked to the sand influx at HCA, the average position of

pre-impact and post-impact data points were calculated for each of the 'treatment'

groups (namely control, HCA and HCB) and linkedby vectors to show the di¡ection and

magnitude of change. Only the data used in the 'sand' Beyond-BACI analysis and

collected over the Beyond-BACI sampling period was used in the 'sand' perturbation

comparison, and post-impact data outside of this time frame was excluded from the

calculations. This enabled a determination of the trajectory of change coinciding with

the sand influx at'control', HCA and HCB sites. The same treatment of ordination data

relevant to the 'effluent' perturbation was performed to determine what changes (if any)

occurred at the 'impacted' site (PSIA) compared to PSl and the control sites

(averaged). Again, only the data from the Beyond-BACI sampling period were used in

this manipulation.

The physical parameters believed to be of importance to the observed ordination

patterns were subjected to Pearson Correlations with a Bonferroni correction using the

program "SYSTAT", Version 3.0 (see Wilkinson 1990), and a PCC analysis using

"PATN" (Belbin 1992). These analyses were also applied to the main animal taxa used

to generate the MDS ordination in an attempt to determine which taxa were

predominantly responsible for defining ordination space.

Examinations of the secondary habitat at study sites þrimarily the abundance of plant

taxa and the animal species Galeolaria caespitosa) were conducted to assess their

contributions to the placement of data points within MDS ordination space. A
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Bonferroni corrected Pearson Correlation and PCC analyses were performed against the

MDS ordination scores. However, since visible plant life was sp¿ìrse at the majority of

the study sites (apart from Witton Bluff and, to a lesser extent, Port Noa¡lunga South),

the results were not informative and will not be mentioned further.

Beyond-BACI Analyses of 1995 Impacts

The only animal species sufhciently abundant at the majority of study sites to be useful

as a biological variable in a Beyond-BACI analysis was B. nanum. However, this

animal was not found at Witton Blufl precluding its use as a control site in either of the

two Beyond-BACI analyses. Specific 'impact' sites were only used for the appropriate

impact analyses to avoid confounding the 'impact' data sets. Since PS1 was the closest

monitored site to the burst effluent pipe but effluent discharge did not directly run across

it, PS1A was used as the 'effluent' perturbed site and was assumed to have the same

pre-impact abundances of B. nenum as PSl. This may be an incorrect assumption but

was adopted so the 'effluent' analysis could be performed and was realistic in terms of

the proximity of the two sites and the similarity of substrata and general assemblage

composition.

The Beyond-BACI analyses made use of data collected from late Februaryleatly March

1995 until early November 1995. To simplifu interpretation of the data within a

Beyond-BACI framework, the sampling times included in the analyses have been coded

e.g. the first Beyond-BACI sampling time was coded as PlTl ('Period' 1, 'Time' 1) and

the last sampling time was coded as P4T3 ('Period' 4, 'Time' 3). Period 3 corresponded

to the commencement of post-impact sampling for both the 'sand' and 'effluent'

perturbations.

Raw data for each of the seven quadrats deployed in the 'upper' zones at each of the

selected study sites were used in the Beyond-BACI analyses involving the 'sand' and

'effluent' perturbations. Access to the 'upper' zones at Port Noarlunga South and

Robinson Point were prevented at times by high tidal regimes and these sites were

excluded from the analyses on these grounds. Missing data can be handled in an
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analysis of this type which would allow inclusion of the two most'southem' sites in the

control data set (pers. comm. Leppard) but for the purposes of preliminary testing of the

Beyond-BACI design, analyses proceeded using one impact site and five control sites.

The number of 'Times' nested in the longer temporal scale of 'Periods' was the only

factor that varied between the two Beyond-BACI impact analyses (see Table 4.5). This

difference was due to the restricted access to Hallett Cove associated with its low-lying

status. To balance missing data some of the collected data had to be removed from the

'sand-impact' data set prior to beginning the analysis. Therefore, all PxT3 data (where

x:|,2,3 or 4) were excluded from use in the Beyond-BACI analysis pertaining to the

'sand' perturbation.

To conduct the 'effluent' perturbation Beyond-BACI analysis using three 'Times'

nested within 'Periods', data collected during the pilot study in February and early

March 1995 was used as PlTl data and all other sampling times within'P1'were

displaced by one integer e.g. the existing PlT2 data became P1T3. ln all cases, physical

data (such as substrata complexity and composition) and biological data (such as species

abundance) collected during the pilot study deviated by less than 2Yo from the first data

collected during preliminary monitoring (corresponding to PlTl on all graphs presented

later in this chapter). Data collected during the pilot study fell outside of the

preliminary sampling schedule and has been omitted from graphs shown in the

"Results" section of this chapter.

It became apparent during the first year of preliminary monitoring that using three

'Times' nested within the larger temporal scale of 'Periods' did not reveal enough extra

information pertaining to temporal species patterns to balance the greater time

investment required. Therefore, sampling of two 'Times' nested within each 'Period'

was adopted in late 1995 and continued during 1996.
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Table 4.5 The main factors and levels used in the Beyond-BACI Design for the 'sand' and 'effluent'

perturbation analYses.

Factors General Design 'Sand' Perturbation
Number of levels

' Effluent' Perturbation
Number of levels

2

')

J

6

z

2

)

6

1

2

J

4

Before vs After (B)
orthogonal and fixed
Periods (P)
nested in B, random
Times (T)
nested in B and P, random

Locations (L)
orthogonal and fixed

Data were entered in the "GMAVs" Program produced by Underwood (see Appendix

N). .,GMAV5,, is a five-factor analysis of variance program capable of dealing with

complex models comprised of orthogonal or nested, fixed or landom factors' It also

tests heterogeneiff of variances using Coch¡an's test and compares means using

Student-Newman-Keuls tests. The "GMAV5" package was used to analyse the data as

described by Underwood (1993a). Four separate analyses were performed on each of

the data sets (see Table 4.6). The data were first analysed as though all the locations

constituted a set without division into 'control' and 'impact' sites (Analysis a)' The

analysis was then repeated leaving out the putatively impacted site (Analysis b)' Then'

to manage the nested factor of 'Times' within 'Before' (see Table 4'5)' only the data

from 'Before' were analysed (Analysis c). The final analysis again used the 'Before'

data but this time omitted the 'impact' site (Analysis d). Final variances were obtained

using subtractions and additions of the data generated from the four separate analyses

(Tables 4.6 e' 4.7).
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Table 4'6 calculation of sources of variation in an asymmekical Beyond-BAcl design. Analysis ,a,
incorporates the full data set, while the other analyses involve subsets of the data. Deøils about howthe analyses are in the text a each of theanalyses a.E. ú, s a whole int as shown inTable 4.7 to calc SS:sum of
Underwood 1993a). 

eu-ùqu ur (Table after

Analysis

Source of Variation
Before vs After = B
Periods : P(B)
Times: T(P{,B)
Locations : L
BxL
P(B) x L
T(P*B) x L
F-esidual
Total

Source of

a (all data)

SS&df

b (controls)

SS&df

c (before)

SS&df

d (before
controls)
ss&df

dt
d2

bl
b2
b3
b4

al
a2

a3

a4
cl
c2

Table 4'7 calculation of final variances in a Beyond-BACI design following an impact. Final values arecalculated from the results of the preliminary analyses snorãr in iubt" 4.6 (Table after underwood1993a).

SS MS fromYJ :B
Periods (P) : P(B)
Times (B) : T(B)
Locations : L

Impact vs Confrols : I
Among Controls : C

BxL
tsxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

a

a

a

al
al-bl
bl
az

a2-b2
b2
a3

cl
c1-dl
dl

a3-cl
a3-cl-b3+dl

b3-dl
a4

c2

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a

a
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The data used for the Beyond-BACI analyses were potentially serially correlated. If

serial correlation existed to a significant level an adjustment would need to be made to

accommodate it and render the results meaningful. The data were examined for serial

correlation by Phil Leppard (Statistics Department, Universþ of Adelaide) using

,,BMDP: V5, Statistical Software" (1990) and an unbalanced repeated measures model

with structured covariance matrices. The results of this investigation were generated as

a within subject correlation matrix for both data sets (see Appendix O)'

Sand Drift

Northward sand drift perturbed the HCA site in late June 1995 and the sand influx

continued as a long pulse disturbance (or a press disturbance relative to organisms with

a short lifespan) at this site for some months. Access to HCA was diffrcult and the first

post-impact 'sand' assessment took place at the end of August 1995. The 'sand'

analysis used HCA as the 'impact site' and Kingston Park, Marino Rocks, PS1, PS2 and

pS3 as control locations. The adjacent HCB site was monitored along with HCA to

investigate how assemblage composition varied in a 'similar' but less disturbed site, but

was excluded from the analysis due to its late inclusion as a monitored site.

The Ruptured Effluent PiPe

The rupture of the effluent pipe at Port Stanvac occurred on the 29th of August 1995 but

pSlA was primarily affected as repair work continued and the pipe was allowed to

discharge its contents directly across this site (1lth-13th of September 1995).

Therefore, the first sampling of PSlA was treated as pre-impact data collection, while

all later data were considered to be post-impact. The same set of control sites used in

the 'sand' perturbation analysis also served as controls for the 'effluent' perturbation

analysis.
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4.4 Results

4.4.1 Recreational Use of Study Sites

The range of activities seen at study sites included surfers walking across sites; and
people fishing off the edge of reefs, inspecting intertidal animals in situ,walking dogs
and collecting shellfish and crabs. The most commonly observed activity was walking
(to exercise dogs, for personal exercise and enjoyment, or to inspect intertidal animals),
implying that trampling was the most likely recreational disturbance to act at the study
sites. This will be considered in Chapter 7.

4.4.2 Temporal Changes in physical parameters

4.4,2.1 Tide, Temperature and Wind patterns in GSV

A brief overview of the type of variability to be tolerated by intertidal animals is
presented in Figs 4.I-4.5. Daily air temperature fluctuated by as much as r2oc
especially in summer, while the temperature range was n¿uïorù/er in the cooler months
e'g' June to August (Fig. a.la); trends which were especially evident when monthly
average maxima and minima temperatures were compared (Fig. 4.lb). Similar
fluctuations could be seen with water temoerature (Fig 4.2) b,tt the temperaf.irc raäge
experienced by animals during water inundation was generally naffower and
significantly lower than the corresponding air temperature experienced during exposure.
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Fig. 4.1 The variability seen in the ai¡ temperature range at Port Sta¡vac daily (a) and monthly (b) during

1995. Monthly maximum and minimum air temperatures were calculated by averaging the respective

daily maximum and minimum temperatufes, shotiln in (a), for each month. Temperature is shown in

degiees Celsius ("C). Error ba¡s represent standard enors. Data provided by NTF, Fli¡ders

University.
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Fig.4.2 The variability seen in the water temperatue range at Port Stanvac daily (a) and monthly (b)
during 1995. Monthly maximum and minimum water temperatures were calculated by averaging the
respective daily maximum and minimum temperatures, shown in (a), for each month. Temperature is
shown in degrees Celsius ("C). Enor bars represent standard enors. Data provided by NTF, Flinders
Univenity.

: .,r' ,..",.;r¿,¡-'*':.:a '., j.. :..:,,á!L,,t;;ía:: r.ì:i1..- ,



Chapter 4 pagel33

Tidal height also exhibited considerable seasonal and cyclic variation, with the

maximum variability in the heights of both high and low tides occurring in winter,

particularly in July (Fig. 4.3a & b). Tidal height was closely linked to barometric

pressure changes and the strength (Fig. a.a) and direction (Fig. 4.5) of the prevailing

winds. V/ind speed and direction were highly variable over temporal scales of minutes

and hours (as per data provided by The National Tidal Facility, Flinders University),

days (Figs 4.4 & 4.5) and months, and were characterised by great seasonal variability.

Consecutive days in winter typically exhibited extremely high variability in wind spee<l,

most notably in July (Fig. a.5b). The prevailing wind direction was presented as the

deviation from degrees true in Fig. 4.5 and this can be placed into a general context

using Fig. 4.6.
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Fig. 43 The variability seen in the tidal range at Port Stanvac daily (a) and monthly (b) during 1995.
Monthly maximum and minimum tidal heights were calculated by averaging the r*pè.tiu. aaiy nign
and low tides, shown in (a), for each month. Tidal heights are showi ii metres 1m¡. Error bars
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Wind directions

N (00 true)

w (2700) E (9oo)

SW

s (1800)

Fig. 4.6 The relationship between wind direction as degrees true North (oTrue), and the general wind

direction scheme. NE: North-east, E: East (90o), sE: South-east, S: South (180)' SW: South-west,

W: west (270"),NW= North-west, N: North (0" true)'

4.4.2.2 other Physical Parameters Assessed at study sites

Substrata

physical parameters tended to fluctuate consistently within and between sites apart from

substrata character which changed markedly at exposed sites with mobile rock

(designated as 'unstable') in response to rough conditions, and also at sites where

northward sand drift occured. The other notable changes observed during Beyond-

BACI sampling were specific to water quality and were localised to PSIA'

The average substrata composition at each zone within each site was calculated and

graphed separately for 'Northem' (Fig. 4,7),'Central' (Fig' 4'8) and 'southern' study

sites (Fig. 4.9). At 'Northern' sites a variety of changes were seen in substrata

composition during Beyond-BACI sampling. For example' Kingston Park (a 'stable'

site) underwent little change in substrata composition during 1995 (Fig' 4'7a), while

Marino Rocks experienced slight increases in the relative percentage of sand from June,

with sand comprising 40Yo of the total substrata by P3T2. The percentage of mobile

boulder also increased and peaked by P4T3 at this site (Fig. 4-7b)'
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Substrata Composition at Norrhcm' Sitcs

a) Kingson Park

b) Marino Rocks

t00% -
80o/o -

6096 -
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40Vo:

20v,-

0%-

u, nLÞ
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ÊÊÉÊPFÈFFÈPdÃÈÊÈiæfxx;
Sampling Time

Fig. 4.7 The substrata composition (shown as the percentage of total substrata) in the ,upper, zones at
'Northern' study sites during- the Beyond-BACI sampling period. Suúsnata coåiosition was
averaged for the seven 0.25m2 quadrats used at each site. Recognised substata grades (refer to
legend) were sand (S), pebble or gravel (P or G), cobble (C), bouláer @) and reef-r-ock or be&ock
(RR or BR) and these have been graphed on the /-axis as the percentage of the total substrata.
Sampling times showu on the r-axis are as described in the tex! with ;p' correspondìng to the
sampling 'Period' and 'T' corresponding to the sampling ,Time' (see Table 4.3).
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Fig. 4.9 The substrata composition (shown as the percentage of total substrata) in the .upper, zones at
'Southem' study sites during the Beyond-BACI sampling period. Subshata comiosition was
averaged for the seven 0.25m2 quadrats used at each site. Recognised substata gtùr, (refer to
legend) were sand (S), pebble or gravel (P or G), cobble (C), boulãer (B) and reef-iock or bed.rock
(RR or BR) and these have been graphed on the y-axis as the percentage of the total substrata.
Sampling times shown on the x-axis z¡re as described in the tex! with lp' conesponrting to the
sampling 'Period' and 'T' corresponding to the sampling 'Time' (see Table 4.3).



Chapter 4 page l4l

The site most affected by sand influx during 1995 was HCA where sand comprised up

to 100% of substrata from June. This represented a major substrata shift from the

original domination of this site by bedrock (Fig. 4.7c). The increase in sand recorded at

p2T3 represented a light covering which was not associated with any obvious change in

animal numbers, unlike both the P3T1 and P3T2 sampling times when a thick sand

cover (at least 5cm) was associated with marked reductions in animal abundance. This

reduction could not be quantified at P3Tl due to access difficulties. The adjacent

Hallett cove site (HCB) also showed evidence of a (less signihcant) sand influx (Fig.

4.7d) with the relative percentage of sarid increasing from 60/o at sampling time P3Tl to

almost 50%by P3T3. However, at this site the greater elevation of cobble and boulder

(compared to the virnrally flat bedrock at HCA) meant that some rock was left free of

sand.

Tide, wave and other weather inJluences differentially affected the substrata

composition at 'Central' study sites (Fig. 4.8). PS1 was a relatively homogeneous and

stable site dominated by bedrock for the duration of 1995 (Fig. 4.8a)' PS2 was less

stable and was characterised by increases in the relative abundance of boulder and

cobble by p2T1 (Fig. a.Sb). The percentage of the different'grades' of mobile substrata

varied after this time but remained consistently higher than was recorded during the first

two sampling times. Increased contributions by boulder and variable contributions by

cobble also occurred at PS3 in association with increased amounts of sand, the latter

peaking at about l2Yo of total substrata by P2T1 (Fig. 4.8c). PS1A was relatively

consistent in its dominant substrata type but increased amounts of sand were noted from

p3T3 until the end of the Beyond-BACI sampling period (Fig. a.8d).

The ,southern' study sites all disptayed substrata stability during the Beyond-BACI

sampling period (Fig. a.9) and for the duration of preliminary sampling' Robinson Point

was noted to have slight increases in the percentage contribution by sand and pebble

towards the latter half of the Beyond-BACI sampling period, but this never amounted to

greater than2}Yo of the total substrata (Fig. 4'9c)'
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To visualise how the control sites varied compared to the 'sand' perturbed site, the

average substrata composition at the Beyond-BACI 'sand' control sites was compared to

the average substrata composition at all control sites (all sites other than PSlA, HCA &
HCB) and to the substrata composition at HCA (Fig. 4.10). An 100% increase in the

contribution of sand occurred at HCA by P3T1 (Fig. a.10a) while little change in the

percentage of sand occurred, on average, for the full set of control sites for the same

period (Fig. a'10b). Since it was necessary to omit some of the intended control sites

from the Beyond-BACI 'sand' analysis it was more informative to compare the substrata

composition at HCA to changes in the set of controls used in the actual Beyond-BACI

'sand' analysis. This revealed that the Beyond-BACI control set experienced greater

substrata variability (on average) than the fult set of,control sites (Fig. 4.10b & c).

The increase in sand recorded at 'Northem' study sites in June 1995 was followed by a

repeat influx in June of the following year. The 1996 sand influx mainly affecting HCA

and Kingston Park, introducing the possibility that northward sand drift may represent a

cyclic disturbance at 'Northern' study sites, particularly in winter.



o È \ (\ ì s, \ È æ (
! Þ tr
\

S
ub

st
ra

ta
 (

%
)

uÀ
6æ

o

ss
ss

sS
S

ub
st

ra
ta

 (
%

)

sË
È

R
sç

S
ub

sl
ra

ta
 (

%
)

I oe
T

H
 t

sE
 ' 

F
E

^
¡1

 
ô 

=
 

Þ
 

o.
',:

 
(l 

j

s 
e 

F
E

 3
È

 I 
ã

A
 

ê 
qÌ

Þ
 

-r
9 

n 
ø

:/É
Ë

' 
ã!

e(
e

oa
 

r 
Õ

á 
?,

iØ
H

*i
:l.

4 
/^

'ø
 

'¿
'Ø

tr
' 

ö 
Þ

 =
-F

f
È

l 
' 

Þ
 -

Þ
(D

- 
o¡

ti 
E

 E
Í

ã 
-p

. 
E

'i 
I

E
 

¡*
 

iã
È

 
H

€ 
qq

* 
rä

ãä
5 

ú 
-Þ

L,
 

I 
vt

g-
n

v'
¿

-Ø ' 
È

'*
9,

 I
nù

 É
^l

õ 
cg

È
ûa

Þ
N

(!
^Þ

i,
o.

ii 
äs

O
qØ

ts
(D

(D
Ø

ag
F

.'
x 

.r
.$

F
9E H

3 
9E

'
á 

e.
Ê

Þ
'6

(r
ôØ

 --
.9 ò.

J 
â 

"C
t

q 
LJ

'o
5(

D
P

.9
 

1
,o

H
¡¡

É
â'

o
B

"ñ
 ã

4-
Ø

N
É ãõ

ts

l.l
sF

F
R

sF
P

I 
T

I

P
I 

T
2

P
2 

T
I

P
2T

2

P
2T

3

P
3 

T
I

P
3T

2

P
3 

T
3

P
4 

T
I

P
4T

2

P
41

'3

ct c cr 4 Þ Þ o o € o o ä o q o 6 :c o

Þ :c o

C ë o ) q g =o

o @ o o o o o f q o

1'

P
2

(t È 3 ! ãp
¡

oq J 5 o
P

3

P
I 

T
I

P
I 

T
2

P
2 

T
I

P
2T

2

P
2T

f

P
3 

T
I

P
3 

T
2

P
3 

T
3

P
4 

T
I

P
4 

T
2

P
 4

T
3

P
l 

1'
l

P
I 

T
2

P
2 

T
I

P
21

2

T
3 T
2

P
3 

T
3

P
4 

T
I

P
4T

2

P
 4

'tl

tr
T

tr
tr

I
F

@
Õ

'tt
n

\o 9o @ F



Chapter 4 page 144

Changes Associated with the Ruptured EffIuent pipe at port stanvac

The ruptured refinery pipe spilled refinery effluent across PS1A but no discharge was

observed to flow directly onto PS 1. The intertidal release of effluent resulted in changes

to a number of assessed parameters, namely the scored presence of oil, the water
temperature, specific conductivity, pH, and the percentage of retained water at pSlA.

These parameters remained within a consistent and narrow range at all other sites for the

duration of preliminary sampling (Table 4,8).

Table 4'8 The range of assessed parameters at study sites which were unaffected by the ruptured refinery
effluent pipe e.g. all sites other than PSIA. All parameters were assessed as described in section 4.3
and Chapter 3.

Assessed Parameter encountered during
oil presence (median score per 7 quadrats) 0 (arbitrary units)

1?-220C
49-52mS
8.0-8.6
0-60Yo

Water temperature (at a depth of 20cm)
Specific conductivity
Water pH
Percentage ofretained water (averaged over 7
quadrats)

Refinery effluent at PSIA was detected as an'oil'odour accompanied by a slight oil
sheen (subjectively scored with a median value of 2 for the seven deployed quadrats) at
P3T1' In comparison a median value of zero was recorded at all other sites during the

Beyond-BACtr assessment period (Fig. 4.lla). The water temperature at pSlA
increased in the first two oost-impaet sampling times, peaking at almost 120C above tirat
of the control and PSI sites (Fig. 4.11b). Another change localised to pSlA was a sharp
decline in water conductivity at times P3Tl and P3T2 (of greater than 30mS) which
indicated that the effluent water was fresh (Fig. a.1 1c). Water acidity initially increased,

but an increase in alkalinity occurred at P3T3 before the pH reverted to the range
exhibited by the other sites (Fig. a.l2a &, Table 4.8). Retained water at all sites was
more variable than the other parameters mentioned so far. However, pSlA was
characterised by greater water retention than the control sites (on average) and pSl,
peaking at80Yo atP3T2 (Fig. a.l2b).
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4.4.3 Temporal Fluctuations in Dominant Taxa at Study Sites

4.4.3.1 The Abundance and Size Distribution of -8. nanum

The Total Abundance o/B. nanum

B. nanum is a small gastropod often found co-existing with other gastropods in the mid-

eulittoral zone and virtually ubiquitous at study sites. The only study site at which it

was never found was 'Witton Bluff. All other sites had high densities of this animal

relative to most other animal species although large differences existed between sites. A

global trend at study sites where this species occurred was gteater variability in its

abundance (both within and between sampling times) in the 'lower' zones than was seen

in the corresponding 'upper' zones.

The density of B. nanum in the'upper' zone at Kingston Park remained between 40-60

animals per quadrat until September 1995 (spring) when numbers increased to 80-110

and the standard error also increased (Fig. a.13a). The abundance then decreased during

January and February 1996 to roughly approach the levels seen in March of the

preceding year. Densities of B. nanum in the 'lower' zone at Kingston Park were

generally gteater than the corresponding numbers recorded in the 'upper' zone apart

from September 1995 and July 1996. Sand influx to Kingston Park in May and June

1996 coincided with decreased abundances of B. nanum in both zones and no animals

were recorded in the 'lovr'er' zone at this site in June 1996.

Marino Rocks was generally characterised by low densities of B. nanum (Fig.4,13b).

In the 'upper' zone the abundance of B. nanum runged from 6-62 animals for the

duration of sampling while densities in the 'lower' zone remained between2-68 animals

per quadrat with an abundance peak occurring in July 1995. The original a¡ea selected

for sampling at Marino Rocks was overlaid by mobile substrata early in the sampling

period (Fig. a.7b), an event which appeared to be associated with the sharp decrease in

abundance seen in both zones between the two March 1995 sampling times (Fig. a'13b).
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In early 1995, HCA was characterised by high densities of B. nanum in the 'upper' zone,

but numbers fluctuated widely between sampling times (Fig. 4.13c). Prior to the 1995

sand influx, densities of B. nanun in the 'upper' zone ranged from 60-144 animals per

quadrat, but numbers declined rapidly following the sand influx and no animals were

recorded from early September until October 1995. Population recovery at the site

remained slow and numbers had not retumed to pre-perturbation levels by early May

1996 when another sand influx occurred. The decline of .8. nanum at the HCA site was

matched by a simultaneous increase in the number of animals at HCB but by February

the following year the'upper' zoîe at HCA supported more B. nanum than HCB (Fig.

4.1 3c).

The Port Stanvac sites were differentially exposed to natural disturbance during early

1995 (Fig. 4.8). PS2, PS3 and the 'lower' zone at PS1 were all affected by mobilisation

of cobble and boulder substrata during rough weather in late March and early April

1995. PSIA and the'upper' zone at PSl were considered to have greater substrata

stability than the other Port Stanvac sites (refer to Table 4.2) and were generally typified

by higher B. nanum abundances. Like all Port Stanvac sites, PSI displayed large

variations in B. nanun numbers for the duration of sampling (Fig. 4.14a). From late

October 1995 until the end of sampling, the 'upper' zorte at PSl supported higher

abundances of .8. nanum than PSIA, which (in tum) had higher densities than the

'lower' zone at PS 1. This pattern of abundances appeared to be related to the substrata

stabilities of the sites since the'upper' zoneat PSl was the most stable (Fig.4.8) and

the 'lower' zoÍte at this site was the least stable of the three sampled areas. Peak

abundances of greater than 120 animals were observed in the'upper' zone at PSI in

October 1995 and again in May 1996.

PS2 generally supported higher densities of B. nanumthan did PS3 (Fig.4.14b & c).

When it was possible to sample the 'lower' zones at these sites they often had higher

numbers of B. nanum and greater variability (both within and between sampling times)

than the 'upper' zones. The 'upper' zorte at PS2 was characterised by a sharp decline in

animal density between April and June 1995 followed by a small peak in late January
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1996, although B. nanum numbers remained well below the 34 animals recorded in

April 1995. In the 'upper' zone atPS3 the abundance of B. nanun decreased by about

50% be¡ween the April and July sampling times, remaining below 20 for the rest of the

sampling period (Fig. 4.14c). Peak abundances occurred in the 'lower' zone at PS2 in

late July and late October 1995 and in the 'lower' zone at PS3 in April and July 1995'

A small secondary peak occurred at the latter site in February 1996'

The ,upper, zones at port Noarlunga South and Robinson Point were characterised by a

relatively nafrow range of B. nanurz densities, particularly the latter site (Fig' 4'15a &

b). Peak densities of around 70 animals per quadrat wefe recorded in the 'lower' zone

at Port Noarlunga South in late January and early February 1996, while trough densities

of less than 15 animals per quadrat were recorded in May 1996' The 'upper' zone at

Port Noarlunga south supported 12-50 animals for the duration of sampling with a small

abundance peak in early October 1995 (Fig. a.15a). The 'upper' zoîe atRobinson Point

typically had densities of around 60 B. nanum per quadrat with small peaks occurring in

March 1995 and late January 1996. The 'lowet' zorte at Robinson Point generally

supported less B. nanumthan the 'upper' zone atthis site (Fig. a.15b)'
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Fig. 4.f5 The densþ of B. nanum at 'Southern' study sites; a) Port Noarlunga South (PNS) and b)

Robinson Point (RP). Densities have been calculated as the average number of B. nanum (combined

across 'small', 'medium' and 'large' size classes) per 0.25m2 quadrat in both the 'upper' and 'lower'
zones at sites. Sampling times shown on the r-axis have been regularly spaced for ease of
interpretation but actual sampling intervals were irregular (refer to Section 4.3). Enor bars represent
standard errors.
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The Size Distribution ofB. nanum

A general trend in terms of the contribution of different size classes of B. nanum to the

population at a site was the domination by 'small' and 'medium' sized animals.

However, this situation did not occur at Port Noarlunga South and Robinson Point

where 'large' animals made a greater relative contribution'

In the 'upper' zone at Kingston Park 'medium' sized B. nanum accounted for 75o/o ot

more of the population for the duration of sampling (Fig. 4.16a). The 'lower' zone at

Kingston park was dominated by 'medium' sized B. nanum in March 1995 and

February and May 1996 while at all other times 'small' animals dominated and

accounted for as much as 85% of the population (Fig. a.16b). 'Large' animals were

occasionally seen in the 'upper' zone at Kingston Park but in comparatively low

proportions.

Marino Rocks was consistently dominated by 'small' and 'medium' sized B. nanum

with ,small' animals generally being more common (Fig. 4.17a & b). In the 'upper'

zone,'small'animals reaching apeak of 95o/o in early September 1995 and generally

contributed greater than 6OYo to the population at all times. The notable exception

occurred in mid March 1995 when 'small' animals comprised only l2Yo (Fig' 4.17a).

.Small' animals contributed at least 50Yo to the population at all times in the 'lower'

zone atMarino Rocks with this size class peaking at 90o/o or more in late June, mid-July

and October 1995 (Fig. a.17b). It must be noted that the absolute numbers of B. nanum

occurring at Marino Rocks were generally low and the percentage contribution of the

various size classes may be a biased estimate of the 'true' size structure at the site.
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a) KP: 'upped zone

b) KP:'lowel zone

Fig.4.f6 The percentage of total B. nqnum censused in the'upper'zone (a) and the'lower'zone (b) at
Kingston Park (KP) which were classified in the 'small', 'medium' and 'large' size classes. Sampling
times shown on the ¡-axis have been regularly spaced for ease of interpretation but acmat sampm!
intervals were inegular (refer to section 4.3).
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a) MR: lpped zone

b) MR:'lowel zone
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Fig.4.l? Thepercentageoftotal B.nanumcensusedinthe'upper'zone(a)andthe'lower'zone(b)at
Marino Rocks (MR) which were classihed in the 'small', 'medium' and 'large' size classes.

Sampling times shown on the x-axis have been regularly spaced for ease of interpretation but actual

sampling intervals were irregular (refer to section 4.3)'
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The size structure of B. nanum in the 'upper' zone at HCA was highly variable but

'small' and 'medium' sized animals were generally most heavily represented (Fig.

4,18a). Apparent trends in the size composition of B. nanum from mid-September to

November 1995 were probably not informative as they were based on only a few

individuals due to the population crash that occurred around this time. With the

subsequent partial recovery of the population the size breakdown was considered more

reliable and 'small' animals dominated in the early part of 1996 (as they did early in the

previous year). The relative contribution by 'medium' animals increased during 1996

and they dominated the 'upper' zone by May. The 'lower, zoÍre at HCA was only

sampled twice and on both occasions 'small' B. nanum contributed greater than 6}o/nto

the population (Fig.4.18b). HCB was generally dominated by'medium' sized animals,

with 'small' B. nanum typically contributing less than 38%o but peakin g at 50yo in early

September 1995 (Fig. 4.18c).

'Small' and 'medium' .8. nanum dominated the 'upper' zone at PSl although their

relative contribution varied (Fig. a.19a). 'Small' animals comprised 80%o or more of the

population in the first two sampling times and late July 1995 and contributed about 60%

in late May 1996. 'Medium' sized B. nanum dominated the 'upper' zone from August

1995 until late January 1996 and again in June 1996. 'Small'animals dominated the

'lower' zone at PSl, representing 609/a or t^^ore of the pcpulation fiom llarch to J-ùli/

1995, late October and November 1995 and from late January 1996 until early May

1996 (Fig. 4.19b). An interesting feature of the 'lower' zone was a more obvious

contribution by 'large' animals from October 1995 to February 1996, peaking at 45% in

January 1996. The adjacent PSIA site was dominated by 'small' and 'medium, sized B.

nonum with the latter being the most heavily represented in all months apart from

August 1995 (Fig. 4.19c). At no time did 'large' animals account for greater than ITyo

of B. nanum censused at PSIA.
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The 'uppef zorLe at PS2 was similar to the 'lower' zone at PSl in the greater

contribution by 'large' animals. Approximately 30Yo of the population at PS2 were

assessed as'large' in July andNovember 1995 (Fig.4'20a)' 'Small' animals accounted

for greater than 80% of censused B. nanum until June 1995, with secondary peaks of

around 50% occurring in August and early September 1995, and late May and early June

1996. At other times ,medium' animals were the most heavily represented size class.

Variable proportions of 'small' and 'medium' sized animals dominated the 'lower' zone

at PS2. Peak percentages of 'small' animals (between 75-80%) were found in the

sampling times to July 1995 and again in May 1996. 'Small' B. nanum comprised 64%

and 50% of the population in the 'lower' zone at PS2 in late october and November

1995 respectivelY (Fig' a.20b).

In the 'upper' zone atPS3 more thatT}Yo of B. nanum fell into the 'small' size class in

the first three sampling times (March through to early July 1995) and again in the last

three sampling times (May and June 1996) (Fig. a.2la). This domination was noted at

all times apart from August, October and November 1995 and February 1996 when

,medium, B. nanum dominated. Low percentages of 'large' animals, comprising less

than l0% of the population, occurred during nine of the sampling times (Fig' a'21b)'

The observed size structure of B. nanun in the 'lower' zone was markedly different to

what was seen in the 'upper' zorte (Fig. a.2lb). 'Large' B' nanum contributed 45o/o ot

more to the censused population in October and November 1995 and early January 1996

and also made small but significant contributions in late January, February and late May

1996. Domination by 'small' animals occurred from March to July 1995, and February

and early May 1996, with peak'small' abundances of more thanT5Yo occurring in July

1995 and February and early May 1996 (Fig' a'21b)'
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The two 'Southem' sites where B. nqnum occrured were characterised by high
percentages of 'large' animals. ln the 'upper' zone at Port Noarlunga South ,large,

animals comprised more than 25% of the population at all times apart from April 1995

(Fig. 4.22a). The relative contribution by 'large' .8. nonum increased from late

September to early January 1996 when they peake d at 95Yo before decreasing. .Small,

animals were the most heavily represented size class in March and May 1995 and

February 1996 but 'medium' animals dominated from July to mid-September 1995 and

again in May 1996 (Fig. 4.22a). The higher incidence of 'large' B. nanum was repeated

in the 'lower' zone at Port Noarlunga South where they contributed more than 20yo at

all sampling times, peaking at 40Yo or more in mid-July, october 1995 to early _ra¡g3ry,

1996, and early May 1996 (Fig. 4.22b). 'Small' animals were the most heavily
represented size class in the 'lo\¡/er' zone in April 1 995,late January 1996 and February

1996' It must be noted that at Port Noarlunga South many of the ,medium, animals

were almost large enough to classi$r as ,large'.

The 'upper' zone at Robinson Point was dominated by 'large' animals at all sampling

times apart from March 1995 when 'medium' B. nanum accounted for more than g5yo

of the population (Fig' 4.23a). 'Small' animals never dominated but peaked at 35yo and.

25Yo rcspectively in late January and early February 1996. The .loweÍ, zoîe at

Robinson Point showed a similar population str,;ct'*e '*ith 'laigc' animals do¡ri'aiing
from late october 1995 to the end of sampling (Fig. 4.23b). .Medium, and,small,B.
nanum shared domination in March 1995, and a small secondary peak of ,small,

animals was seen in late January and February 1996.
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a) PNS:'uppe/ zone

b) PNS: 'lower'zone

Fig.4.22 The percentage of total B. nanum censused in the 'upper' zone (a) and the 'lower' zone (b) at
Port Noarlunga South (PNS) which were classified in the 'small', 'medium' and 'large' size classes.

Sampling times shown on the x-axis have been regularly spaced for ease of interpretation but actual
sampling intervals were irregular (refer to section 4.3).
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a) RP:'uppel zone

t00%

80%

600/o
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2lo/o

Oo/o

b) RP:'lowe/ zone

Fig,4.23 The percentage of total B. nanum censused in the 'upper' zone (a) and the 'lower' zone (b) at
Robi¡son Point (RP) which were classified in the 'small', 'medium' and 'large' size classes.
Sampling times shown on the x-axis have been regularly spaced for ease of interpretation but actual
sampling intervals were irregular (refer to section 4.3).

o
cô
6
oo

Êi

6hnhnhnhhhn€þ\o€€\o
a o\ 6 ô ô a ñ 6 6 6 6 6 0\ A O\ O\ 6
oo€t-F-æ6ôOOdhh€aaeea=Qe<hoo€îaórsàèÈàl>

ooC{ód-NdN

Date

00o/o

90o/o

80o/o

'70o/o

60o/o

50o/o

40o/o

JU"/o

20o/o

l0o/o

0o/o

o
d)

o

A

hhhhnn6hhh69€9\o€€ââaa6ôâôâaôôôâ6aâ
úo€c-t-.æâ6oodh6€occooooooooooo
nOO9âOr€CSaAFñVNóódódddN

Date

tr large

Emed-

ñsrnll

E large

Emed.

Elsmall



Chapter 4 Page 165

4.4.3.2TheAbundanceor'TurboundulatusatWittonBluff

The high proportion of coralline and mat algae set Witton Bluff apart from the other

study sites. This was likely to be attributable to the sites low-lying status and

topography, which encouraged water retention at low tide' Such characteristics are

expected to result in animal assemblages that are, in many ways' more typical of

permanent rock pools and shallow, sublittoral zones than they are of the mid-eulittorai

zone.

The dominant animal in the sampled region at Witton Bluff was Turbo undulatus' This

species is a large herbivorous gastropod common on reefs and platforms in the lower

littoral and sublittoral zones on medium to high-energy coasts, occtüring at depths to

10m (Shepherd and Thomas 1939). The density of T' undulatus varied during

preliminary monitoring, ranging from an average of 10-15 animals per quadrat until

November 1995 after which numbers fell to between 5'7 pet quadrat (Fig' a'2Ð' The

contagious distribution of the species was reflected by the large standard error

associated with sampling which was particularly evident until October 1995' The low

overall abundance of T. undulatus andthe high variability within sampiing times meant

that consideration of the size distribution of this animal was not likely to accurately

represent the 'true' size composition at Witton Bluff' Therefore' graphs representing the

size distribution of T- undulatus have been omitted'
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Turbo undulatus abundance at Witton Bluff

Fig. 4.24 The density of T. undulaløs has been sh Wifton
'small',
OrrVn On

ls were
t standard errors.

4.4.3.3 The Abundances and Size DistributÍon of 6Secondary, Species at Study
Sites

A number of animal species were seen co-existing with,B. nanum at study sites but were
typically present at low densities. Details of the life history and characteristics
(including feeding behaviour and reproduction) of the most common of these
'secondary' species have been briefly reviewed in chapter 6 of this thesis.

Three 'secondary' species found at the majority of sites were the medium sized
herbivorous gastropods; Nerita atramentosa, Austrocochlea constricta and
Austrocochlea concamerata. Another herbivorous gastropod, the small limpet-like
Siphonaria diemenens¿s was occasionally seen at all sites but occurred at high densities
at Port Noarlunga South and lower densities at Robinson point. The total abundances of
the 'secondary' species were only examined for those sites where they were frequently
seen and their generally low densities meant a population breakdown was unlikely to be
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informative . S. diemenensis was the only 'secondary' species present at high enough

densities at one of the sites (Port Noarlunga Soutþ to make consideration of the size

structure of the population useful. The secondary species tended to be more numerous

in the ,lower' zones at study sites (although still at low densities) which were less

frequently sampled due to access diffrculties. Therefore, except where a species was

conspicuously more numerous in the 'lower' zones, only graphs pertaining to their

abundance in the 'upper' zones at relevant sites have been generated

A general observation made at study sites in relation to N. atramentosa, A. constricta,

andA. concameratawas the tendency for these species to 'favour' the undersurface of

mobile rocks and in some cases to aggregate in rock pools at low tide. During the pilot

study it was decided not to overturn rocks to census animals and to avoid sampling in

rock pools. Therefore, the method of census used during the preliminary study was

likely to underestimate the 'true' abundance of species preferentially aggregating under

rocks or in rock pools. This had implications when the total abundance of these

secondary species and their recruitment pattems \ilere examined and would raise serious

concerns if species adopting these strategies were used as bioindicators of oil pollution

(see Chapter 6).

Nerita atramentosa

N. atramentosawas rarely seen in the'upper' zone at 'southern' sites but occurred at

varying densities at'Northern' and'Central' study sites (Fig. 4.25a & b). At'Northern'

sites the species occurred at low densities, often of less than 2 individuals per quadrat

(Fig. 4.25a). The exception to this was one occasion at Kingston Park when 5 animals

were recorded, and the majority of sampling times at Marino Rocks. At the latter site,

densities of N. atramentosa ranged from 7 to 17 animals per quadrat until the end of

September 1995 after which numbers were generally 5 or less. A secondary abundance

peak was noted at this site in May 1996.

The abundance of N. atramenfo,sa was highly variable within and between 'Central'

sites although pS3 usually supported higher densities than did the other 'Central' sites
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4'25b)- The general pattem seen in the 'upper' zone atall 'Central' study sites was peak

abundances from March to September 1995, followed by declines in dominance until
late January 1996 after which numbers again began to increase. The highest recorded

abundance of N. atramentosa occurred at PS1A in August 1995 when more than 30

animals were counted.
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Aus tr o c o c hl e a cons tricta

A. constricl4 was present at low densities at the majority of study sites. At .Northern,

sites, apart from HCA, there were generally less than 2 animals per quadrat at all
sampling times (Fig. 4.26a). HCA had peak densities of 14-16 A. constricta in late
Marclr and mid-July 1995, and again in February 1996. Numbers remained low at HCA
from late July until October 1995, a trend which was coincident with the sand influx,
after which an increase in density was apparent until May 1996. Following this, the

density of A. constricta againdeclined at this site.

The 'Central' study sites, apart from PSlA and pSl _ were als¡ çþ41.4_qterised b;, ,.,ery lo,;;
abundances of A' constricta (Fig. a.26b). At PSIA 8-18 animals per quadrat were

recorded from late October 1995 until the end of sampling, while at pSl the highest
abundances were found in the winter months of June through to August 1995 with a

peak density of approximately 8 animals per quadrat occurring in late August.

The only site where A. constricta was consistently found at relatively high densities was

Robinson Point where numbers ranged from a peak of around 40 in early October 1995

to a trough of around 12 animals in early January 1996 (Fig. 4.26c). Of the other
'Southern' sites, W'itton Bluff supported low densities of l. constricta at all times apart

from the first two sampling occasicns (when 5 or 6 arumals per quadrat were recorcieci),

while Port Noarlunga South supported densities ranging from 2-8 animals per quadrat

for the duration of sampling.



A
ve

 N
o 

,4
 c

on
sl

tic
tq

 I
 O

 2
5t

2
A

ve
 N

o 
,4

. 
co

ns
lr¡

cl
o 

/O
 2

5m
7

_N
N

üo
uo

uo
uo

uo
q

A
ve

 N
o 

,'f
 c

or
rlr

ic
l! 

I 
O

 2
5m

7 N
o6

oÚ
o

5
¡ 

ã 
iç

 3
.õ

 à
 i

ëB
 +

eå
Ë

 ã
 x

ro
åã

-ç
Ø

9i
=

ã 
J2

 ^
, 

5 
- 

>
ú€

/ 
(D

iH
 e

3å
'x

¿
t

r 
åF

 È
ãe

 *
c

11
i r

 
¡¡

 
æ

 |
+

¡ì
- 

3 
O

'ó
 

ô 
-õ

 
^,

 _
P

-'+
¡

g 
ä 

[ ä
; 

+
: 
i

Ø
 

F
.Þ

 
C

¡ 
--

 
(D

 
ü

s?
*a

>
P

tt
's

'9
9ä

:*
4$

ô 
I 

H
 o

 ã
ì^

 
I 

ir
qå

åA
sñ

ri

' å
 iË

 Ë
q 

e 
å

g-
F

€ 
sã

 ã
3

är
=

Ë
E

iä
3 

ø
'e

 I
 I

 a
 c

'
'(r

s(
!é

ãØ
=

=
.J

 
- 

.t 
t-

ì 
.

ñg
a8

 ?
 ix

É
.i 

\ 
T

 
O

 
=

 
È

å 
o4

 
C

 
Ø

 -
^ 

3
iD

 +
 

ô 
=

 
â'

Y
.=

.

=
ãs

B
E

ãB
ãE

+
K

G
E

q
ñ 

äs
+

çå
Ë

ã 
Ë

g¿
Ë

3F
=

-:
'=

'Þ
 

w
 

(!
P

 (D
 ä

 =
:r

=
I.

t å
 ä

 g 
$Ë

 ä
1*

39
 ¿

i_
1

å 
ä 

¿
 5

 3
 îË

Þ
 

Þ
 

--
 

ã 
c)

 
(D

 
L

ü t-
22

/O
f 

19
s

5 
to

4/
95

3 
0/

06
/9

5

t 
6t

o1
 1

95

29
lO

'1
19

5

30
1o

81
95

I 
I 
/O

91
95

26
1O

91
95

to
lto

19
5

25
lto

19
5

7l
lll

95

t 
t 
lo

t 
19

6

24
lO

u9
6

9l
02

19
6

I 
5l

oi
 1

9 
5

l o
/0

3 
/9

5

29
tO

6t
95

t5
lo

71
95

28
tO

7 
/9

5

I 
lo

9 
/9

5

to
to

g1
95

25
10

91
95

9l
to

/9
5

23
lto

19
5

6l
t 

t 
19

5

to
to

l1
96

23
tO

t 
ß

6

5t
o2

19
6

I 
lo

51
96

20
/o

51
96

2l
o6

19
6

I 
r,

 -
--

 l
--

+
--

 
- 

|
t-

 -
ts

- 
t 

-l 
l--

 
{ 

I 
I 

l
I

t6
lo

1/
95

f 
/o

41
95

I 
lo

7l
95

t't
 lo

7 
19

5

30
1o

71
95

3 
0/

08
/9

 5

I 
I 

lO
91

95

25
1O

91
95

! r
 o

rr
 o

tr
s

25
lto

19
5

't 
lt 

I1
95

I 
l/0

1/
96

28
lO

l1
96

sl
o2

19
6

Jl
os

/9
6

2t
 l

o5
19

6

2l
o6

l9
6

Þ
r

tÞ
,l

2 o f a_ I

.) J Ø

ti' à

2t
o5

19
6

2t
 lo

51
96

2t
o6

t9
6

t+
+

l
:E

:c
<

}T
ôr

)ã
!

È
t>

I
l,t

t
ttt

+
l

a9 z:
+ I F

o \ (! \ s, \ Þ oa (\ -l



Chapter 4 page 172

Aus trocochle a concamerata

The abundance of l. concamerata was examined at 'Northern' sites (apart from

Kingston Park where it was rare), and 'Central' sites. It was also found at very low

densities (less than 0.24 artimals per quadrat on average) at Port Noarlunga South. In

the 'upper' zones at Marino Rocks and the two Hallett Cove sites (HCA &, HCB) A.

concamerctla occurred at densities of less than 9 animals per quadrat (Fig.4.27a &b).
Peak abundances of A. concamerata were recorded at Marino Rocks and HCA in early

May 1996 (Fig. 4.27a). The spatial patchiness of this species was illustrated at Marino

Rocks by the large standard error associated with sampling. The Hallett Cove sites

generally had densities of 3 or less A. concqmerata per quadrat. and HCA exhihited

greater spatial variability than HCB.

A. concamerata were never recorded at densities gteater than 6 animals per quadrat at

'Central' sites (Fig. 4.27b). Peak abundances occurred at the end of July 1995 atpSl, in

early October 1995 at PS2 and PS3, and in June 1996 at PSlA. The latter site exhibited

the greatest temporal and spatial variability in ternts of A. concamerata abundance (Fig.

4.27b).
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Siphonaria diemenens is

The abundance of S. diemenens¡s in the 'upper' zone at Port Noarlunga South ranged

from 37-90 animals for the duration of sampling with densities rypically lying between

50-60 animals per quadrat (Fig. 4.28a). The peak abundance occured in early February

1996 while a smaller secondary peak was noted in early July 1995. Considerable

variability between sampling times was observed in the 'lower, zone where densities

were below 15 animals per quadrat apart from a peak abundance of around 40 animals
in April 1995 and a smaller secondary peak in early February 1996 (Fig. a.2ga). The
aburdance of S. diemenensis in the 'upper' zone at Robinson point was less than 3
animals per ouadrat for the drtreri¡1of sarnpling but densitlcs rn thc 'l.r-wo¡, zu'c r.ngeci
from 5-16 animals per quadrat (Fig. 4.2ga).

The population structure of ,S. diemenensis in the 'upper' zone at port Noarlunga South
was dominated by 'small' and 'medium' animals for the duration of preliminary
sampling (Fig' a'28b). Domination by 'small' animals occurred in early and mid-July
1995 when they contributed between 55-65yo, while at most other sampling times the
'medium' size class dominated, comprising greater than 80% of the population in April
1995 and January 1996. The number of small ^!. diemenensis recorded at port

Noarlunga south (Fig. 4.28c) will be considered later in this chapter.
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4.4.3.4 Recruitment and Breeding of Animals at Study Sites

Throughout preliminary sampling any animals less than 2mm in diameter (believed to

be new settlers and classed as 'very small') \¡/ere recorded and, where possible,

identified to species in the field. The presence of any eggs or egg capsules was also

noted. Information pertaining to these aspects of the life-history strategies of a few of
the species seen at study sites will now be detailed.

In early January 1996 what appeared to be the white egg capsul es of Nerita a,tramentosa

(see Quinn et al. 1992, Shepherd and Thomas 1989) were seen at HCA. The yellow egg

uapsuics oî B. nanun (see Shepherd anci ttromas 1989 t'or a description) were observed

at Port Noarlunga South and the Port Stanvac sites in September and October 1995 and

in the 'lower' zone at PS3 in May (autumn) of the following year. These capsules were

particularly numerous at the Port Noarlunga South site where they averaged

approximately 3-4 per 0.25m2 of horizontal substrata. This site was also characterised

by high densities of 'large' adult ^8. nanum (see section 4.4.3.1). Large numbers of
'very small' new settlers of this species were noted at Marino Rocks, port Noarlunga

South and the Port Stanvac sites in January and February 1996.

'V"ry small' Chthalamus antennatu.s were observed at Kingston park in October 1995,

while 'very small' Cellana tramosericc \ryere noted at PS1 and Port Noarlunga South in

October 1995 and at Robinson Point in January 1996. Newly settled animals believed

to be Patelloida latistrigata were also seen at the latter site in January 1996 and at pSl

in November 1995. 'Very small' S. diemenensls appeared at Port Noarlunga South, pS3

and Robinson Point in February 7996, and increased abundances of ,very small,

Austrocochlea spp. were observed at port Stanvac sites in September 1995.

The minute size of new settlers arriving from the plankton led to identification

difficulties which, in conjunction with the large numbers arriving, precluded accurate

quantification of animals less than 2mm in diameter. The majority of these new arrivals

would not be expected to become a stable part of the population and intertidal

assemblage. Therefore, the focus was on animals which had reached a size greater than
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2mm. The number of 'small' B. nanum referred to in this chapter includes only those

animals greater than 2mm and up to 6.7mm in diameter, while the upper limits of the

'small' size classes of 'secondary' species talked about in this section are as defined in

Chapter 3. Consideration of the densities of new settlers (ranging up to 2mm in

diameter) would have been interesting but was beyond the scope of this thesis.

The contribution of 'successful' new recruits to the population structure has been

quantified by graphing temporal changes in the abundance of 'small' animals belonging

to the most frequently seen species at study sites. The number of 'small' animals

present throughout preliminary sampling has been graphed for both 'upper' and 'lower'

zones at the sites where they were coÌnmonly seen. This was done in the hope of

determining the time of the year when some of the main intertidal species recruit even if
the level of recruitment was low and the species were relatively rare. The species

examined in reference to their recruitment pattems were -8. nanum, N. atramentosa, A.

constricta, A. concamerata and S. diemenensis.

Bembicium nanum

At Kingston Park 'small' B. nanum were consistently more numerous in the 'lower'

zone, numbering between20-720 for the duration of sampling, with the peak abundance

occurring in June 1995 (Fig. 4.29a). In the 'upper' zone, abundances of less than 10

'small' animals rwere recorded for the duration of sampling (Fig. 4.29a). The two

sampled zones at Marino Rocks supported similar numbers of 'small' B. nanum (Fig.

4.29b). 'Small' animals peaked at almost 65 in the 'lower' zone at this site in mid-July

1995 but remained below 30 animals per quadrat at all other times. 'Small' B. nanum in

the 'upper' zone remained less than 35 animals per quadrat with density peaks occurring

in mid-July and the beginning of September 1995.

At the start of preliminary sampling it was evident that no significant difference in the

number of 'small' B. nanum occurred between the two zones at HCA (Fig. a.29c).

lTnwe,¡er hr¡ the end of March 1995 acc.ess difficr-rlties orevented sampling of the
^^vrYvivLt 

vJ f-- -_-_- - _¡ e

'lower' zone at this site. Although the effects on biota were not quantified it was noted
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that the sand inundation which occurred in the 'upper' zone atHCA also occurred in the

'lo\ryer' zone and was likely to result in similar biota hends. The abundance of ,small,

B. nanum in the 'upper' zone atHCA fell from around 90 animals in late March 1995 to
less than 20 animals by the end of July 1995 fotlowing the sand influx. No ,small,B.

nanum were then found at HCA until January 1996 when levels appeared to stabilise at
a¡ound 20 before falling to zero in June when a second sand influx occurred. HCB was
sampled from early September 1995 and 'small' B. nanum generally ranged from 5-22
animals per quadrat until the end of January 1996 when numbers were below a @ig.
4'29c)' As the abundance of 'small' B. nanum increased at HCA numbers fell at HCB
and as numbers at HCA recovered the rer¡eroa rranrl .¡roo -^1ed at HCB (Fig. .i.29u).
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The abundance of 'small' B' nanum in 'central' study sites varied within and between
sites' Peak abundances of 'small' animals occurred in the 'lower' zones at all ,central,

sites in mid or late July 1995 and reduced densities generally occurred in both zones in
the middle months of sampling (Fig. 4.30a, b &c). A peak abundance of g0 .small,

animals was recorded in the'lower, zoîe at psr, while the.upper, zonehad peak
abundances of 70 and 80 'small' animals respectively in late July 1995 and late May
1996 (Fig' 4'30a)' The 'upper' zone at PSI typically supported higher abundances of
'small' B' nanum than did the'lower'zone. PSIA had low densities of between 4-20
'small' animals per quadrat for the duration of samplin g apartfrom a peak of around 26
when the site was first sampled (Fie. 4.30a). The ¿ensiy of 'srnall, E. na;¡u¡¡¡ai psiA
appeared to stabilise at around 20 animals per quadrat from early Febru ary rgg6.

Apart from a peak abundance of 30 'small' B. nanum recorded in late July 1gg5 the
'lower' zone at PS2 supported between 1-11 'small' animals per quadrat for the duration
of sampling (Fig' 4'30b). The months between late october 1995 and early February
1996 were typified by a paucity of ,small' B. nanum (less than 5 per quadrat), after
which densities increased slightly. A similar pattem of low densities in the middle
sampling times occurred in the 'upper' zone at PS2 from mid-July 1gg5 until February
1996' Peak densities of 25-32'small' B. nanum per quadrat occurred in the .upper,
7^nè qt ÞQt i- l\tr^*^L ^-r ^,- 

.r r^^, rL e' LLL rvravrr 4'u r\P'tll lvyJ' but at all other times the abundance of .small'

animals remained below 12.

At PS3 the abundance of 'smarr B. nanum in the,lower, zone peake d, at 25-30in April
and late July 1995 with a small secondary peak occurring in Febru ary r996(Fig. a.30c).
Densities of less than 10 'small' B. nanum per quadrat occurred at all other sampling
times' The 'upper' zone at PS3 displayed a different temporal pattern of ,small, 

.8.
nanum abundance with a single peak being recorded in March 1995 after which a steady
decline occurred, resulting in abundances of less than 5 from mid-July 1gg5 until late
}vlay 1996.
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The 'Southern' sites where B. nanum occrured were þpified by a greater contribution of
'large' animals and relatively low numbers of 'small' animals compared to the other

study sites (Fig. 4.31a & b). In both zones at Port Noarlunga South 'small' B. nanum

were found at densities of less than 10 per quadrat for the duration of sampling apart

from peak abundances in April 1995 and late January and early February 1996 (Fig.

4:3Ia). The density of 'small' B. nanum in the 'lower' zone atPort Noarlgnga South at

these 'peak' times was consistently higher than the recorded density in the .upper' 
zone;

45-50 animals per quadrat in the former, compared to 10-25 animals per quadrat in the

latter. The 'lower' zone at Robinson Point supported abundances of 'small, B. nanum

which were below 5 at all times apart from early and lafe Ma¡ch 1995 when r,;:nbers

ranged from 32-40, and late January and early February 1996 when numbers remained

between 15-20 (Fig. a.31b). The 'upper'zone at Robinson Point supported peak

abundances of 8 'small' B. nanum in late March Igg5, 30 'small' B. nanum in late

January and 16 'small' B. nanum in early February 1996.
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Nerita atramentosa

The abundance of 'small' N. atramentosa varied considerably, both temporally and

spatially, for the duration of sampling, but apart from occasional peak occurrences these

animals were generally present at low densities. 'Small' N. atramentosa were not
recorded in the 'upper' zone atKingston Pa¡k but the 'lower' zone supported between l-
6 'small' animals per quadrat at most times, with peak abundances of around. 15

occurring in late June and late July 1995 (Fig. 4.32a). 'Small' N. atramenfosa occurred

at peak densities of around 10 animals per quadrat in the 'upper' zone atMarino Rocks

from late March until late July 1995 while less than 5 animals per quadrat were recorded

at all other times (Fig. a.32b). The 'lower' zone supported higher abundances untii July
i995' with peak abundances of 22'28'small' B. nanum occurring in late June and early
July 1995.

PSI consistently supported densities of less than 10 'small' animals for the duration of
sampling' The abundance of 'small' N. atramentosa was generally greater in the
'lower'zone where peaks were detected in July 1995 and February 1gg6 (Fig. 4.32c).
The number of 'small' .À{ atramentosa at PS1A peaked at 20 in late July 1995
(coincident with the start of the 'effluent' perturbation) but at all other times remained

below 3. The 'lower' zone at PS2 generally supported higher densities of ,small, M
atramentosa thart the 'upper' zone. Densities in the latter remaining below 3 while the
'lower'zone had apeak abundance of 23 animals in late July 1995 and abundances of
around 10 in mid-July 1995, october 1995 and February 1996 (Fig. 4.32d). The ,lower,

zone at PS3 typically supported more 'small' N. atramentosa than the ,upper, 
zor.e,

although the reverse trend was noted in March and April lgg5 (Fig. 4.32e). Abundances
in the 'upper' zone at PS3 remained below 10 'small' animals but peak abundances of
32 and 24 'small' N. atramenro.td occurred in the 'lower' zone in eariy and mid-July
1995 respectively. At Port Noarlunga South and Robinson Point appearances of .small,

N' atramentosa were rare in both zones (averaging less than 2 animals per quadrat for
the duration of sampling) and have not been presented graphically.
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Austro cochlea constricta

,Small' A. constrictawerepresent at low densities at all study sites but were often more

abundant in the 'lower' zones. At Kingston Park the average number of 'small' animals

in the 'upper' zone was less than one (and often zero) for the dwation of sampling but a

peak abundance of 9 'small' animals was recorded in November 1995 (Fig. 4.33a).

peak abundances of around 5-6 and 3-4 'small' A. constrictawete noted in the 'lower'

zone at Marino Rocks in mid-March and November 1995 respectively in association

with high spatial variability but at all other times 'small' A. constricta wete rare in both

zones (Fig. a.33b). Peak abundances of 'small' animals were noted in the 'lower' zone

at HCA in the first two sampling times and in the 'upper' zone at this site in late March

and mid-July 1995, prior to the population crash associated with the sand influx (Fig.

4.33c).

The number of 'small' A. constricta were higher at PS1A than at the other study sites

with peak abundances of more than 10 occurring in late November 1995 and January

1996 (Fig. 4.33d). At all other times 'small' A. constricta remained below 8 at PS1A

and in both zones at PSl (Fig. a.33d). PS3 was characterised by rare appearances of

'small' A. constricfa in both zones. 'Small' A. constricta weÍe noted at low densities at

port Noarlunga South and Robinson Point and were rarely seen at Witton Bluff.

Numbers remained below 4 animals for the duration of sampling at Port Noarlunga

South (Fig. 4.33e) but were slightly higher at Robinson Point, peaking in the 'lower'

zone in the first two sampling times and in the 'upper' zorte in late March and early

October 1995 (Fig. 4.33Ð.
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Aus t r o c o c hl e a co n cam erat a

'Small' A' concamerata were rarely found at study sites during preliminary sampling.

They were never seen in the 'upper' zone at Kingston Park and made few appearances

in the 'lower' zone but were slightly more common at Marino Rocks where they were

more abundant in the 'upper' zone. At this site 'small' A. concamerata never attained

average densities of greater than 4 animals per quadrat but were occasionally heavily
represented in a single quadrat as indicated by the large standard error associated with
the early May 1996 sample (Fig. a.34a). 'Small' A. concamerata were infrequently

seen at Hallett Cove.

Low average ciensities ot less than 5 'small' A. concamerata pü quadrat were noted at

all 'Central' study sites (Fig. 4.34b, c & d). Minor peaks in ,small' A. concamerata

occurred in the 'lower' zone at PS1 in April and July 1995 and February and late May
1996 (Fig. 4'34b) and in the 'lower' zone at PS2 in February 1996 (Fig. 4.34c). Minor
peaks in the number of 'small' A. concamerata inthe 'lower' zone atpS3 were noted in
April, May and mid-October 1995 (Fig. a.3ad). A degree of spatial patchiness in the

distribution of 'small' A. concamerata was seen at many of the stud.y sites. ,Small, l.
concamerata, weÍe rarely seen at ,southern' 

study sites.
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Siphonaria diemenensis

'Small' S. diemenens¿s were rarely seen Robinson Point but were recorded at densities

up to an average of 40 per quadrat at Port Noarlunga South (Fig. a.28c). The 'upper'

zone at the latter site supported consistently higher densities of 'small' S. diemenensis

than the 'loler' zone and exhibited greater temporal variability. Peak occurrences of

'small' animals were noted in the 'upper' zone at Port Noarlunga South in July 1995

and again in February 1996. The latter peak coinciding with a peak average density of

22'small' animals in the 'lower' zone.
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4.4.3.5 Univariate Indices and Associated Variables

Assemblage data were used to generate univariate indices and associated variables using

the formulae in Table 4.4 as described in section 4.3.2; "(Jnivariate Assessment of
Temporal Change".

Number of Taxa (S)

The total number of taxa (S) recorded dwing preliminary sampling were separately

plotted for 'Northern' (Fig. 4.35),'Central' (Fig. a.36) and 'southern' sites (Fig. a.37).

Typically, the 'upper' zones at these sites exhibited taxa paucity compared to their

respective 'lower' zones. In the 'lower' zones at Kingston Park and Marino Rocks

trends in taxa number were comparable, remaining between 6-12 for the duration of
sampling, with peak levels occurring in late october 1995 (Fig. 4.35a &b).

HCA was similar to the other 'Northern' sites in generally supporting a low number of
taxa. A¡ interesting trend was the apparent link between the 'uppef zone at HCA and

the adjacent HCB site during the sand influx event (Fig. a.35c). In the .upper' 
zone at

HCA a reduction in taxa was evident by late September 1995 followed by a recovery in
taxa number. These changes were tracked by an increase in the number of recorded taxa

at HCB and then a reduction and stabilisation of this parameter. HCB generally

sìJpporting rnore taxa than IICA'¿ntil November i995 whei-r the revErse tren<i was note<i

€ig. a.35c). The 'lower' zones at 'Central' sites typically supported more taxa than

their equivalent 'upper' zones (Fig. 4.36a, b & c). An interesting finding relating to the

'Central' sites was the similarity in temporal trends in taxa number at pSl and pSlA

from early October 1995 (Fig. 4.36a).

The 'Southern' sites differed from the other study sites in a general tendency for the

'upper' zones to support more taxa than the 'lower' zones (Fig. a.37). However, the

low-lying status of these sites and the infrequent sampling of their 'loyer' zones made

determination of any apparent taxa trends difficult. Witton Bluff differed from the other

two 'Southern' sites which tended to support similar numbers of taxa and exhibit

broadly similar temporal trends (Fig. 4.37b & c). The 'upper' zone at V/itton Bluff was
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dominated by T. undulatus, underwent greater temporal variability and often supported

slightly less tæta than Port Noarlunga South and Robinson Point (Fig. 4.37a, b & c).
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Number of Individuals Q'{)

The total number of individuals varied widely between study sites and within zones at a

single site but the 'lower' zones typically supported extremely high numbers of

individuals especially where mussels and barnacles were common (Figs 4.38, ß9 e,

4.40). This situation was most obvious at Kingston Park (Fig. a.38a), HCA (Fig. 4.38c)

and the ,southern' sites (Fig. 4.40). The extreme temporal variabilþ in the total

number of animals recorded at sites where mussels and barnacles dominated was more

likely to reflect the spatial variability and 'patchiness' inherent in the sites than indicate

a 'true' temporal trend.

The 'uppeÍ' zoîe at Kingston Park was relatively consistent in the total number of

individual animals it supported until a marked reduction following the second sand

influx in 1996 (Fig. a.38a). The 'upper' zone at Marino Rocks generally supported

fewer individuals than the other two 'Northern' sites but showed high temporal

variability (Fig. a.38b), while the sand influx at HCA was matched by a sudden and

extreme reduction in the number of individuals inhabiting the 'upper' zone (Fig' 4.38c).

The relationship between the total number of animals recorded at HCA and HCB was

similar to trends identified in terms of the number of taxa these sites supported during

and after the sand Perturbation.

The ,upper' zorte at PSl had a stable substrata for the duration of preliminary sampling

ensuring a consistently high number of resident individuals without the large declines

coincident with mobilisation of substrata inthe equivalent zones at other'Central' sites

(Fig.4.39a, b & c). The'upper' zone at PSl displayed similar trends to PSIA, apart

from peak abundances of greater than 500 individuals at the former site in November

1995 and again in late May 1996 (Fig. 4.39a). Changes in the total number of

individuals in both zones at PS2 closely tracked each other from October 1995 (Fig'

4.39b). Less concordance was seen in the number of individuals recorded in both zones

at pS3 but the 'lower' zone always supported more individuals than the 'upper'- At PS3

both zones displayed high variabitity but marked reductions in the total number of



Chapter 4 page200

animals \ryere seen from October 1995, with the exception of a peak in the 'lower' zone

in February 1996 (Fig. 4.39c).

The 'Southern' sites were characterised by extremely high numbers of animals in both

zones for the duration of sampling, with the 'lower' zones almost always supporting

many more individuals than the 'upper' zones (Fig. 4.40a, b & c). The trend to high

numbers of individual animals was not seen in the 'upper' zone at Witton Bluff which

was characterised by low numbers of individuals þrimarily T. undulatus) at all times,

apart from a single sampling occasion in late March 1995 (Fig. 4.40a). The large

number of animals recorded on that occasion was attributed to a pocket of mussels,

which had encroached into the 'upper' zone.
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Fig. 4.38 The total number of individuals (N) recorded in the 'upper' (tI) and 'lower' (L) zones is shown

for 'Northern' sites; a) Kingston Park (KP), b) Marino Rocks (MR) and c) Hallett Cove (HCA &
HCB). The 'upper' (U) and 'lower' (L) series shown in c) refer to these zones at HCA. The total
number of individuals have been calculated as the summed number of individual animals present in

seven 0.25m2 qua&ats at each zone. Sampling times shown on the x-axis have been regularly spaced

for ease of interpretation but actual sampling intewals were irregular (refer to section 4.3).
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on the x-axis have been regularly spaced for ease of interpretation but actual sampling intervals were
inegular (refer to section 4.3).
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Fig.4.40 The total number of individuals (N) recorded in the 'upper' (U) and 'lower' (L) zones is shown

for 'southern' sites; a) V/itton Bluff (WB), b) Port Noarlunga South (PNS) and c) Robinson Point

(RP). The total uumber of individuals have been calculated as the summed number of individual

animals present in seven 0.25m'z quadrats at each zone. Sampling times shown on the x-axis have

been regularly spaced for ease of interpretation but actual sampling intervals were irregular (refer to

section 4.3).
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Margalef's Species Richness Index

Temporal changes in species richness (quantified using Margalefs Species Richness

Index) have been graphed for 'Northern', 'Central' and 'southern' study sites (Figs

4.4I, 4.42 &. 4'43 respectively). Species richness tended to be greater in 'lower' zones

than in the respective 'upper' zones, but the reverse trend was noted at 'southem' sites.

Species richness within the 'upper' zones at 'Northem' sites fluctuated widely but was

generally below one while the same parameter at'lower' sites ranged up to 1.5 (Fig.

4.4I a, b & c). The 'upper' zone at Kingston Park generated low species richness scores

(of approximately 0.2) on 6 sampling occasions (Fig. 4.41a). HCA and HCB showed a

degree of iinkage in association with the 1995 sand influx, with a crash in species

richness at HCA being matched by an increase in species richness at HCB until late

october 1995 when species richness fell at the latter site (Fig. 4.41c).

Species richness at 'Central' sites fluctuated but was generally higher than was seen at

'Northern' sites (Fig. 4.42a, b & c). Exceptions to this trend occurred on the second

sampling occasion in the 'upper' zone at PSI when species richness was only 0.2 (Fig.

4'42a), and also in late September 1995 and mid-May 1996 in the'upper'zone at pS2

when it was 0.3 and 0.2 respectively (Fig. 4.42b). Simila¡ temporal patterns occurred at

PSl a¡rd PS1A from October 1995 (Fig. a.a2ù, 'while clear- ier-rrporai iren<is were iess

apparent at the remaining 'Central' sites (Fig. 4.42b & c).

Species richness in the 'upper' zone at Witton Bluff remained between 0.8 and 1.2 until
January 1996 when it dipped to around 0.2 before returning to its previous range (Fig.

4'43a)- The richness ratings recorded in the 'upper' zones at Port Noarlunga South and

Robinson Point tended to fluctuate about unity but were often slightly above this level

(Fig. 4.a3b & c), while species richness recorded in all 'lower' zones at 'southern'

study sites generally fluctuated about 0.8 (Fig. 4.43a,b & c).
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S hanno n-14/i e ne r D iv e r s i ty

Diversity was quantified using the Shannon-V/iener Diversity lndex. Use of this index

resulted in similar trends to those seen with taxa richness. For example, diversity was

generally greater in 'lower' zones at study sites, apart from some occasions at Marino
Rocks (Fig. a.4ab), HCA (Fig. 4.44c), and all sampling times at 'southern' sites (Fig.

4.46a,b & c) where the reverse situation occurred. Diversity within the .lower, 
zone at

Kingston Park ranged from 0.4 to 1.2 while diversity in the'upper, zone, heavily
dominated by B. nanum, generallv remained below 0.2 and was relatively consistent fo¡
the duration of sampling (Fig. 4.44a). The'upper'zone atMarino Rocks tendedto be

more diverse than the equivalent zone at Kingston Park but diversity had fallen to less

rhan û.i by eariy January I99ó (Flg. 4.44b). Diversity in the ,upper, zone at HCA
remained above the levels recorded at HCB apart from late September 1995 (when no

animals were present) and early May 1996 (Fig. 4.44c). In general, diversity was found
to be higher in the 'upper' zone atHCA (compared to both the 'lower, zone and HCB)
and remained consistently so from october 1995 to February 1996.

'Central' sites typically registered a higher diversity score than 'Northern, sites and the

'lower' zones were often more diverse than the 'upper' zones (Fig. 4.45a, b & c). In the

'upper' zone at PSI diversity tended to remain below a maximum of 0.6, while the
'lower' zone had a diversity range of 0.7-1.0. Diversity at PSIA was scored at or above

1.4 on all except one occasion (Fig. 4.45a). The diversity score in the .upper, zone at

PS2 ranged from 0.6 to 1.2, but decreased from october 1gg5 (Fig. 4.45b). Although
less apparent, there was some evidence of the latter trend in the 'lou¡er, zone at this site

over the same time interval. The two zones at PS3 were similar in terms of their
respective diversity scores although diversity in the 'lower' zone fluctuated over a wider
range (Fig. 4.a5c).

All 'Southern' sites had more diverse 'upper' zones than their corresponding .lower,

zones (Fig- 4'46a' b & c). Diversity was found to be particularly variable in the ,upper,

zone at Witton Bluff where it ranged from 0.I to greater than L2, while the single

sampling of the'lower'zone yielding a diversity score of zero due to the dominance of
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mussels in the sampled area (Fig. 4.46a). Diversity in the 'upper' zone at Port

Noarlunga South ranged between I.2 and 1.6 (Fig. 4.46b) but fluctuated about a wider

range in the 'upper' zone atRobinson Point (Fig. 4.46c). Diversity in the 'lower' zones

at.Southern' sites remainedbelow 0.6 at all times @tg.4.46a, b & c).
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Fig. 4.44 Species diversity, quantified as Shannon-Wiener Diversity (H'), is shown for the ,upper, (tf
and 'lower' (L) zones at 'Northern' sites; a) Kingston Park (KP), b) Marino Rocks (MR) and c) ttallett
Cove (HCA & HCB). The 'upper' (U) and 'lower' (L) series shown in c) refer to these zones at HCA.
Species diversity has been calculated from raw 'preliminary' data summed across the seven 0.25m2
quadrats deployed in each zone. Sampling times shown on the x-axis have been regularly spaced for
ease of interpretation but actual sampling intervals were irregular (refer to section 4.3).
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Chapter 4 page2l3

Equitability : Pielou's Evenness Index

The .equitability' or 'evenness' of species at study sites was assessed using Pielou's

evenness index. This fluctuated widely but was generally higher (and consequently

more even) in the'lower' zones at Kingston Park (Fig. 4.47a) and PSl (Fig' 4'48a) than

in the equivalent 'upper' zones, while the reverse trend was observed at HCA (Fig'

4.47c) and all 'southern' sites (Fig. 4.49a,b & c). All remaining sites showed a greater

degree of evenness overlap between their two zones (Figs 4.47b and 4'48b & c)'

Kingston Park recorded low evenness scores (below 0.5) in both zones (Fig' 4'47a)'

Marino Rocks displayed wider fluctuations in evenness (0.1-0.8), with the highest score

being recorded in the 'lower' zone in late March 1995 and the lowest score being noted

earlier in the same month (Fig. 4.a7b). The 'upper' zone at Marino Rocks registered its

lowest evenness score early in 1996 while an evenness peak occurred in early May

1996. HCA was characterised by low evenness in its 'lower' zone while the 'upper'

zone had higher evenness scores, ranging from 0.2-0.9 until late September 1995 when

they fell to zero before recovering to around 0'8 by the next month (Fig' 4'47c)' The

recorded everìness at HCB remained at a low but consistent level (between 0.1-0'45) for

the duration of sampling (Fig. 4'47c).

Evenness patterns seen at 'central' sites were characterised by variability within and

between sites (Fig. 4.48a, b & c). Clear trends in evenness were apparent at PSI and

PSlA, with the 'lower' zone atPSl generally having a higher evenness score (between

0.6 and 0.9 (with one exception)), while the corresponding 'upper' zone registered

evenness scores of less than 0.35. The evenness at PSIA was roughly intermediate

between the evenness recorded in the two zones at PS1, ranging from 0'4-0'65 (Fig'

4.48a). Considerable overlap in evenness was seen between zones at PS2 although the

'lower' zone tended to plateau at around 0.6 from early January 1996, while evenness in

the 'upper' zone remained below 0.6 from this time (Fig. 4'4Sb)' The evenness at PS3

was consistent between zones with both showing a gradual increase to a maximum'

relatively stable level of around 0'8 (Fig' 4'48c)'



Chapter4 page2l4

The 'uppeÍ' zone at Witton Bluff registered evenness values between 0.15 and 0.6,

while an evenness of 0 was recorded in the 'lower' zone at this site (Fig. 4.a9a). A
relatively stable and na¡row ovenness range (between 0.55-0.8) was found in the .upper,

zone at Port Noarlunga South, while evenness in the 'lower' zone remained below 0.4

@ig. a.a9b). In contrast, the evenness at Robinson Point ranged from 0.3-0.65 in the

'upper' zone but generally remained below 0.3 in the 'lorver' zone apart from a peak of
0.5 in early May 1996 which matched the timing of the evenness peak in the .upper,

zone (Fig. 4.49c).
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Simpson's Dominance Index

Simpson's Dominance Index (SI), essentially the inverse of pielou's Evenness Index,

was used as an adjunct to the evenness index to assess temporal patterns at study sites.

This index revealed that all study sites with low evenness values had high dominance

values and vice versa (Figs 4.50, 4.5I & 4.52). Sites where a single species dominated

were characterised by a high dominance score (approaching 1) and included the .upper,

zone at PS1 (dominated by B. nanum), and the 'lower' zones at 'southern' sites (which
were heavily dominated by mussels, particularly X. pulex).



(,
o9

99
P

99
U

Ã
U

¡ô
{æ

€-
I

Ø

P
P

99
99

99
9

o-
N

Þ
.r

qo
{æ

€

Ø O
O

O
O

O

lll
r

I ùq

û.
F

 ã
 È

 å
'e

" 
"

- 
F

 6
 g 

eï
 3

.å
Þ

 is
;-

€ 
o 

ä 
F

5ã
Ë

 $
P

åå
ff

Ï?
..r

n9
 '^

9'
e 

€ 
ò 

I 
Þ

-

fi 
Ë

.fi
E

n 
Ë

Ë
 ä

 *
 >

F
 ã

I 
+

 ã
 R

";
"'

-6
Ë

H
 F

9e
Ë

€ 
ã 

us
 B

id
 e

 
(D

yÞ
¡ 

S
.

áG Þ
 

Þ
- 

, 
-=

,
8 

5 
B

 7
Z

å-
 u

5 
e 

oõ
 

I 
o'

 
ä

qä
 

ß
 iB

<
ãí

;E
s"

ã
É

.F
 g

?2
69

c?
.^

B
'=

y:
'Ë

ä 
tr

eB
-v

B
'ó

 5
 *

a-
-Þ

Ë
F

E
 f

,H
g

ãs
.õ

E
dX

äã
;e

Ë
E

=
 "L

 s 
+

 3
ã 

3 
E

 ã
eã

ã 
s-

å"
îË

1
€É

*å
z'

Z
ãí

 o
 B

 ¿
'F

 j
'

B
; 
Ë

;ia
äq

äT
i.I

<
¡ò

^.
oØ

-.
$r

iH
'R

1
o 

o 
á 

ö 
F

Í
ÌJ

âÙ
r(

þi
./(

D

Õ ¡.
J i

oF
oì

æ
o-

r'l
l'I

I I I
t5

/0
31

95

30
10

3t
9s

29
t0

61
95

t5
10

71
95

28
/0

'1
19

5

t/0
91

95

l0
/0

91
95

25
/0

91
95

9l
t0

l9
s

23
il0

/9
s

6l
tt/

9s

t0
t0

v9
6

23
/0

t1
96

st
02

/9
6

t/0
s/

96

20
t0

5/
96

2t
06

19
6

15
10

31
95

10
10

31
9s

29
10

61
95

15
10

71
95

28
10

71
95

v0
91

9s

10
10

91
95

2s
10

9/
95

g 
9l

t0
l9

s

' 
23

n0
19

5

6l
t 

| 
19

5

to
l0

v9
6

23
10

1/
96

51
02

19
6

v0
5/

96

20
/0

51
96

2t
06

t9
6

I
-1

 
r 

l--
ì'-

'l-
. 

I

p ^
!r õ o o

r+
l

lr 
_:

i
I c

t5
/0

3/
95

30
t0

3/
95

29
t0

6/
95

t5
t0

71
95

28
t0

11
9s

tl0
9/

95

t0
t0

91
95

25
t0

9/
95

9l
t0

19
s

23
il0

/9
5

6^
 |

95

t0
/0

t1
96

23
t0

t/9
6

5t
02

/9
6

v0
5/

96

20
/0

51
96

2t
06

t9
6

cì S \ (Þ ì A
. \ Þ oa G ò.
J \o

+
+

+
1

o @



sl 0.5 -
0.4 ;
0.3

0.2

I

0.9

0.8

07
0.6

0.9

08
0.'l

06
0.5

SI
0.4

0.3

02

a) PSI

b) PS2

-+u
+L

I_FIA

-+u_+L

T

0t
0

I

rri\
qÊFÊÊ$5Ss55*5€-äs;==sS===ëç_a€€€ôrN:Ko\ñ<'=R'ñìÈÑ

O\6
oo
nÕ

€â

N

â
3
N

€
6

€
6
N

€
6o\

€

o\
o
o\

o
6o
d

{{€€€€55:ñs=ñ.R=F:

0l --

0

a
r
€
N

ô
r
O

o\
I
acl

o\

oo
o\
6o

a
o\

o

â\
O

cl

€

N

c) PS3

0.9 -

SI

08

07

06

0.5

04:
0i -
02-
0. I

0-
6

6hhhh6hsaaEeo,o\6<tcìñÀ'àà
999oöoöèààè>óNc.lN

6

ô

Date

Fig. 4.51 Species dominance, quantified by the Simpson's Dominance Index (SI), recorded in the
'upper' (U) and'lower'(L) zones is shown for'CenEal' sites; a) PSl & PSIA, b) PS2 and c) PS3.
The'upper'(U) and'lower' (L) series shown in a) refer to these zones at PSl. Species dominance
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zone. Sampling times shown on the x-axis have been regularly spaced for ease of interpretation but
actual sampling intewals were inegular (refer to section 4.3).
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4.4.3.6 The'sand-Drift' perturbation and the Beyond-BACI Analysis

The initial analysis of changes in B. nanun abundance at selected study sites (using
"GMAVs") revealed that variances were heterogeneous even after a number of
transformations were tried (cochran's c: 0.0991 p<0.05). Data were, in general,

normally distributed (tested using the Anderson-Darling (AD) and Student-Newman-

Keuls test) but after a log¡6(x+1) hansformation 6 groupings remaining above the
critical (0.05) AD stat level of 0.652. Despite the fact that two assumptions of ANoVA
were violated it was decided to proceed with the analysis using log16(x+1) transformed
data' This was advocated as sample sizes were equal, extreme heterogeneify of
variances were not displayed (Zar 1984), the majority of factors were normally
_t:-1't , IL'rtrruuLvu' a'rru LIIE pnmary alm or the exerclse was to test the effectiveness of a

Beyond-BACI design and analysis.

The Beyond-BACI ANOVA using the 'sand' perturbation data set was carried out as

described by underwood (1993a). using "GMAVS" (Appendix N) four intermediate
ANOVA results were generated (Table 4.9) and these variances were used to calculate
the final ANovA variances (Table 4.10). A full description of methodology was given
in section 4.3.2, "Analysis": Beyond-BACIAnolysis of I995 Impacts.

Table 4'9 calculation of analyses of impact in an asymmetrical Beyond-BACI design using the ,sand,
perlurbation data set. Four separate ANOVAs were nerfnrm".l 'oir. rrarinrr¡ .,,L^^+^ ^r¿L^ 4-,r . ,

impact' data set as described by underwoo¿ rrss¡Jl. si;;;irq";ääjid.::"#ä.:å:i
(After Underwood I 993a).

Analysis

Source of Variation

a (all data)

SS df

b (controls)

SS df

c (before) d (before
controls only)
SS dfSS df

Before vs After: B
Periods : P(B)
Times = T(P*B)
Locations = L
BxL
P(B) x L
T(P*B) x L
Residual
Total

40.53

7.4t
4.01

166.30
t78.76
16.87
36.88
97.t4
547.89

I
)
4
5

5

l0
20

288
335

0.73
7.t0
3.96

t53.7t
31.44
14.23

20.78
73.24

305. I 8

6.19
2.03

62.65

7.09
2.76

25.76

I
)
4
4

4

8

l6
240

I 1.00

14.12
44.41

141.1I

I
)
3

5

l0
144
t67

10.58

10.64

37.45
94.28

I
2

4

4
8

120
139279
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Table 4.10 Calculation of final variances following the 'sand' perturbation at HCA. A Beyond-BACI
design and ANOVA were used and the tabled values were calculated using the preliminary analyses

shown in Table 4.9. The methodology was discussed in section 4.3.2, "Analysis": Beyond-BACI

Analysis of 1995 Impacts, and is shown in Tables 4.6 and4.7. SS= sum of squares, dF degrees of
freedom (After Underwood 1993a).

Source ofvariation SS df MS Calculated from
Before vs After: B
Periods (P) = P(B)
Times (B): T(B)
Locations : L

Impact vs Controls : I
Among Controls : C

BxL
BxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(4ft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

40.53
7.41
4.01

166.30
t2.59

153.7 |
178.76
147.32
31.44
t6.87
I 1.00

0.42
10.58

5.88
))1
3.65

36.88
l4.l I
3.+ I

10.64
22.77
12.63

10. l4
97.t4
547.89

40.53
3.71
1.00

33.26
12.59
38.43
3s.7s
t47.32
7.86
1.69
2.20
0.42
2.65
l.l8
2.23
0.91
1.84

l.4l
|.74
1.33

2.28
632
1.27
0.34

a

a
a

al
al-bl
bl
a2

a2-b2
b2
a3

cl
cl-dl

d1

a3-cl
a3-c l -b3+dl

b3-dl
a4

c2

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a

a

I
)
4
5

I
4
5

I
4
l0
5

I
4
5

I
4

20
l0
2

8

l0
2

8

288
335

The variances in Table 4.10 were used to test whether the'sand'perturbation had a

significant effect on the abundance of B. nanum at the impact site (HCA) compared to

this parameter, on average, at the set of control sites. A series of tests were perfonned

to calculate the variances of interest as described by Underwood (1993a). The results

were presented in the same format as used by Underwood (1993a). A result which was

significant at the 0.05 level was given a ** code, while a result which was significant at

the 0.01 level was coded as 'l"l"l'.
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I Test for an interaction among 'Times' that differs between impact and control
locations:

T(Aft)xC /Res : 3.76, F6q¡¡e.05,6,2EE = 1.97 (P=0.0Q)***. Significant short term temporal
interaction between controls,

T(Aft)xl /T(Aft)xC = 4.98, F.¡q¡¡o.os,z,r = 4.46 (P=0.02f)**. Significant short term interaction
'After' the perturbation.

T(Aft)xl /T(Bef)xI = 3.64, Fcrit(2)0.05,2.2 = 39, (P=0.22). Non-significant effect. The effect is not
specific to the 'impact' location. No impact detected at the temporal scale of 'Times'.

Test for an interaction among 'Periods' that differs between impact and control
locations:

P(Aft)xC /Res:2.70, Fd4¡¡sss,¿,zss = 2.40 (P:0.03)**. Significant effect detected, indicating a

medium-term temporal interaction among control sites.

P(Aft)xl /P(Aft)xC = 2.44, Fcrit(r)0.05,r,4 -- 7.71 (P=0.19). Non-significant difference. No
medium-term impact detected at the temgoral scale of 'Periods'.

3. Test for a longer tefin interaction that differs in control and impact locations:

BxC /Res = 23.30, Fcrit(r)0.0s,4.2ss = 2.40 (P:0.09¡t'**. Significant impact detected, indicating a

'Before/After' interaction among controls.

BxI / BxC : 18.74, Fcri(r)0.05,r,a :7.71(P:0.01¡***. Significant effect detected, indicating an
effect at the temporal scale of 'Before/After'. Impact detected at the temporal scale of
'Before/After'.

The power of the analysis to detect an impact at the temporal scale of 'Times' and

'Periods' 'was found to be 0.85 and 0.44respectively. This was calculated as described

in Uncierwoo<i (i993) using the formuia:

F"¡,/(l+nØ), where l+nØ :MS T(4ft)xl /lvfS Res (or MS P(Aft)xl /lvfS Res)

The value obtained was then converted to 'Power' (P) by using the F distribution

function in "MICROSOFT OFFICE": "Excel", Version 3.0. For further discussion of

the theory behind the calculation of power refer to Underwood (1993a). Calculations

are shown below:

2
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The power (P) of the analysis to detect an impact at the temporal scale of 'Times';

F.,r4,¡oor,r,rrr/(T(Aft)xl /Res) : 3'03118J3:0'16' Fdist (0'16'2'288): P = 0'85

The power of the analysis to detect an impact at the temporal scale of 'Periods';

Fcri(r)oo5,r,zasl(P(AfÐxl /Res) : 3'8716.61: 0'59, Fdist(0'59,1,288): P = 0'44'

4.4.3.7 The ,Effluent' Perturbation and the Beyond-BACI Analysis

The water samples collected from the ruptured pipe within the Port Stanvac Oil

Refinery revealed no detectable levels of oil and grease, but sulphide, chromium and

phenol were detected at levels within the average 1994 range listed as acceptable for

discharge (Tables 4.ll & 4.1). However, the point of ruptwe of the effluent pipe

exposed the intertidal assemblage directly to the refinery effluent and its mixture of

contaminants, which are normally discharged subtidally. Two features of the effluent

water which had the potential to affect intertidal animals were its temperature, which

was 5-13"C higher than adjacent water, and its freshness, indicated by a specific

conductivity of 9.47mS compared to 52.57mS in adjacent water' The discharged

effluent water was also less alkaline than adjacent water; 7.28 compared with a pH of

8.35.

Table 4.11 Results of the ANALAB analysis of duplicate water samples collected from the Port Stanvac

effluent pipe at the rupture point on the 30th of August 1995'

Water sample 1 Water sample 2 (PPm)
Substance
Chromium (Cr)

Sulphide (S)

Total Phenol
Oil & Grease

0.08
5.40
0.45
<20

0.08
2.40
0.41
<20

N.B. ppm (parts Per =nglL
per

The discharge of effluent from the ruptured pipe was estimated to be at a rate of

0.009m/s3, and was calculated as described by V/etzel and Likens (1991) using the
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formula; Q:Au, where e:discharge qm3/s¡, A:cross-sectional area (m2), and u:mean
velocity (rnis). Values requiring measurement (flow rate, wetted perimeter, surface
width and water depth) were assessed on the 30th of August 1995 and the remaining
values calculated (Table 4.12). The velocity used to calculate discharge was the actual
instantaneous velocity (averaged over three readings) recorded on the 30th of August
1995' This was not reassessed on later visits to Port Stanvac and may not accurately
represent the true velocity range for the duration of the discharge.

Table 4'12 Parameters measured or calculated in¡elatio¡ to the ruptured refinery effluent pipe. The f,'stfour parameters in this table were measured on the :oth oi August 1995. The iemaining twoparameters were then calculated according to wetzel and Likens (1991).

Parameter Assessed Resultant Value
Flow rate
Wetted perimeter
Surface width
Water depths
Cross-sectional area
Discharge

0.2n/s
lm
0.8m
3,8,3,9,7cm
0.047m2
0.009m3/s

N.B. m:metres, s=seconds

The Beyond-BACI analyses to assess the impact of the effluent discharge on the
abundance of B' nanum were performed in the same way as for the 'sand, perturbation
data. The preliminary anarysis using "GMAVs,, revealed the data to have
heterogeneous variances (cochran's c: 0.1185, P<0.01) and non-normality even after
transt'ormation (assessed using the AD statistic). Despite this the analyses were
completed using log¡e(n+l) transformed data for the reasons described previously in
reference to the 'sand-impact' data. The raw results of the four analyses (Table 4.13)
were used to generate the final ANOVA table (Tabl e 4.14) as previously described.
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Table 4.13 Calculation of analyses of impact in an asymmetrical Beyond-BACI design using the

,effluent, pertwbation data set. Four separate ANOVAswere performed using various subsets of the

full data set (see text and underwood (1993a) for full details). SS= sum of squares' dÈ degrees of

freedom (After Underwood 1993a)'

Analysis a (all data) b (controls)

SS df

c (before)

SS df

d (before
controls)

SS df
SS dfSource of Variation

Before vs After: B

Periods = P(B)
Times = T(P*B)
Locations = L
BxL
P(B) x L
T(P*B) x L
Residual

11.40
10.35
15.35

272.03
56.34
34.t',l
51.59
r35.36
5 86.59

I
2
8

5

5

l0
40
432
503

5.19
15.22
12.66

264.51
52.30
2',7.92

36.04
108.37
522.13

I
)
8

4
4
8
7)
360
4t9

9.20
2.65
s3.15

I
4
5

5

20
2t6
25r

12.49
3.48

41.85

2t.65
2t.53
54:76

t55.7'.7

I
4
4

4
l6

180

209

25.15
27.02
6t.29
t78.46Total

Table 4.14 Calculation of final variances following the 'effluent' perturbation at PSIA' A Beyond-BACI

design and ANOVA were used and the tabled-values were calculated using the preliminary analyses

shown in Table 4.13. Analysis methodology was discussed in section 4.3.2"Analysts"" Beyond-BACI

Analysis of 1995 Impacß ánd is shown inîables 4.6 and4.7. SS: sum of squares, dÈ degrees of

freedom (After Underwood 1993a)'

SS MSdf Calculated from
Source of variation
Before vs After: B
Periods (P) = P(B)
Times (B) = T(B)
Locations : L

Impact vs Controls : I
Among Controls = C

BxL
BxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

I 1.40
10.35

15.3 5

272.03
7.52

264.51
56.34
4.04
52.30
34.1',7

25.r5
3.50

21.65
9.02
2.75
6.28
51.59
27.02
5.48

21.53
24.57
10.06
14.50
13s.36
586.59

a

a

a

al
al-bl
bl
a2

a2-bz
b2
a3

cl
cl-dl

cll
a3-cl

a3_c l_b3+dl
b3-dl

a4

c2
c2-d2

d2
a4-c2

a4-c2-b4+d2
b4-d2

a

a

I
)
8

5

I
4
5

I
4

l0
5

I
4

5

I
4

40
20
4

l6
20
4

l6
432
503

ll.4
5.18
192

54.41

7.s2
66.r3
r1.27
4.04
13.07

3.42
5.03
3.50
5,41

L80
2.75
1.57

r.29
1.35

t.37
1.35

r.23
2.52
.91

0.31
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The variances in Table 4-14 werc used to test the significance of the effluent discharge

on the abundance of B. nanun at PSIA compared to the set of control sites. A series of
tests were performed to calculate the significance of the variances of interest as

described by Underwood (1993a). The results have been presented in the format used

by Underwood (1993a). A result which is significant at the 0.05 level was scored **,
and a result which is significant at the 0.01 probability level (p) was scored ***.

I Test for an interaction among 'Times' that differs between impact and control
locations:

T(Aft)xC /Res : 2.89, F-(r)0.05,re,¿¡z : 1.67 (F0.00)+**. Significant short term temporal
interaction between controls, with contol locations showing ua¡ãble short-term trends after theeffluent disturbance.

T(Aft)xI /T(Aft)xC : 2.7
term interaction detected. fference, no short

Test for an interaction among 'Periods' that differs between impact and control
locations:

P(Aft)xc /Res : 5.01, F",ì(r)0.0 s,q..o2:2.40 (F0.00)***. significant effect detected, indicating amedium-term temporal interaction among conhol sites.

on-significant difference. No

3' Test for a ionger term interaction that differs in control and impact locations:

BxC /Res : 4l'73, Fcri(r)0.0s,4,a32 :2'40 (È0'09¡***. Significant impact detected, indicating a'Before/After' interaction among controls.

). No significant effect detected. No imoact

2
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The power (P) of the analysis to detect an impact at the temporal scale of 'Times' and

,periods' was found to be 0.88 and 0.51 respectively. This was calculated as shown

below and as previously described for the 'sand' perturbation data:

F n l(l+nØ),*¡s¡e l+nØ : MS T(Aft)xl /lvfs Res (or MS P(Aft)xl /lvfS Res)

The power of the analysis to detect an impact at the temporal scale of 'Times';

F*(, )o or,o,or, /(T(AfÐxI /Res) : 2.39 I 8.03 : 0.29, F dß 40.29,4,432): P : 0' 8 8'

The power of the analysis to detect an impact at the temporal scale of 'Periods';

Fcri(r).05,r,a32 /(P(Aft)xI lRes) = 3.8618.76:0'44, Fdist(0-44,1,432): P : 0'51

The ANOVA had a very low power to detect an impact at the temporal scale of

'periods'. The implications of this will be mentioned later in this chapter and discussed

in more detail in reference to planning of the ongoing monitoring program (see Chapter

8).

4.4.3.84n Overview of the Beyond-BACI Analyses and Consideration of Serial

correlation in the ,Sand-Impact' and 'Effluent-Impact',Data Sets

The results of the Beyond-BACI analyses for both the 'sand' and the 'effluent'

perturbations are summarised in Table 4.15. The only perturbation which was found to

have a significant effect on B. nanun abundance during preliminary sampling was the

sand influx, and this effect was present only at the longest temporal scale of

'Before/After'. However, due to the early intervention of both perturbations the porù/er

to detect an impact at the temporal scale of 'Times' and 'Periods' for both data sets was

lower than the optimal level of 0.95 (refer to chapter 2). The low power was of

particular concern in detecting either disturbance at the temporal scale of 'Periods''
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Table 4'15 Summary results pertaining to the Beyond-BAcl Analysis of the .sand, and ,effluent,
perturbations which intervened in 1995 during preliminary sampling of study sites. Th¡ee temporal
scales of interest were examined in reference to the two imiacts. Refer to the text for further details.

Temporal Scale Being Tested
Impact term term Longer term

('Before vs After')('Times') ('Periods')

Sand 0.43 0.19 l.¡ß*
Ruptured pipe 0.06 NS 0.26 NS 0.61NS

NS : Non-significaut at 0.05 **: at .05 level, significant at the 0.01 level

Another potential problem associated with the 'sand' and 'effluent, data sets was serial
correlation (Stewart-Oaten et al. 1986). Such a problem violates a major underlying
assumptron of most statistical procedures (Underwood 1981a & 1993a) as previously
described (Chapter 2). Both data sets were analysed for the existence of serial
correlation which was found to be present at insignificant levels (0.011) (see Appendix
o).

4,4.3.9 MultivarÍate Analysis and Assemblage patterns

Animal taxarecorded in the sampled zones at study sites duringlgg5 and 1996 have
been listed in Appendix P and have been included in multivariate analysis unless
precluded on the basis of rarity (see section 4.3.2).

4.4.3.9.1 Cluster Analysis

The dendrogram (Fig. 4.53) was generated from hierarchical polythetic agglomerative
clustering and UPGMA performed in "PATN" (Belbin Lggz) to separate study sites on
the basis of their taxa. The d.endrogram revealed 14 groups with varying numbers of
members and degrees of dissimilarity. To aid in interpretation of the dendrogram two
tables were generated, the first of which shows how sites in each dendrogram group fit
important physical categories including; location, zone, season, year, stability and
impacted status (Table 4.16a). The second table presents the same data converted to
proportions to place the dendrogram groupings within a global context (Table 4.16b).
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The various study sites assessed dwing preliminary sampling did not separate out

strongly within the dendro$am groupings although they tended to be most heavily

represented by one or a few dendrogram gloups. For example, PSl WaS mOIe common

in groups 5 and 13 and FICB was most common in groups 5 and 7 (Table 4'16b)' Apart

from group 13, which supported mOre than twice as many 'upper' zone members as

.lower, zone members, the relative distribution of zones within these two subcategories

tended to be roughly evenly distributed between all dendrogram groups' Less equality

in distribution was found in dendrogram groups in terms of the proportion of members

falling into the three location categories of 'Northern" 'central' and'southern'' For

example, 'southem' sites tended to be concentrated in groups 5 and 6' aithough these

groups also supported high numbers of 'Central' sites'

Dendrogram group members did not appeaf to be strongly aggregated according to

seasonality although a bias towards sites which were sampled in summer was seen in

members of group 10 (Table 4.16b). A feature of the dendrogram groups was a

tendency for members to be equally divided on the basis of sampling year but a strong

yearly bias was seen in groups 2 and 6. A heavy aggregation of 'unstable' sites was

seen in group 5 while a tendency for the reverse bias was revealed in group 13 '

However, little difference in stability was seen between members belonging to the other

12 groups (Table 4.16b). Aggregations of post 'effluent-impact' (PSIA) sites were

found in groups 5, 6, 11 and 13, with two of the three gloup 11 members being in this

category (Table 4.16a). 'Post-sand-impact' HCA sites occurred in high proportions in

groups 2, 10 and 14 while 'pre-sand-impact' (HCA) sites were concentrated in gtoups 6,

7,10,12 and 13 (Table 4.16b)'
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l423456 't8

Group
!'ig. 4.53 The dendrogram was generated using p clustering aud UpGMA toattempt to separate (or link) GSV study sites on

performed ir"pATN" (Belbin 1992) using the 
support' This analysis was

during 1995 aud 1996. Thedendrogram shows site dissimilarity, with a ¡w dissimilarity score between dendrogram groupsreflecting a high similarity between the groups and the sites they contain. Fourtee-n groupings(labelled l-14) have been recognised, the mlmbàrs of which are shown below in Tables 4.16a &b.

(opposite page)

Table 4.16a The fourteen groups identified in the
"PATN" (Belbin 1992) arc presented. The
breakdown of each group on the basis of study
location and year ofcensus are shown. Substrata
by embedded rock, the degree oi stn¡cture ofeach site(see Table 4.2) whi ed bv the thre _, ^n .^_ -. 1, ,^\and'southern'(s). dusLg three ; ili"iäå'J:limpact' a

impact.
abbreviati
l3:HCA,
abbreviations were; U:,upper' and L:.lower,,
2=t996.



s
Þ\
(s
I
À'
\
Þ

oa(\
N
UJ
u.)

4
t

7

8

1

2

10

11

12

't3

14

No

27

5

6

11

20
I

Á

(Ê

50

17

15

12

4

15

1

1

2

2

1

0

1

0

1

0

0

10

1

1A

1

1

0

0

0

2

1

4

2

1

0

I
0

1

1

0

2

0

0

3

1

5

2

3

1

2

9

0

0

2

1

0

1

4

0

11

2

2

2

6

5

2

2

2

3

3

12

1

2

2

6

2

0

3

0

2

2

3

1

2

5

13

0

2

1

2

2

0
2

1

1

4

1

0

14

1

1

1

0

3

1

z

0

1

0

0

1

21

0

1

3

1

0

1

0

0

0

1

22

4

0

1

2

0

7

6

1

0

2

0

0

1

Sites

1

5

6

3

1

3

0

0

0

0

U

3

5

1

3

4

21

37

31

I
10

3

11

L

Zoîe

I
0

2

6

1

7

2

1

4

18

19

4

3

N

5

4

11

4

2

2

E

15

12

U

5

1

2

5

3

8

14

4

2

7

25

S

6

0

Ã

0

'15

15

5

0

3

2

0

0

3

2

2

3

1

5

1

7

1

1

E

13

S

3

0

1

I
I

0

2

3

1

4

7

2

4

7

1

3

11

6

21

24

I
1

Season

4

1

1

12

1

3

0

0

6

1

1

5

17

4

4

7

10

35

39

12

12

12

1

2

Year

3

0

4

12

2

0

10

1

5

20

11

5

2

No

24

21

I
4

3

7

3

3

7

7

1

,l

Stable

7

2

1

I

29

3

4

2

4

0

1

5

5

6

't1

1

'l

5

14

51

4

48

I
0

0

0

0

0

1

0

0

0

2

'Effluent'

1

0

4

2
,|

0

0

2

0

1

0

54

46

16

6

15

10

4

14

11

16

3

4

25

1

0

0

0

0

1

1

0

3

1

0

0

2

2

'Sand'

0

2

0

1

1

I

2

0

0

2

0

0

1



Chapter4 page234

(opposite page)

Table 4'16b rhe groupings shown in the above dendrogram (Fig. a.53) are again presented but themembers of each group within the major defrning categãries (Àeeiable 4. l6a) have been converted toproporfions of the total numb¡1 of samples withìn 
"a"n 

of tne categories. Abbreviations for each ofthe categories a¡e as described for Table 4.16a.
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4'4'3'9'2 The Semi-strong Hybrid (ssH) Multidimensional scaling (t\DS) ordination

A three-dimensional ordination of all samples censused during 1995 and 1996 gave a
satisfactory stress level (5:0.13) and enabled the position of study sites in
multidimensional taxa space to be determined. All MDS graphs have been plotted as

separate; Axis I vs Axis 2, Axis 1 vs Axis 3, and Axis 2 vs Axis 3 plots to facilitate
interpretation of patterns. The full MDS ordination (incorporating all data from all
study sites sampled for the duration of preliminary monitoring) revealed that some of
the sites grouped closely while others were more unique. The ordination results
pertaining to the 'upper' zones (Fig.4.54a,b & c) have been graphed separately to the
'lower' zones (Fig. 4.55a' b & c), and the results from both zones have been pooled to
examine seasonal trends (Fig. 4.56a, b & c).

'Upper'Zones

The 'upper' zones at 'southern' study sites tended to group out as discrete entities when
various combinations of axes were examined. The majority of witton Bluff data points
separate from the other sites, and Port Noarlunga South and Robinson point (although
they show some overlap) tend to be distinguishable when plotted against Axis I and
Axis 2 (Fig' a'54a). v/itton Bluff and Port Noarlunga South separated strongly when
Axis 1 and Axis 3 were used but Robinson Point showed some overlap ,with, psi ¿nci
Kingston Park (Fig. 4.54b). Clear separation of Port Noarlunga South, Witton Bluff and
the majority of the PS3 samples were seen when the ordination scores were plotted on
Axis 2 and Axis 3 (Fig. 4.54c).

Although the data points representing the separate study sites tended to overlap to
varying degrees þarticularly when Axis 2 vs Axis 3 was used) they were still most
heavil)¡ represented at slightly different positions on the ordination plots (Fig. 4.54a, b
& c)' This implies that although sites may share taxa similarities they also have some
differences in taxa composition. HCA (the 'sand' perturbed site) exhibited a much
higher amount of scatter on Axis I than any of the other study sites (Fig. 4.54a &b).
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'Lower'Zones

The 'lower' zones at study sites did not separate out as clearly as the 'upper, zones and

the majority showed considerable overlap (Fig. 4.55a, b & c). However, port Noarlunga
South and Robinson Point data points v/ere aggregated between -0.1 and -0.6 on Axis 2,

with a wider scatter on Axis I which clearly differentiating them from the other study
sites (Fig' 4.55a). The 'lower' zorte at V/itton Bluff was only sampled on one occasion

but occupied a unique ordination position (Fig. 4.55a, b & c).
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S e as on al Multivari at e P att erns
'when the location of data points on the ordination axes were plotted on the basis of
season some interesting trends were evident (Fig. 4.56a,b & c). The most apparent was
the degree of overlap between the seasonal position of data points. Another feature of
the data was a wide negative scatter on Axis 1 and Axis 2 in spring and a large spread of
sunmer data points, while winter data tended to occupy a n¿uïower range on both of
these axes (Fig. a'56a). Spring data points showed a marked degree of seasonal scatter
when Axis 3 was considered (Fig. 4.56b & c).
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The 'Sand' Perturbation and Assemblage patterns

To clariff the effect of the 'sand' perturbation on assemblage pattems the ordination
positions of data included in the 'sand' Beyond-BACI analysis were manipulated. The
data points representing the control sites were averaged (for each sampling time) and

compared to the ordination locations of the 'impact' site (HCA) and the adjacent less

sand affected site (HCB). HCB was only sampled after the sand influx but the data for
the control sites and HCA were separated into pre-impact C) and post-impact (+) points

and plotted against various combinations of the three ordination axes (Fig. 4.57a, b &
c).

There was little evidence of separation of control points pre and post-impact but some

evidence of a post-impact negative shift of HCA points on Axis 2 and, a more strongly
negative post-impact shift along Axis I (Fig. a.57a). Some scatter was seen in HCB
data points along Axis 1 but this scatter did not extend as far negatively as the most
negative post-impact HCA points (Fig. 4.57a). The greatest scatter was seen with HCA
post-impact and this was especially evident when Axis 1 vs Axis 2 andAxis I vs Axis 3

were used (Fig' 4'57a & b). The majority of the HCB data points appeared to be

situated approximately midway between the pre-impact HCA and post-impact HCA
data points on both Axis 1 and Axis 2 (Fig. 4.57a). No further clarification of sand

associated changes in the ordination pcsitions 'Jî'ere scen ìtu'rlreä tirey were piotre<i on
Axis 2 and Axis 3 (Fig. 4.57c).
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The assessment of assemblage trends associated with the sand influx was simplified by

examining the trajectory of change occurring at control and HCA sites pre and post

'sand-impact' with the average post-impact position of HCB (Fig. 4.5ga, b & c).

Following the 'sand' perturbation a very small magnitude change occurred in the control

sites while a large magnitude change occurred at HCA (Fig. 4.5ga, b & c). HCB was

not sampled prior to the sand influx but its location on the ordination plot was closer to

the pre-impact position of HCA than it was to the post-impact position of this site. The

direction of change observed at HCA was strongly negative on Axis I (2.I2 units) but

only slightly negative on this axis at the control sites (0.01). When Axis 2 was

considered, HCA recorded a negative change (1.1 1), while a small positive change was

detected at the control sites (0.06). The changes associated with Axis 3 were negative

for both sites; -1.09 and -0.05 respectively (Fig.4.5ga, b & c). The direction and

magnitude of change at HCA differed most to the vector of change seen at control sites

when Axis 1 and Axis 2 werc considered (Fig. 4.58a).
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The 'Efrluent' Perturbation and Assemblage patterns

To look for clear trends associated with the 'effluent' perturbation the .relevant

ordination values pertaining to the Beyond-BACI sampling period were treated as

described for the 'sand' perturbation data. The average ordination position of the

control sites (at each sampling time) was compared to the positions of the ,effluent-

impact' site (PSIA) and the adjacent non-affected site (psl) pre-impact (-) and post-

impact (+). PSIA was only sampled once prior to the impact at which time effluent was

being discharged intertidally but was not yet flowing across the site.

There was some evidence of a slight lateral shift (negative along Axis 1) in the control

sites post-impact, while the post-impact position of PS1 points appeared to have shifted

in a positive direction along both Axis 1 and Axis 2 (Fig. 4.59a). Although only one

pre-impact data point was obtained for PSIA there appeared to be a strong post-impact

negative shift in the ordination position of this site along Axis 2 (Fig. a.59a). A
negative shift along Axis 3 was noted in control sites post-impact, a trend which also

appeared to occur with PSlA points but was not readily apparent at pS1 (Fig. a.5gb &
c).
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To examine apparent trends, the vectors of change linking the average pre-impact and
post-impact positions of the relevant groups were compared (Fig. 4.60a,b & c). A large
magnitude negative change (-0'51) was noted at PSIA along Axis I compared to a small
magnitude negative change (-0.12) along the same axis at the control sites and a positive
change of 0.35 at PS1 (Fig. 4.60a). Little change was evident at pSl along Axis 2 while
PS1A registered a negative change of 0.6 and the control sites registered a positive
change of 0'06 (Fig. a.60a). A consideration of Axis 3 revealed a change of -0.40 at
PSlA, -0'07 at PSI and '0.12 at control sites in association with the effluent discharge
(Fig. 4.60b & c).

Axis 2 and Axis 3 revealed the clearest difference between pSlA and the cont¡ol and
PSI 'treatments' (Fig. 4.60c). On this plot PSI and the control treatments showed very
similar vectors (including both the direction and the magnitude of change) while pSlA
exhibited a large magnitude and different direction of change þarticularly influenced by
Axis 2)' However, care should be used in interpreting any apparent assemblage based
trends associated with the 'effluent' impact as the pre-impact position (anchoring the
vector of change) was based on a single pre-impact sampling time at pslA.
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dinrensional ordination solution was 0.13 (5:0.13) and graphs have been generated for various
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Taxa Contributing to Assemblage Patterns

A Pearson matrix of Bonferroni probabilities was generated for the dominant animal

taxa and the MDS ordination axes. The set of correlations was significant (F0.00) and

4 of the taxa were intercorrelated (see Appendix Q). The PCC analysis was considered

a more appropriate method to determine how well animal taxa defined the SSH MDS

Ordination space (see Belbin 1992). Vectors which were significant at the 0.05 level

(after a correction had been made to account of the use of multiple regressions) have

been plotted against combinations of the three ordination axes (Fig. 4.61a, b & c). The

I values for each of the tested taxa are presented in Table 4.17.

Table 4.77 The regression values associated with a PCC analysis (Belbin 1992) indicate the importance
of different taxa in defrning SSH MDS ordination space obtained using the full 'preliminary' data set.
The use of multiple regressions in the analysis necessitated a correction of the significant critical
probability of 0'05. Only taxa which were found to have regression scores greater than the corrected
critical probability have been tabled. Number of samples used (¡;:245, number of taxa
regressed:2O, corrected critical probability:O.0Q2s.

Taxa Score
concamerata

Austrocochlea constricta
Bembicium nanum
Brachidontes erosus
Cellsna tramoserica
Chthamalus antennatus
Lepsiella vinosc
Littorina spp.
Nerita atramentosq
Notoacmea spp.
P atelloida alticostata
Patelloida latistrigata
Sip honaria diemenensis
Siphonaria zelandica
Turbo undulatus
Xenostrobus pulex

**:Regression scores significant at the corrected probability level.

To simpli$r interpretation and description of the placement of significant pCC vectors

the ordination space on each graph was divided into four quadrats (Ql-a). The taxa

correlation vectors within each of these quadrats have been listed against different

combinations of the three axes (Table 4.18) andpresented graphically (Fig.4.6la, b &
c).

0.3492**
0. r486
0.2714**
0.7749**
0.3161**
0.2llg**
0.2711**
0.4819**
0.4957**
0.3676**
0.4454**
0.4077**
0.7077**
0.1353
0,5630r.r,
0.2250**
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Tabte 4.1g A principle Axis Correlation (PCC), essentially a multiple-linear regression program (Belbin

1992), was performed to determine how well animal taxa fitted the ordination space produced by the

fu¡ ,frehminary, MDS Ordination. Taxa vectors found to be significant (Table 4.I7) are shown in

rehtiàn to their general position in ordination space. To allow a simplifred description of the general

positions of the vectors, the ordination space has been divided into fou¡ quadrats (labelled as Q1-Q4

àn Fig. 4.61a, b & c) for each of the three possible combinations of the axes' Significant taxa within

each ãf the quadrats are recorded in the table in clockwise order (refer to Fig' 4.61a'b & c),

AxisCombinations Quadrat
Axis 1 vs Axis 2

Q2

I

Q3

Taxa
nanum

Aus trocochlea concamerata, Nerita atramentosa, Notoacmea spp',

Patelloida alticostata, Patelloida latistrigata, Chthamalus

antennatus
Siphonaia diemenensß, Xenostrobus pulex, Brachidontes erosus'

Littorina spp., Cellana tramoserica, Turbo undulalus

Q4

Axis I vs Axis 3 Ql
vtnosa

alticostata, spp., Chthamalus antennatus,

Patelloida latistrigata, Nerita stramentosa, Austrocochlea

concamerata
Bembicium nanum

Brachidontes erosus, Lepsiella vinosa, Littorina spp', Cellana

tramo s erica, Siphonaia diemenensis

Q2
Q3

Q4 Turbo undulatus, Xenostrobus pulex

Axis 2 vs Axis 3 Ql
Q2
Q3

Q4

Lepsiella vinosa, Bembicium nanum

Brachidontes erosus, Cellana tramoserica, Littorina spp',

Síphonaria diemenensis

chthqmalus antennatus, Austrocochlea concamerata, Patelloida

latistrigata, Pstelloida alticostata, Nerita atramentosa'

Xenostrobus pulex, Notoacmea spp., Turbo undulatus
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Fig. 4.61 A Principle Axis Conelation (PCC), essentially a muttiple-linear regression program (Belbin
1992), was performed to determine how well animal taxa fitted the ordinatión space proãuced by the
full 'preliminary' MDS Ordination. Taxa vectors found to be significant (TabÎe +.{7 are shown in
relation to their general position in ordination space which has bãen divided into fourquadrats (el,
Q2' Q3 & Q4). The taxa conesponding to the significant PCC vectors are; A. c.= A-ustrocochlea
concqmerqta, B' e': Brachidontes erosus, B. n.= Bembicium nctnum, C. a.= Chthalamus
antennatus, C. t.= Cellana tramoserica, L. v.= Lepsiella vinosa, Lit.: Littorina spp., N. a.= Nerita
atramentosa, Noto.: Notoacmea spp., P. a.= Patelloida alticostata, P. l.: Patelloida latistrigata, S.
d.: Siphonaria diemenensis, T. u.= Turbo undulatus,X. p.: Xenostrobus pulex.
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Fourteen taxa were found to regress significantly with ordination space (Tables 4'17 &'

4.18 and Fíg.4.6lab & c). B. nanum was the main species separating PSl and

Kingston Park from the other sites (Fig. 4.54), while a number of species; T' undulatus'

S. diemenensis, X. pulex and C. tramoserica þredominantly found at lower mid-

eulittoral levels) and Littorina spp. þredominantly found in the supralittoral zone) were

linked with the separation of Witton Bluff from the other sites (Fig- 4'6la). L' vinosa

was primarily responsible for the positioning of PS2, PS3 and Marino Rocks in

ordination space, while 6 taxa significantly regressed with the ordination space which

contained PortNoarlunga south, PSIA, Robinson Point and some of the HCA and HCB

data points (Fig. 4.61a).

Physical Parameters Contributing to Assemblage Patterns

A Pearson matrix of Bonferroni probabilities was generated for those environmental

variables believed to be important in shaping assemblage structure and patterns' and the

three MDS ordination axes. The set of correlations was significant and a large number

of the attributes tested were intercorrelated (see Appendix R). This was expected and

meant that the pCC analysis was a more appropriate way of attempting to link physical

factors with ordination sPace.

To further clariff the relationship between ordination space and the physical parameters

assessed at study sites a PCC analysis was performed as described for the taxa data'

once an adjustment had been made to accommodate the multiple regressions used in

this procedure none of the 12 values were found to be significant and hence will not be

discussed further (Table 4.19)'
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Table 4'19 The regression values associated with a Principle Axis correlation (pcc) to determine the
importance of different physical parameters in defrning sSH MDS ordination space using the full'preliminary' data set. AII parameters have been assessed as described in section 4.3. The use ofmultiple regressions in the analysis necessitated a correction of the significant critical probability of0'05' Number of samples used (lq¡:245, number of physical parameters regressed=9, conected
critical probability:O.0056. Alr regression scores were non-significìnt.

Physical Parameters Regression Score (rt)
Stable substrata (bedrock or reef-rock) 0.1004

0.125 I
0.1063
0. l00s
0.05s6
0.0816
0. l 193
0.0978
0.0725

Boulder
Cobble
Pebble
Sand or grit
Retained water
Maximum elevation
'Chain' measure of topographic complexity
Scored presence ofoil

4t Lllg .,u¡r sursd proba'oiiiry ievei

4.5 Discussion

4.5.1 Temporat Changes in physical parameters

Preliminary monitoring highlighted the dynamic nature of GSV. Although clear tidal
patterns were evident at temporal scales of days, months and seasons, prevailing wind
pattems and barometric pressure changes could modiû/ these. Wind pattems were

Palucur¿trly varraDle on small to large temporal scales and had major effects on tidal
patterns and the strength of incident waves.

The study sites found to be most susceptible to natural disturbance from wind, wave or
tidal influences (either directly or indirectly) were those with unstable substrata (Table
4'2)' These included Marino Rocks and some of the Port Stanvac sites. The ,southern,

sites were most 'stable' due to their domination by bedrock or potentially mobile rock
embedded and stabilised by sand and mussel beds. These sites also tended to occupy
coastal positions that were relatively sheltered, while the reefs themselves were low-
lying in comparison to most of the other study sites. Some of the .Northern, 

sites were
also dominated by bedrock substrata but were prone to 'northward' sand drift
particularly in winter (e.g. HCA).
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Sand Drift

Sand drift primarily perturbed 'Northern' sites during June 1995 and again in May and

June 1996. The 1995 sand influx affecting both zones at HCA, while the 1996 episode

affected the 'lower' zone at Kingston Park and, to a lesser extent, the 'upper' zone at

HCA. The sand influxes observed during the 15 months when sites were initially

monitored, were suggestive of northward sand drift representing a cyclic perhrbation

pattem in GSV.

Northward sand drift resulted in decreased abundances of all mid-eulittoral species and

an initial increase in variability at the affected site (HCA). Sand affects rocþ intertidal

animals by covering substrata and any plants (particularly epilithon) which herbivores

use as a food source or which shelters them from desiccation on exposed shores. Sand

may make it difficult for motile molluscs to clamp onto rocks to avoid desiccation at

low tide or to maintain their positions during times of water movement, and may also

smother sessile animals such as barnacles and mussels (Littler et al.1983, Brown 1996)'

If a rocky intertidal habitat is frequently sand-stressed it may act as a refuge for stress-

tolerant and opportunistic strategists (Littler et al. 1983), rvhich may explain the

different assemblage observed at HCA as this site recovered from the perturbation. The

pCC analysis used to link taxa with positions in ordination space established that a

number of species regressed significantly with the assemblage change seen at HCA in

response to the'sand'perturbation (Tables 4.I7 &,4.18 and Figs 4.57 & 4.58). These

species were present in adjacent areas but were rare in the sampled zone at HCA prior to

the sand influx. Since the majority of the animals were very small it was postulated that

they recruited opportunistically into the area as the sand was naturally cleared from

HCA and that they formed part of an early successional assemblage.
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The' Efiluent' Perturbation

The ruptured effluent pipe at the refinery resulted in an acute but transient increase in

the assessed oil score, a l20C increase in water temperature, a sharp decline in

conductivity and an initial increase in water acidity and increased water retention at

PSIA. The oil present in the efÍluent (although at concentrations below detectable

levels) may have been capable of directly inducing changes in the biota or substrata it
contacted although it was not considered 'thick' enough to smother biota. The influx of
fresh water (indicated by the decline in conductivity) and the non-seasonal increase in

water temperature and pH may be capable of inducing acute or longer-term changes in

susceptible biota" This is likely to manifest at the organism level if the degree of contact

is sufficient to trigger responses in target species (see Underwood 1989) but could

induce higher level change.

4.5.2 The Beyond-BACI Analyses

The lack of serial correlation between the sampling times used during preliminary

monitoring of GSV sites suggested that the time intervals used were satisfactory in

regard to this potential problem (Keough and Mapstone 1995). If this had not been the

case it would still have been possible to analyse the data as long as the presence of serial

correlation had been taken into account in the analysis þers. comm. Leppard).

The sand influx at HCA was found to have a significant effect on the abundance of B.

nanum only at the longest temporal scale of 'Before ys After' when a Beyond-BACI

analysis was performed. No impact was detected at the two shorter temporal scaies of
'Times' and 'Periods' but the power to detect an impact at these scales was only 0.85

and 0.44 respectively. This was well below the a priori power of 0.95 which was

desired for the analyses and indicated a longer pre-impact monitoring sequence was

needed to achieve the desired power given the amount of variability observed at the sites

during preliminary monitoring. This means that the results obtained at the shorter

temporal scales; particularly at the temporal scale of 'Periods', can only be interpreted

with caution (see Toft and Shea 1983, Rotenberry and Wiens 1985, Fairweather l99la).
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The .effluent, analysis also suffered from a lack of statistical power but did have slightly

more power than the ,sand' Beyond-BACI analysis to detect changes at the temporal

scales of ,Times' and 'periods' (0.88 and 0.51 respectively). This was due to the later

intervention of the 'effluent' perturbation and the increased number of sampling 'Times'

which were nested in ,periods' (see Table 4.5). The similarities seen between PSlA and

pS1 in terms of the post-effluent abundance of B. nanum from late October 1995 (apart

from the February 1996 sampling time) implies that the assumption that the two sites

supported similar pre-impact densities of B. nanum was not totally unjustified. On the

basis of this assumption (necessary so the analysis could proceed) and the low power of

the Beyond-BACI analysis the failure to detect an impact could not be accepted with any

degree of statistical confidence'

The relatively early intervention of both the 'sand' and the 'effluent' perhrrbations

coupled with the confounding factors (particularly movement of mobile substrata)

acting differentially at study sites reduced the power of the Beyond-BACI analyses to

detect the impacts at the relevant temporal scales. The apparently cyclic 'sand'

perturbation seen at 'Northern' sites would also be likely to confound an analysis if it

coincided with an oil spill. This highlights the need to inciude a relatively large number

of study sites in an ongoing monitoring program and to target sites with stable substrata.

It also supports the need to consider substrata changes in association with animal

abundance measures in an ongoing monitoring program'

4.5.3 Spatiat Patterns at Study Sites

The study sites were characterised by a relatively high degree of intra-site variability in

terms of their substrata and the composition of intertidal assemblages. This is typical of

rocky intertidal areas (Schoch and Dethier 1996) and of intertidal GSV in the vicinity of

Port Stanvac (womersley 1982 & 1988). For example, although both the 'upper' and

.lower' zones designated for sampling at the majority of study sites were within the

mid-eulittoral zone they displayed different assemblage patterns' Typically, the 'lower'

-- .- ^L--^^+^-:.^,{ h,, in¡raesc¡{ ahrndanees of sessile a.nimals, including mussels
zongs w€fç çIl4Ia9l(JrtJgL¡ ui lllvrv4rws 4u*r¡ss¡v

and bamacles, and/or greater gastropod diversity, while the 'upper' zones tended to
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support a sparse faunal taxa with domination by one or a few gastropods, frequently

including B. nanum (Womersley and Thomas 1976). The reduced diversity and species

richness associated with X pulex beds could be due to their tendency to retain sand and

reduce available primary substrata for epilithon growth or to provision of an anchoring

material. However, it has been reported that mussel shells can act as secondary

substratum, providing habitat for epilithon growth and other intertidal species, and that

survivorship and recruitment of some intertidal taxa may actually be higher on shells of
mussels (Lohse 1993). The difference seen between the biota occupying the 'upper, and

'lower' zones was primarily attributed to the longer immersion times experienced by

biota in the latter and was locally modified by the topographic complexity of the

substrata and the presence ofrock pools.

A number of sites were characterised by a complex topography (e.g. crevices or pits)

and semi-permanent or petmanent rock pools which represented unique and complex

habitats within the intertidal area (Astles 1993, Metaxas and Schiebling 1993, Metaxas

and Schiebling 1994, Metaxas et al. 1994, van Tamelen 1996). This type of terrain

provides refuge areas for biota which normally occupy 'lower' shore positions including

the sublittoral zone as was evident at 'Witton Bluff (see Shepherd and Thomas 19g9,

Quinn et al. 1992). Rock pools were occasionally seen within sampled areas at all study

sites but were especiallv prevalent at 'southern' sites. The !ow-!;ring status of the

'Southern' sites was associated with comparatively higher total densities of animals

(when all species were pooled) and individuals were, on average, larger than individuals

of the same species found at other study sites.

Some intertidal biota favoured rock pools and/or crevices at low tide. An experiment by

Chapman and Underwood (1994) found a positive association between Nodolittorina
pyramidalls (Quoy & Gaimard) and topographically complex rocks during low tide.

Small animals of this species were particularly responsive to habitat complexity and

tended to aggregate within pits and crevices, although other factors (such as food

availability) influenced the time animals remained on the complex habitat. The

advantages afforded by this behaviour were not established but were unlikely to be
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associated with decreased temperature and reduced evaporation rates as the snails within

this area were at least as hot and had similar water reserves to those on adjacent, less

complex substrata (Chapman and Underwood 1994). A preference for rock pools and

cracks/fissures has been identified for A. constricla (Underwood 7976a, Underwood

1977, Womersley 1982, Astles 1993), neretid snails, including N. atramentosa

(Underwood 1976a, Levings and Ganity 1983), and Nodolittorina pyramidalis

(Chapman and Underwood 1994). In the field,4. constricta, A. concamerata, and N'

atramentosa appeared, to be more abundant in the'lower'zones and to preferentially

aggregate under large rocks and in rock pools at low tide but B. nanum did not adopt

these strategies (refer to Chapter 6).

Sampling of rock pools was avoided during preliminary monitoring due to their unique

and highly variable assemblages (Dethier 1982 e. 1984, Fairweather and Underwood

1991, Metaxas and Scheibling lgg2 & 1993, van Tamelen 1996). Sampling pool biota

in conjunction with non-pool biota during preliminary monitoring would have increased

inherent variabiiity within sites. This would be likely to decrease the power of

preliminary monitoring to detect changes associated with a particular perturbation.

However, not sampling the animals present in rock pools was likely to underestimate the

abundance of species which favour this behaviour and has implications in the choice of

bioindicators for ongoing monitoring.
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4.5.4 Temporal Patterns at Study Sites

4.5.4.1 The Abundance, Population Structure and Recruitment of B. nanum

Abundance

B. nanum were not found at Witton Bluff but occurred at all other study sites and were

present at moderate, relatively constant densities at Port Noarlunga South and Robinson

Point. Conditions at the latter sites were expected to protect animals from large physical

stress (such as high desiccation risk and frequent natural perfurbation), as well as

allowing increased foraging time and encouraging enhanced epilithon growth, important

for herbivores such as B. nanum which utilise this food source.

B. nanum abundance was highly variable over time, even in the absence of identified

perturbations; such as 'northward' sand drift, the 'effluent' perlurbation and movement

of mobile substrata. However, these disturbances were clearly linked to decreased B.

nqnum abundances at perturbed sites. Spatial and temporal variability in B. nanum

abundance was typically more extreme in the 'lower' zones which generally supported

higher total abundances 6f B. nanumthan the corresponding'upper'zones (Figs 4.13-

4.I5). Exceptions to this trend occurred when 'lower' zones were characterised by high

densities of mussels (with mussels being the dominant space occupiers), or where the

situation was complicated by movement of mobile substrata or heavy sand loads (e.g.

Kingston Park in May and June 1996). The 'lower' zones were not as frequently

censused as the 'upper' zones at study sites and it was not possible to determine if the

differences between 'upper' and 'lower' zones were persistent for the duration of
preliminary sampling.

Increased densities of B. nanum in the'lower' zones couid be linked to the reduced

desiccation risk experienced by animals (and plants) at lower shore levels. However,

since the populations under study were not static in time or space it was expected that

seasonal changes would be evident between the two zones. For example, in winter

(when the risk of desiccation was reduced) it was predicted that the relative abundance

of B. nanun would increase in the 'upper' zone as animals migrated to this region from

lower shore levels, and that the reverse trend would be observed in summer. A slight
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increase in the abundance of B. nanun in the 'upper' zone was seen at Kingston Park in

winter, and more notably in spring during preliminary monitoring (Fig' 4'13a)' In

summer the abundance of B. nanum decreased in the 'upper' zone at this site as

densities increased in the 'lower' zorLe, a pattem which persisted until the advent of the

second sand influx. A similar trend was seen at Port Noarlunga South during summer

1996 (Fig. 4.15a)but was not identified at the remaining sites. The study by Womersley

(1gg2) found that B. nanum did exhibit this type of seasonal behaviour and were more

abundant at higher shore levels at Port Stanvac in winter. This could be linked to

seasonal changes in the density and composition of epilithon (Nicotri 1977 , Underwood

19S1b &,1984a,b, & c,Maclulich 1987, Anderson 1995, Kennish et al' t996)'

The lack of clear seasonal trends in B. nqnun abundance at the majority of sites, was

likety to be due to the interplay of biotic characteristics þredation, competition for food

and space, and the influx of new herbivores, particularly B. nanum recruits), and abiotic

factors. The latter include the frequency and magnitude of physical disturbance'

substrata type and microtopography. This suite of complex characteristics would

superimpose extra layers of variability over any patterns associated with the previously

postulated seasonai changes, effectively obscuring such trends.

Population Structure

,Small'and,medium'sized B. nanum tendedto dominate the population at all study

sites apart from Port Noarlunga South and Robinson Point where 'large' animals made a

greater contribution (Figs 4.16-4.23). High herbivore densities (including ,8. nanum)

and the generally larger size of herbivores at the latter sites implied that competition for

epilithon would be greater. However, the 'southem' sites were also characterised by a

higher density of coralline and encrusting algae, and a slippery sheen on the rocks was

suggestive of high abundances of epilithon. This suggestion was not directly assessed

due to perceived sampling diffrculties (see Nagarkar and williams 1997 fot a review)'

Epilithon was predicted to be less of a limiting resource to herbivores at 'southem' sites

despite the perceived higher grazing pressure per unit area than it would be to

herbivores at the other study sites. The sheltered anci 'stable' nature of the 'Southem'
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sites was expected to reduce the risk of storm perlurbations and subsequent damage to

animal assemblages or epilithon films. Under these conditions it is more likely that

epilithon would be a stable late-successional assemblage, largely structured by biotic

forces (Fanell 1991), which provides a reliable food source for herbivores such as B.

nanum.

Larger B. nanum may not necessarily equate to older individuals as growth may be

stunted at sites where conditions are more stressful and food is limiting (Takada 1995).

The height on the shore affects submersion, exposure to desiccation stress, foraging time

and food availability and consequently influences the size attained by animals (Gaffity
1984, Undenvood I975a & b, UnderwoodlgS4b). The predominance of .large' 

B.

nanum at the two 'Southem' sites may also be a response to crab predation. This is

supported by the work of Chilton and Bull (1984 & 1986) who found that gastropods

exceeding 10mm in height were apparently ignored by coÍrmon reef crabs on intertidal

reefs (including Marino Rocks) in South Australia.

A study by underwood (1975b) found that B. nanum on a shore in Botany Bay, New
South Wales, reach adult size within one year of settlement and are capable of
reproducing at least ten months after settlement. The same study also predicted a
minimum longevity of 4 years and a maximum life span of 7.5-8 years. This sussests

that B. nonum is likely to survive several consecutive years of sparse larval recruitment

and has implications for its use as a bioindicator of oil pollution and in predicting the

expected recovery rate of GSV intertidal areas following a medium sized oil spill (see

Chapter 6).

Another general trend found during preliminary monitoring \¡r'as a tendency for sites

which were more frequently perturbed by substrata mobilisation to have a population

structure dominated by 'small' B. nanum. However, consideration of the population

structure must also take into account absolute numbers censused at a site. For example,

the contribution by 'small' animals peaked in the 'upper' zone at Marino Rocks in the

beginning of spring 1995, but the frequent substrata disturbance was matched by low
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densities of animals which made determination of the population structure unreliable.

The domination by 'small' animals at unstable sites may be due to their physical abiliff

to occupy protected positions in substrata fissures and thus avoid destructive forces

which may kill, or displace, larger animais (but see Underwood and Chapman 1989). It

is also possible that frequent disturbance of the substrata (as seen at Marino Rocks)

opens up colonisation opportunities for new recruits and results in increased proportions

of 'small'animals.

The absolute numbers of 'small' B. nanum were typically greater in the'lower' zones

than they were in the corresponding 'upper' zones. Where clear abundance peaks were

apparent this tended. to occur in winter in the 'lower' zones and in autumn in the 'uppet'

zones (Table 4.20). The exception to this trend was seen at Port Noarlunga South and

Robinson Point where abundance peaks occurred in both zones in autumn 1995 and

summer 1996. This result implies that for the duration of preliminary monitoring study

sites fluctuated roughly in phase in terms of the timing of increased densities of 'small'

B. nanum. Similar but less definitive trends were evident when the relative contribution

of ,small' B. nanum to the population structure at study sites was considered. The

greater contribution by 'small' animals in the 'lower' zones may be linked to increased

epilithon growth and the reduced desiccation stress experienced in this region.
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Table 4.20 The seasonal timing of peaks in the absolute abundance of 'small' B. nanum at sites where
irends in this parameter were noted are shown (refer to Figs. a.29-4.31).

Site Peak abundance of 'small' B. nanum

PS3

Kingston Park

Marino Rocks

PSI

'lower' zone- winter 1995

'lower' zone- winter 1995

'lower' zone- winter 1995
'upper' zone- winter 1995 & autumn 1996

P52 'lower' zone- winter 1995
'upper' zone- auhrmn 1995

'lower' zone- autumn & winter 1995
'upper' zone- autumn 1995

Port Noarlunga South 'lower' zone- autumn 1995 &, summer 1996
'upper' zone- autun'ìn 1995 &. summer 1996

Robinson Point 'lower'zone- autumn 1995 &. summer 1996
'upper'zone- autumn 1995 &. summer 1996

B. nanum egg capsules were observed at 'Central' and 'southern' study sites in spring

1995 and early autumn 1996. Underwood (I975b e, ß94b) reported that spawning in

this species occurs over an extended period (August to March), and that they have a

resting period in autumn. The capsules seen in autumn may have been laid in summer

since the time until hatching has been reported to be l8-28 days (Shepherd and Thomas

1989)' New "8. nonum settlers were observed in January and February (summer) 1996

and although not seen at high densities at all study sites were noted to arrive

simultaneously to at least one 'Northern', 'southern' and 'Central' site. This implies

that the settlement of B. nanurn would appear to be in phase across study sites during

r996.

The actual settlement rate of marine species utilising planktonic dispersal has been

examined and opposing results have been found. The studies of Gaines and

Roughgarden (1985), Navarrete and Castilla (1990) and Minchinton and Scheibling

(1993) found settlement rates to be proportional to the availability of suitable substrata

(see Anderson 1996). However, a number of studies including that of pineda and

Caswell (1997) found that as substrata availability is reduced the settlement rate per unit
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area intensifies. Which of these relationships exists between the availability of suitable

substrata and the settlement rate of B. nanum and other intertidal invertebrates found in

GSV could have implications to the rate of recovery of an intertidal area decimated by

oil exposure, boulder mobilisation or sand influx.

The post-settlement success of new ¡ecruits (which has implications to a population

based monitoring program) is expected to depend on a range of factors. These include:

epilithon abundance and condition (Hawkins and Hartnoll 1983a, Underwood I984a &

b, Maclulich 1987, Anderson 1995, Wieczorek et al. 1995); the presence and

abundance of conspecifics (Bence and Nisbet 1989); the intensþ and interaction of

competition, predation, disturbance and physical structuring factors (Dayton 7971,

Peterson 1979, Paine 1984); site characteristics including topographic complexity

(Emson and Faller-Fritsch 1976, Raffaelli and Hughes 1978, Hughes and Roberts 1980,

Connell and Jones 1991, Sanson, Stolk and Downes 1995); the energy reserves available

at settlement; the timing of settlement relative to the tidal cycle, and micro-site selection

(Minchinton and Scheibling 1993, Moreno et al. 1993, Gosselin and Qian 1996). These

factors form a suite of characters operating over a range of temporal and spatial scales

(Underwood 1985) which tend to interact and covary, and the importance of any one

factor may also vary over time (Peters 1991, Likens 1992).

4.5.4.2 Changes Associated With the'Sand' Perturbation

The 'sand' perturbation at HCA was associated with a massive, rapid reduction in the

abundance of B. nanum which initially fell by 68% (compared to the average pre-impact

abundance at this site) and then plummeted to zero by the next sampling time (Fig.

4.13c). It appeared that the abundance of B. nanum was linked at HCA and HCB, with

the decrease at HCA being matched by an increase in abundance at HCB. Once sand

was naturally cleared from FICA and the number of B. nanum increased, a

corresponding decline was observed at HCB. This implies that the sand influx drove ,8.

nonum individuals from HCA rather than smothering them, and that many were able to

find refuge at HCB until conditions at HCA again improved. The sand influx was also

associated with an initial increase in variability, apparently arising as slightly elevated
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sand-free substrata afforded small refuge areas where animals could aggregate until

conditions were completely untenable for them (Brown 1996). lncreased variability has

been identified as a perturbation response in situations where the average abundance of

the impacted population does not change and a Beyond-BACI monitoring design is

capable of detecting altered variability coincident with a perturbation (Jnderwood

1991a).

Linkage between HCA and HCB was also found in terms of the total number of taxa,

the number of individuals, Margalef s species richness, Shannon-Wiener diversity and

Pielou's evenness, but was less apparent with the Simpson's Dominance lndex. This

implies that the sand influx affected all animal taxa at HCA (although some species

appeared to be more tolerant of the changed conditions) but that HCB was able to act as

a refuge area for many of the motile animals. Taxa dominance returned fairly rapidly to

a normal range at HCA and was not greatly altered at HCB in association with the sand

influx.

4.5.4.3 Changes Associated With the 'Effluent' Perturbation

A decrease in the abundance of all B. nanum (including those classified as 'small')

appeared to occur following the 'effluent' perturbation at PSIA. However, since only

nne nre-irnncnf ccrnnlinû rr¡ec nnmnlefaã qnrl inf.a-ci+â "--i-lr:l:lrr rrra¡ l:-L /E:-^ 
^ 
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&. 4.30a) it was difficult to determine if this was a real trend or a sampling artefact. If
this was a 'real' response it was postulated to occur as a result of loss of adherence to

the substrata when exposed to the effluent water, making them more susceptible to

dislodgment by subsequent high tides. Loss of adherence could be a response to

increased water retention at PSlA which simulated a false high tide, could be a toxic (or

narcotic) effect of pollutant exposure, or may be a response to the sudden unseasonable

increase in water temperature. None of these hypotheses were tested and any apparent

'trends' may be unrelated to the perturbation.

Changes coincident with the 'effluent' perturbation were noted when some of the

assemblage based univariate and associated measures were considered. The total
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number of taxa present at PSIA did not change but the total number of individuals

declined markedly and then recovered rapidly (Figs. 4.36a &' 4.39a). Species richness

showed a similar transient decrease at the perturbed site, which was not matched at PSl

(Fig.4.a2ù. Diversity declined at both PSIA and the 'upper' zone at PS1, although the

decline was more marked at the former (Fig. 4.45a), while evenness did not change

markedly (Fig. 4.48a) and Simpson's Dominance showed a transient increase at PSIA

fig. a.51a). These apparent changes occurred against a high background variability,

which makes them less informative than changes associated with the 'sand'

perturbation.

4.5.4.4 Other Animal Taxa

Apart from B. nonum other animal taxa were generally present at low densities at study

sites particularly in the 'upper' zones. Exceptions to this included A. constricra (which

was reasonably common at Port Noarlunga South and Robinson Point), and S'

diemenensis, which was found at high densities at Port Noarlunga South. Due to the

generally low densities of these taxa at study sites they were not considered informative

in terms of elucidating perturbation patterns arising during ongoing monitoring, nor as

potential bioindicators for ongoing monitoring. The 'secondary' taxa found at study

sites matched those recorded at four intertidal areas in GSV by'Womersley (1982) and

generally exhibited a high degree of temporal variability. The contribution of these taxa

to assemblage patterns during preliminary monitoring will now be briefly reviewed'

4.5.5 Assemblage Patterns

Univariate indices and associated measures derived from 'community' data (such as

species richness, evenness and dominance) did not display any clear temporal patterns

although some spatial patterns were evident. These included a tendency for greater taxa

richness and diversity in 'lower' zones except at sites where mussels and barnacles

dominated.
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MDS Patterns: Site Dffirences and Seasonal Trends

It was difficult to identifr clear temporal or seasonal trends derived from assemblage

data analysed by clustering and SSH MDS Ordination techniques. Ordination of study

sites in taxa defined space was the more useful technique in differentiating study sites.

Port Noarlunga South and Robinson Point tended to separate from other study sites

(although they showed some overlap between their 'lower' zones) while Witton Bluff
was the most uniquely positioned study site in terms of the intertidal assemblage it
supported (Figs 4.54 & 4.55). The remaining sites tended to show some overlap but
were most heavily represented at slightly different positions (Fig. 4.54a, b & c). This

was indicative of slight differences in their assemblage composition.

When seasonal trends in the location of points within ordination space were considered

it was apparent that strong seasonal patterns were absent and the most striking feature

was the considerable overlap existing between seasonally defined data points (Fig.

4.56). However, when ordination Axes I and 2 were considered it was noted that spring
data points scattered widely þarticularly in a negative'direction) on both axes, while
winter data points occupied the narrowest range (Fig. a.56a). The other two seasonal

groups also displayed a relatively large amount of scatter on Axis 2, with summer

scatter being wider in a negative direction along this axis than autumn scatter.

Comparing seasonal pattems with the temporal location of data points separated on the

basis of study site (Figs 4.54 &.4.55) suggested that spatial differences and the temporal

changes seen at sites were likely to be obscuring clear seasonal assemblage changes in
the data set. This 'noise' was presumably in response to such physically driven factors

as substrata disturbance (including sand drift), and biotic driven assemblage changes

(e.g. competition, recruitment and predation). Such variability is a characteristic of the

intertidal region and its assemblage and is a challenge that requires consideration when

monitoring for perturbation based change.
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The PCC analysis identified a number of taxa which significantly regressed with the

ordination, and these were plotted against combinations of the ordination axes (Fig. 4'61

a,b &, c & Table 4.18). Intercorrelations existed between some species, such as the

positive correlation between L. vinosa and X. pulex. The former species targets X

pulex as one of its prey items (Appendix Q), and such biotic interactions need to be

considered when attempting to identiff temporal and seasonal assemblage patterns

(Connell l96la & b, Underwood and Jernakoff 1981, Underwood 1978a & b, 1981b,

1984c & 1985).

A PCC analysis did not find any significant relationships between the regression scores

associated with the physical parameters assessed at study sites and ordination space once

a correction had been made for the number of regressions (Table 4.19). This was likely

to be due to the action of other physical factors which were not assessed and which may

be differentially affecting study sites and influencing temporal trends, in combination

with a possible non-linear relationship between the assessed physical parameters and the

ordination (refer to Zar 1984, Wilkinson 1990).

MDS Ordination Changes Associatedwith the 'Sand' Perturbation

The 'sand' perturbation appeared to be associated with a clear shift in the average

position of pre-impact and post-impact HCA ordination points while very little change

occurred in the pre-impact and post-impact ordination positions of the set of control

sites used in the Beyond-BACI analyses (Fig. 4.58a, b & c). The PCC analysis

established significant correlations between ordination space and a number of taxa

(Table 4.17). When Axis 1 and Axis 2 were used to plot the vectors of change

associated with the 'sand' perturbation (Fig. 4.58a) it was apparent that the direction of

change seen at HCA falls into Quadrat 3 (see Fig. 4.61a). The taxa identified by PCC

analysis as conesponding to these changes were likely to be S. diemenensis, X. pulex, B.

eroslts, Littorina spp., C. tramoserica andT. undulatus (Table 4.18). It must be noted

that averaging the post-impact ordination positions of HCA effectively combines

sampling times when no animals were recorded with sampling times where recovery of

the site was occurting and biota were again present.
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The assemblage seen at HCA as sand was naturally cleared from this site was initially

very different to that recorded prior to the perturbation. The early assemblage following

site recovery was characterised by increased abundances of encrusting red algae, X.

pulex, B. erosus, S. diemenensis, C. tramoserica, and S. zelandica. These species co-

occurred with ^8. nanum and A. constricta, both of which were numerically dominant at

HCA prior to the 'sand' perturbation and which, over time, again began to dominate.

The PCC analysis illustrated relationships between many of the taxa observed at HCA

post-perturbation and the ordination position of this early successional assemblage. It

was not until approximately a yeæ after the 1995 sand-influx at HCA that the

assemblage at this site resembled the original pre-impact assembiage, at which time a

second sand perturbation intervened. The frequency and magnitude of disturbance and

the history of disturbance pattems at a site can influence the ecological successsional

status and affect intrinsic assemblage variation within a site (Dean and Connell 1987,

Underwood 1989, Berlow 1997).

The composition of the post-impact assemblage is likely to be influenced by the timing

of the event in relation to new recruits (and possibly adjacent immigrants) being

available to recolonise and 'seed' the vacated substrata (see Sousa 1984a & b). In the

event of a complete blanket of thick sand overlying a site it is expected that conditions

at any of the intertidal sites will be unacceptable to the main species. Effects could be

directly related to scouring or smothering of intertidal biota, or may be indirect (Littler

et al. 1983, Brown 1996). Sand inundation is likely to result in an assemblage which is

at a less mature successsional stage (and is more unstable) than assemblages occurring

at sites where this disturbance stressor does not occur (Sousa 1979a& b, 1980 &,lgç4b,
Dean and Connell 1987, Farell 1989 &,1991, Underwood and Anderson 1994, Ha Kim

and Dewreede 1996, Pugh and Davenport 1997). However, in the event of 'northward'

sand drift cyclically perturbing 'Northern' study sites, the observed successional

changes seen at HCA during the 15 months of the preliminary study are likely to be

similar from year to year as biota modifu the a¡ea and conditions continue to change.

This is because a cyclic sand perturbation is likely to coincide with the same (or similar)
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suite of planktonic biota available to recruit to the decimated area once conditions

improve. It is possible that more matrue biota in adjacent areas may also be able to

recolonise the area as it recovers (as was found at HCA) (Connell and Slayter 7977,

Connell and Keough 1985, Underwood and Fairweather 1989) before the next sand

influx results in a similar pattern of change.

MDS Ordination Changes Associatedwith the 'EffIuent' Perturbation

Changes in the pre-impact and post-impact ordination positions of the 'effluent'

perturbed PS1A site did appear to be associated with this event. This was particularly

evident when Axis 2 and Axis 3 were used to plot the ordination vectors of change of

PSIA, the set of control sites, and PSI (which was not observed to be exposed to

effluent) (Fig. 4.60c). However, apparent changes associated with the effluent

perturbation should be accepted with caution as the vector of change at PSlA was based

on only one pre-impact data point and thus may be a sampling artefact. Changes seen in

the control sites (on average) and PSI were linked to B. nanum and L. vinosa, while the

changes seen at PSlA would appear to be drivenby Littorina spp., C. tramoserica, B.

erosus and S. diemenensrs (Fig. 4.61c). Littorina spp. occupied elevated positions on

substrata in the 'upper' eulittoral zone, possibly allowing them to avoid maximum

exposure to the effluent water. In contrast, C. tramoserica arrd S. diemeneresis appeared

to 'favour' 'lower' positions on the shore and were often found in sheltered areas or in

rock pools. This behaviour may make them more tolerant to increased water

inundation. The apparent linkage of the ordination position of PSlA following effluent

exposure with the presence of B. erosus was unclear.

4.5.6 Implications for Ongoing Monitoring

The preliminary study found that all sites fluctuated in terms of the abundance of their

dominant animals and their assemblage structure. Minor seasonal patterns in variability

were seen with the SSH MDS Ordination (Fig. 4.56a, b &, c) but the variability in

assemblage structure within and between sites appeared to mask any clear seasonal

trenrls lsee Fis 4 .54a h & c). To detect definitive seasonal Þatterns against this hieh.Þ. '.- ------ r- e

background variability a longer-term data set would be needed and temporal trends at
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study sites would need to be separately examined. It was clea¡ that physical parameters

acting at study sites were affecting assemblage patterns although these did not regress

significantly with the ordination (Table 4.19). The more 'stable' 'southern' sites

separated strongly from the ordination positions of the other sites, indicating different

assemblage patterns. Witton Bluff was markedly different to all other study sites and

supported a completely different assemblage, closer to that expected in a subtidal

environment, and which regresssed strongly with Z undulatus and a range of other

species (Table 4.18). ln view of its unique assemblage this site would not be

recoÍr.mended for retention as a study site for ongoing monitoring.

Sampling'lower' zones at many study sites was difficult if tides were particularly high,

especially if the site tended to be relatively low-lying. It is therefore recommended that

ongoing sampling focus on 'upper' mid-eulittoral zones only. The need to select

'stable' study sites comprised of embedded reef-rock or immobile bedrock was also

clearly indicated, with storm movement of mobile substrata resulted in 'unstable'

assemblages and low numbers of species and individuals following a perturbation. The

advent of the sand influx to'Northem'sites during 1995 and 1996 indicates that care

needs to be exercised in selecting 'Northem' sites for ongoing monitoring. Sites

selected for ongoing monitoring should have minimal risk of being exposed to a'sand'

perturbation or storm mobilisation of substrata, either of which could confound an oil

spill monitoring program. Therefore, all selected study sites will need to be reassessed

and possibly new 'upper' regions chosen for ongoing monitoring (discussed in more

detail in Chapter 8).

B. nanum was ubiquitous at all study sites other than Witton Bluff and was the only

species which occurred at high enough densities to be of use as a population level

bioindicator in a Beyond-BACI monitoring program. B. nanum abundance data

collected during 1995 did not indicate serial correlation which implies that the sampling

intervals ('Times' and 'Periods') used during preliminary monitoring would be

appropriate for ongoing monitoring if this species w¿rs selected as the bioindicator

(Underwood 1989, Osenberg et al. 1994). Another benefit to using B. nanum as a
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bioindicator is that it is a herbivore which is liable to contact oil and be similarly

affected by oil exposure to the many other herbivorous species found to dominate the

.upper, zones at many of the study sites. This will be discussed in more detail in

chapter 6 (but see Jones and Kaly 1996 and Phillips et al. 1997)'

An examination of the abundance and size structure of B. nanum at study sites for the

duration of monitoring established differences between study sites and within a study

site over time. The stable 'southem' sites of Port Noarlunga South and Robinson Point

tended to have a greater relative proportion of 'large' animals but 'small' and 'medium'

animals dominated all other sites, especially if they were unstable. The abundance of B'

nonum tended to be less variable in the 'upper' zones' which are recommended as the

focus for ongoing monitoring. Peak abundances of 'small' B. nanum (representative of

successful recruitment) appeared to be roughly in phase across the monitored sites

which is likely to reduce the risk of sudden influxes of 'small' animals masking any

perturbation related changes in population abundance. To further minimise this risk it is

advisable that the three size classes used for preliminary monitoring are censused during

ongoing monitoring and that the presence of new recruits is also recorded (discussed in

more detail in ChaPter 8).

Fluctuations in the abundance of B. nanum appeafed to be responding to physicai

parameters such as substrata mobilisation at certain times of the year at'unstable' sites'

At other times abundance changes appeared to be linked to new recruitment or perhaps

other biotic variables which were not investigated, such as competition and predation'

This highlights the need to monitor the percentage of different substrata grades present

in each quadrat in conjunction with B. nanum abundance and population structure' In

this way substrata disturbances which may confound an investigated perturbation will be

identified and the timing of B. nanum settlement waves will be known' This

information can then be used in an ongoing monitoring program to explain changes at

study sites which may be unrelated to an oil perturbation. It may also assist in selecting

,control, sites from the full suite being monitored for inclusion in a Beyond-BACI
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analysis and may elucidate the mechanism of post-oil spill recovery (e.g. recruitment

versus local immigration).

For B. nanum to be accepted as a suitable bioindicator it remains to be established if it
has a cause-and-effect relationship with oil, and how it is likely to be affected by oil
exposure at the population level (addressed in Chapter 6). The effect-size (see Bros and

Cowell 1987, Osenberg et al. 1994 and Mapstone 1995) associated with an oil spill
perturbation will also need to be considered (Chapter 8). Another problem that requires

investigation is recreational use of study sites, and the effect of the low levels of
trampling associated with intertidal sampling in an ongoing monitoring program

(addressed in Chapter 7).

A community approach to monitoring would be time consuming and although it may

prove useful in determining patterns coincident with an oil spill would still not be able

to establish a statistical link with the perturbation (Janson and Vegelius 19g1, Faíth et

al. 1987). However, refer to Faith et al. (I99I) for a discussion of community measures

and how they can be statistically associated with a perturbation. Therefore, an

assemblage level approach to monitoring, such as that of Dufrêne and Legendre (1997)

would be unlikely to prove as suitable for an ongoing monitoring program in GSV as

wouid a Beyond-BACI univariate approach. Assemblase data colleeted d.,-lring a

monitoring program could be converted to a univariate temporal data series (such as the

total number of individuals, the number of taxa, species richness, species evenness,

diversity, or dominance) and fed into a Beyond-BACI analysis. Nevertheless, the

relationship between such measures and perturbations (such as an oil spill) have not

been dehnitively established (see Gray and Pearson 1982 & Godfrey l97g re diversity
indices) and time constraints would limit the usefulness of such an approach in an

intertidal context' Furthermore, even under the extreme disturbance the sand drift
caused at HCA, not all assemblage based parameters responded in a clearly defined way.

Therefore, a Beyond-BACI monitoring program using a population approach and the

total abundance of B. nqnum (excluding animals less than 2mm in diameter) is
advocated as the method of choice for ongoing monitoring (see Chapter 8). The timing
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of ,new-settlers' will be recorded and quantified where possible but these will not be

included in any Beyond-BACI analysis following an oil perturbation. The

recommended allocation of temporal sampling into 'Times' and 'Periods' is as

described for preliminary monitoring as this temporal spacing was capable of detecting a

pulse perturbation and reduces the likelihood of serial correlation in the data (refer to

Glasby and Underwood 1996).
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chapter 5. Modelling of an oil spill at Poft
Stanvac

5.1 Introduction

The ocean is increasingly exposed to pollution and other anthropogenic disturbances,

with coastal regions being most at risk (Blumer 1971, Ehrhardt and Blumer 7972,

Overton et al. 1994). Oil is one of a range of pollutants that can impact on the marine

environment and affect resident invertebrate communities (Suchanek 1993). There is

growing public concem about the increasing risk of environmental damage resulting

from an accident during the loading or unloading of oil from a tanker (Beer et al'

l9S3). This situation could occur during routine handling of oil at the Port Stanvac

Oil Ref,rnery. An oil spill during refinery operation is a potentially highly variable

event with the ultimate grounding site being strongly affected by the timing of the

spill in reference to ambient tide, wind and wave conditions.

The f,rrst step towards assessing oil related environmental damage in the event of an

oit spill from the refinery is to predict oil slick motion, spreading of the slick and the

likely sites where oil is expected to ground (Beer et al. 1983, V/olff et al. 1993, Skiba

1995). It is important to be able to predict the latter when utilising a Beyond-BACI

monitoring design since this approach relies on pre-impact as well as post-impact

assessment of a number of sites, at least one of which is ultimately perturbed.

In order to predict the potential grounding sites of oil spilt during routine refinery

operation the most likely points of oil release from the refinery were identified and

existing oil spill trajectory models considered. A suitable model was then used to

determine potential seasonal grounding sites along eastem Gulf St Vincent (GSV)

should an oil spill from the Port Stanvac Oil Refinery occur. The refinery oil spill

(which occurred on the 23rd of september 1996) was used to validate and refine the

model prior to seasonal modelling commencing'
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5.2 Aims

The general aim of the modelling component of this study was to explore the use of
computer models to determine the fate of oil spilt from the Port Stanvac Oil Refinery

and to adapt a suitable model to the port Stanvac area.

Specific aims of this chapter were to:

o Use background information concerning the character of oil and its fate when spilt

at sea to assist with computer modelling of an oil spill.

¡ Investigate the use of an appropriate computer model for oil spill assessment within
GSV.

' Use the operational oil spill to validate the predictive ability of the ,oil spill
model'.

' Predict the most likely sites within the refinery from where an operational oil spill
could occur.

' Select the most suitable parameters for use in the modelling of an oil spill and its

transport.

' Model the seasonal transport of oil over a full tidal cycle (and under .dodge, and

'high' amplitude tidal conditions) to predict the most likely sites where oil spilt
from the refinery will ground.
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5.3 Background

5.3.1 Factors Influencing the Transport of oit in GSV

Oil is a surface bourn contaminant and tides and wind mainly determine its transport.

Over 24 hours or less it is the vector sum of the tide and wind patterns which are

important. The wind field is the primary factor producing surface currents which have

a velocity which is approxim ately 3-4o/o þers. conìm. Petrusovics) or 5% (Clark

19g9) of the wind velocity. Currents can show extreme variability in speed and

direction due to the influence of variable wind stress and the tidal regime, which

includes the dodge tide. The effect of wind can either add or subtract from the tidal

flow.

Circulation patterns in GSV are most heavily influenced by west to east movlng

synoptic pressure systems which are modulated in summer by sea breezes (Petrusevics

1990). As a general rule, the tidal currents along the eastern side of the Gulf flow

parallel to the coastline and can reach speeds of up to 30cm/s during spring tide

conditions Sers. comm. Petrusevics).

Topography, hydrography and climate are important factors to consider in an oil spill.

The timing of an oil spill in relation to the tidal regime and wind conditions will have

a major influence on the ultimate destination of spilt oil. For example, a strong on-

shore breeze accompanying an incoming tide as it 'tums' is likely to carry pelagic oil

directly into (rather than along) the shore. Wind directions along eastern GSV are

mainly from the south to south-east in summer and south-west to north in winter

(petrusevics 1990). Therefore, it is likely that wind driven oil transport will predict a

net oil movement ranging from north to north-west in summer and from north-east to

south in winter. However, summer winds may be very weak and tidal influences may

be the major determinant of oil grounding sites at this time of the year.

The local characteristics of the area in which an oil spill occurs also influence the

grounding sites of oil and the extent of its impact (Baker 1983). An oil slick in the

open ocean is more tikely to disperse and thus minimise the resultant ecological
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damage than oil spilt close to shore in shallow sheltered bays, inlets, estuaries or

rivers where hydrography may promote its retention (Baker 1983 & 1991). The

position of Port Stanvac within GSV and the enclosed nature of the Gulf a¡e likely to
restrict the spread of oil from the refinery to the eastern side of GSV. However, the

transport of oil will vary widely due to the previously mentioned factors of season,

tidal condition, wind (strength and direction), currents (both tidal and non-tidal),

waves and modifring coastal features such as submerged reefs. Human intervention

may also act to change the ultimate destination of spilt oil.

Two computer models were considered for use in modelling an oil spill at port

Stanvac. The first of these is a mathematical tidal model being designed specifically

for predicting transport of oil spilt at Port Stanvac. This project is being developed by

M. Grzechnik under the supervision of Assoc. Prof. J. Noye (Mathematics Dept,

University of Adelaide) but was only in its early stages when I commenced this thesis

and not available for use (but see Grzechnik 1995). The second model is the FLOWM
Model of Dr. J. Bye (Earth Sciences, Flinders University) which will be used to
predict the seasonal transport and ultimate destination of pelagic oil.

5.3.2 The Fate of Oil Spitt From the Refinery

'l'he character of oil and its behaviour when spilt at sea and after grounding have been

briefly reviewed in Chapter 2 and Appendix D. Oil spilt from the port Stanvac Oil
Refinery is likely to be a moderate amount of either Arabian light crude oil or refined

petroleum. The primary points where accidental oil spillage can occur are at the

'Ðeep ocean Point' or the 'wharf point' (Appendix A; Fig. A.3). Both types of oil
are handled at the 'Deep Ocean Point', while refined product alone is exported from
the'Wharf Point'.

Arabian light crude oil and refined product (especially the latter) are predicted to

spread quickly to form a thin slick while at sea and to show rapid loss of their volatile

components through evaporation (thus reducing their toxicity to intertidal biota).

However, a refinery oil spill is likely to occur close to the shore and may rapidly
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ground before undergoing extensive at-sea weathering thus remaining relatively toxic

to biota. If crude oil is spilt under agitated weather conditions it is liable to form a

,water-in-oil' mousse which is expected to weather slowly and to have an enhanced

smothering capability once on shore. Beached oil is expected to be rapidly removed

from rocþ, high-energy sections of GSV but may be retained and entrapped for a

longer time in lower energy rocþ sections of the coast and may penetrate sandy

substrata and act as a chronic oil source.

5.4 Modelling of an Oil SPill

5.4.1 Basic Theories underpinning Modelling of an oit spilt

Hoult (lg7}) theoretically described the spread of oil on calm water. He theorised

that since nearly all oil slicks a¡e thin (typically less than a ll2 inch) and this thickness

is much less than the horizontal spread of the slick or the wavelength of the waves

below, it can be viewed as if the oil is in vertical hydrostatic equilibrium. Based on

this assumption the physics of the spread of oil on water was explained.

Over time the properties of an oil slick vary in response to such factors as evaporation

of the lighter constituents, dissolution of the more soluble components and

degradation, resulting in a viscous and dense oil with a changed spreading potential

due to altered surface tension (Hoult 1972). For crude oils the evaporation of the

more volatile components is typically three times as fast as their dissolution into the

water. The final area of a slick is reached a certain time after it is spilt, with the

spreading process always ending in a surface-tension regime (Hoult 1972)' Spread

ceases once the net spreading coeffrcient (o) changes from positive to negative. For

most crude oils o is positive and a typical value could be 25 dynes cm-r (Hoult 1972).

The net spreading coefficient is determined by the mix of surfactants present in the oil

which dissolve or evaporate at varying rates and alter the surface tension (Nounou

1980). The temperature, salinity and biological properties of seawater can also affect

the value of o (Hoult lg72). The fact that crude oil is a mix of constituents makes

determination of the net spreading coefficient difficult'
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It is possible to model the spread of spilt oil on calm sea by considering the different

factors (defined as 'spreading laws') which determine the spread as time passes (Hoult

1972). For example, the gravity-inertial law dominates spread at the temporal scale of
minutes to an hour, but as evaporation of volatile components and dissolution of
soluble components from the oil slick occurs the gravity-viscous law primarily

determines oil spread over a temporal scale of an hour to weeks. Beyond this time the

viscous-surface spreading law determines the spread of the slick (see Hoult 1972 for
fuither details).

A difficulty in modelling the spread of crude oil, in particular, lies with treating it as a

homogeneous bulk product with constant properties when it is in fact a complex mix
of hydrocarbons with unique characteristics which are changing over time (Nounou

1980, Baker 1991). If oil changes associated with weathering are not considered the

modelling results may not accurately match oil spread under real conditions (Hoult

1972). Although it would be preferable to incorporate weathering changes into

modelling of an oil spill at Port Stanvac, a bulk model has been used. This was due to

time constraints but should not cause too much inaccuracy since an operational oil
spill is likely to occur at close proximity to the shore and to beach within 6-24 hours

(or less) depending on tidal conditions. In addition, the primary aims of the modelling

were to identiff the study sites most likely to be impacted by an oil spill rather than

the finer details of oil transport and spread. However, it is expected that such details

will eventually be addressed by the work of Grzechnik. The Grzechnik model should

also be useful in more accurately predicting circulation patterns in GSV and oil slick
destinations.
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5.4.2 Recent Work on Oil Transport at Sea

Beer and colleagues (1983) have carried out modelling of near-shore oil trajectories in

Spencer Gulf. This series of field experiments involved the simultaneous release and

tracking of small quantities of crude oil and drift cards. Data obtained from these

experiments were used in association with wind and current information to predict oil

slick destinations along the Gulf coastline (Beer et al. 1983). It would be informative

to repeat this study in GSV at various times in a tidal cycle in different seasons but

this would require a large investment of time'

5.4.3 The FLOWM Model

FLOWSpA was the computer program developed in 1970 by the School of Eanh

Sciences (Flinders University) for thallasso-modelling (Bye and Ng 1994)' With

minor adjustments to the program it could be adapted to suit a variety of research

applications (Bye and Harbison 1991). The model was updated and extended in 1993

to incorporate a dispersive advective component (based on the work of Fadeiro and

Veronis lg77) which could be applied to salinity, temperature and tracer

concentrations and was then known as the FLOWC Model (see Bye and Ng 1994,

Appendix S). A further adaptation of the model allowed incorporation of circulation

by wind, waves and swell through longshore processes' tidal progression, and buoyant

solute dispersion, as well as including the ability to accommodate time series data (see

Appendix T). This updated model was known as the FLOV/M Model and was the one

used to simulate oil sPills in GSV.

Information detailing operation of the FLOWM Model and the theories underlying it

can be found in Appendix T. However, clarification of the way in which the model

can be used to simulate the transport of buoyant surface solutes (such as oil) needs to

be made. Firstly, the model predicts the transport of pelagic oil by assumed that it

disperses in a surface layer of thickness (h) in which the concentration of oil is well

mixed vertically, but beneath which the concentration of oil is zero. The thickness (h)

can be estima-ted if consideration is given to the buoyancy of the oil and the depth of

the wave boundary layer (h,n) which acts to mix the oil downwards in the water
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column. Another factor influencing the transport of oil is its advection by Lagrangian

wave drift. This is not the same as the non-wave induced currents arising by general

and tidal circulation. The wave drift (y) adds a surface water transport component

which is directed in the local wind direction. Using these theories and relationships

equation 5.1 can be derived (see Appendix U).

T:llk(l-ln h)Ær- - Equation 5.1

where Swave drift parameter, k= Von Karman's constant (-0.4), In hnhe natu¡al log of the surface

mixing depth of the oil, and h*:depth of the wave boundary layer

To use a Beyond-BACI approach to monitor the consequences of an oil spill from port

StanYac it is necess3.ry' to predlct thc niost likcly sites of i¡rtçr-ridai uii accumuiarion

along the eastern coast of GSV. This chapter attempts to use the FLOV/M Model for

this purpose. The oil spill, which occtured in the refinery from the 'Deep Ocean point,

on The 23rd of September 1996, was used to refine a number of manipulated

parameters and validate the model. The latter was achieved by comparing the

observed grounding sites of oil with those predicted by the computer simulation which

used the wind strength and direction, and the tidal height which prevailed for the

duration of the spill. This enabled the optimal parameters pertaining to the passage of
a hypothetical oil spill, such as oil decay time and the thickness of the surface layer of
the slick, to be used in the seasonal simulations. Validation of a model can be a useful

tot.ri anci is an integrai pan of the mociei burlctrng process (Rykiel 1996). However,

validation of the seasonal modelling simulations could not be directly tested.
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5.5 Materials and Methods

5.5.1 The operational oil spitl and validation of the Model

The Oil Spill

The release of Arabian light crude oil occurred from the 'Deep Ocean Point' at about

12 noon on the 23rd of September 1996. It was also believed that a smaller oil spill

occurred on the same day at about 4.00pm (pers. comm Pfennig). Since the accident

was under investigation by the South Australian Environmental Protection Authority I

was not able to obtain full details of this event. Mobil initially reported that2}L of oil

had been spilled and later upgraded the volume to 100L. It has now been reported that

about 10,000 litres of oil entered the sea from a hole in a 500m long ship-to-shore

rubber hose (Appendix B). The oil was believed to have leaked out close to the ship

as it was being unloaded from a Nassau registered tanker (pers. cornm. Pfennig).

Tidal heights remained consistently high during the day of the spill (Table 5.1) and it

was thought that the majority of the oil grounded by about 10pm on the 23rd of

September at low tide þers. cornm. 'oil clean-up' personnel). Heavy seas and rough

weather had agitated the slick producing a 'water-in-oil' emulsion (termed a

'chocolate mousse') which was seen on the shore and at the oil-land interface the day

after the spill.

Table 5.1 The tidal regime recorded onthe day of the operational oil spill (23rd September 1996) is

shown. Tidal height is presented in metres (m). Data provided by the National Tidal Facility

(NTF), Flinders Universiry, South Australia'

Time Heisht of tide (m)

0604
0900
1458
2200

Tidal conditions prevented access to the study sites selected for preliminary

monitoring on the day of the oil spill. However, on the 24th and the 26th of

September trips rvere made to assess the extent of the oil spill and to identiS the sites

where oil grounded. These trips involved visual assessment of approximately 30km

l.7l
1.66

1.92

0.97
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of the eastern coastline of GSV (including all study sites). The initial trip was

intended to monitor the spread and location of grounded oil but high tides on this day

prevented accurate assessment and animal census at study sites.

All affected areas of the coastline and study sites were observed on the second trip to

see if the oil had been redistributed by later tides and to assess the progress of the

clean-up. Census of assemblages at all accessible study sites was performed and the

presence of oil was scored. Five control sites (Kingston Park, Marino Rocks, PSl,

PS2 and PS3), and one 'impact' site (Port Noarlunga South) were able to be censused

on this second trip, with the effect of the oil spill on assemblage patterns being

considered in Chapter 6.

Observation of the coastline allowed identification of the areas that received the

heaviest oiling. A series of photographs were also taken to document relevant

features of the oil spill. The visual assessment of the extent and location of intertidal

oiling was then used to check the agreement with the hypothetical grounding sites

obtained from running simulations in which certain parameters were adjusted.

Use of the FLOII¡M Model

Information on tidal levels, wind speed and wind direction (obtained from the

National Tidal Facility (NTF) at Flinders University) was input into the FLOWM

Model to predict the sites where oil would ground given the prevailing conditions and

the known point of oil release (the 'Deep Ocean Point'). Information obtained from

the NTF included 64 hours of data covering conditions 28 hours before the oil spill

and well after the time when the majority of oil was believed to have grounded. The

model used the wind field to calculate wind induced surface currents.

A bathymetry matrix, which includes GSV, was generated using Navigational Map

AUS' 781. To produce this matrix a section of the map was enlarged and a grid

applied, with each grid interval being equivalent to 186.9m. Next, each grid intercept

and the depth (in fathoms) were entered into Excel, Version 5.0 as a *csv file.

Missing depth values were interpolated and the resulting matrix consisted of 7l
columns to the east and 109 rows to the north and conesponded to a surface area of
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27)km2 which included the relevant section of the eastern Gulf shoreline. The *csv

file was then input into the FLOWM package as described in Bye and Ng (1994)

(Appendix T). The coordinates of relevant instrument points (points on the grid

where the amount of oil was to be measured) were also entered into the model. The

main instrument points \¡/ere the 'Deep Ocean Point' (the point of oil release), the

mouth of the Onkaparinga River, and slightty offshore positions representing all study

sites other than PS1A and HCB.

For modelling purposes the oil was treated as a 'bulk' substance and assumed to be

constant over time with no change in its properties. Parameters which were

manipulated in the model under the various simulations included the degree of wave

drift, the thickness of the water surface layer in which the oil was dispersed (h) and

the oil decay time. Actual values for the wind strength and direction and tidal height

(measured at Port Stanvac and provided by the NTF) for the duration of the

simulations were input as hourly time series data. The model was run for 64 hours,

with the actual time of the major oil release (12 noon on the 2kd of September)

corresponding to 28 hours in the computer simulations. The model was also used to

consider what would happen if oil was released under ambient conditions

corresponding to the second small oil spill which was believed to occur at

approximately 4.00pm, or 32 hours in the computer simulations.

The results of the simulations were presented graphically (along with the change in

tidal height over the same period) and compared to field observations. The volume of

oil introduced in the simulations was 100L (approximately 80kg) and this was

released over a half hour period corresponding to 28-28.5 hours in the case of the

major oil spill, a¡rd32-32.5 in the case of the smaller spill, at a rate of 0.05kg s-t. The

same volume of oil was used in both the first and second spill simulations since the

actual volume of oil released was not definitely known at the time of modelling and it

was the grounding sites rather than the volume of oil beaching which were of interest.

One problem encountered with the FLOWM Model was that pelagic oil which

reacheci the mociel boundaries was lost frorrr the simulation lvhile in a 'real' spill all

oil present in the system (ocean) has the potential to be recirculated. Another problem
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was that the model does not account for oil stranded on the coastline. In a ,real' oil
spill, oil which is stranded on the shore higher than subsequent tides can reach is

effectively removed from the volume of circulating oil, but under appropriate

conditions this oil can be redistributed and re-enter the system.

As a rough approximation of oil retention on a rocþ coast (the coastal loss factor) it
cotrld be supposed that l.7Yo of oil incident at the water-land interface as the tide

recedes is retained on shore. This was a very conservative estimate (and was likely to

underestimate the real situation) but was based on the knowledge that rocþ substrata

does not readily retain oil. If it is assumed that beached oil is not removed by

subsequent tides, the amount of simulated oil actually retained on the shore can be

estimated over a set amount of time. This is done by measuring the amount of oil
arriving at the 'instrument' study sites and applying the coastal loss factor to this

volume. Based on these assumptions the actual amount of oil accumulating

intertidally at study sites was calculated for one of the oil spill simulations used to

validate the FLO'WM Model. This simulation used release of 100L (approx. 80kg) of
crude oil from the 'Deep Ocean Point' at 28 hours of simulation time in combination

with a surface mixing depth of 0.003m, a wave drift factor of 15.4 and an oil decay

time of 0.34 days.

Since the oil spill from the refinery involved the release of crude oil the simulations

pertaining to this event used a range of values which were considered realistic of
parameters relevant to this oil type. These included the surface mixing depth (h) of
the oil while it was at sea, the strength of wave drift (y) and the presence or absence of
long-shore drift. A long-shore drift component (see Appendix 5.lb for a description)

was included in all simulations presented graphically in this chapter. The manipulated

parameters giving the best concordance between hypothetical and actual grounding

sites were then adopted for use in modelling the seasonal transport of oil. It is the

relative amount of oil arriving at instrument points which is important and since the

actual volume of oil observed at study sites was not quantifiable a direct comparison

could not be made between observed and simulated oiling levels.
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Simulations to test the predictive ability of the model were initially run at half

resolution, which meant the model could not differentiate between the Port Stanvac

study sites. This level of resolution represented a huge saving in time while the model

was being refined and the 'best' parameters were being selected. Once the optimal

parameters had been identified the simulations were re-run at full resolution. The

graphs generated from simulations of use in validating the FLOWM Model have been

included in the "Results" section of this chapter.

5.5.2 Predicted Grounding Sites on a Seasonal Basis

The 'optimal' parameter values identified in matching the observed oil grounding

sites with those predicted from the computer simulations \¡/ere retained for use in

modelling of the likely seasonal grounding sites of oil. The bathymetry matrix used

previously was again used. The instrument points of interest in seasonal modelling

were the previously identified study sites and either the 'Deep Ocean Point' or the

,Wharf Point'. The seasonal simulations were carried out separately for crude oil and

petroleum spilt from the 'Deep Ocean Point' but only release of refined product was

modelled from the 'Wharf Point'. Separate simulations were ca:ried out using low

amplitude ('dodge') and 'high' amplitude tides to investigate grounding sites under

these tidal extremes. All simulations were run at full resolution for this component of

the study.

The timing of oil release was adjusted for each seasonal simulation to cover the full

tidal cycle with simulated oil release occurring every three hours (at 24,27, 30 &, 33

hours of modelling time). 1000L of oil released over a half-hour period was used in

the seasonal modelling simulations. This was a small volume but served the primary

aim of predicting likely seasonal grounding sites. The period of time over which the

simulated oil was discharged was thought to be realistic of an operational oil spill,

which is likety to be rapidly detected and therefore (hopefully) controlled.
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The results of the seasonal modelling were separately plotted as graphs (in the same form

as those presented for the modelling of the actual oil spill) but due to the large number

generated (160) the primary trends have been summarised and presented as matrices. To

achieve this the amount of oil measured at those instrument points which corresponded to

study sites was coded (Table 5.2). Then the coding was applied to the amount of oil

recorded at specific times up Io 24 hours after the simulated oil release under various

seasonal conditions. The times selected were 3, 6, 9, 12 and 24 hours after oil release

(Table 5.3). It must be noted that the oil coding system has been applied to oil recorded

at the relevant instrument points, which is not the same as predicting the amount of oil

grounding at these sites.

points (corresponding to study sites) during seasonal modelling ofthe likely grounding sites ofoil on
eastern GSV. Seasonal modelling involved release of 1000L (approximately 800kg) of either crude oil
or refined product over a half-hour period. x corresponds to the actual value of oil within the

identified oiling range.

The Amount of Oil

Upper
Range Oil

(kg) Code Category

0

0.000<x <0.075

0.075<x 10.015
0.015< x <tJ.3L2

0.312< x <0.625
0.625< x <1250
1.250< x <2.500
2.500< x < 5.00

5.00< x < 10.00

10.00< x < 20.00
20.00< x < 40.00
40.00< x < 80.00

80.00< x < 160.0
160.00<

0
0.075

0.15

^ o4

0
1.25
2.5

5
10
20
40
80

160
>160

0

I
2
1
J

4

5

6

7
8

9

l0
11

12

13
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Table 5.3 The identified times of interest following computer simulations of the release of oil at

different points in the tidal cycle (shown in column l) on a seasonal basis. The aim of seasonal

modelling was to predict the comparative extent of oiling at study sites in GSV if an oil spill

occurred from Port Stanvac. The trialed timing of oil release were 24, 27, 30 and 33 hours of
computer simulation time. Cells in the table hold the actual computer simulation times (in hours) at

which study site oiling was measured which correspond to 3, 6, 9,12 &.24 hou¡s post oil release.

Time since the release of oil (hours)

Oil Release 3 6 l2
36
39

42
45

Seasonal simulations utilised the average wind stress components presented in Bye

(1976) to account for wind induced influences. The most important manipulated

parameters used in the seasonal simulations pertaining to a crude oil spill are shown in

Table 5.4. The majority of these were consistent whether the oil released was crude

oil or refined product. Where this was not the case, parameter values relating to a

petroleum spill have been separately presented (Table 5.5). The surface mixing depth

of pelagic oil was estimated taking into account various parameters (such as wave

height), while the average seasonal 'dodge' tidal amplitude and maximum tidal

amplitude were calculated using tidal height data collected at Port Stanvac over 1995

and provided by the NTF. Other parameters which are mentioned in Appendices S, T

& U and which were specific to GSV have been provided by Dr. Bye (refer to Bye

1976). The average seasonal height of waves in GSV was not measured by the NTF,

so this parameter was estimated. The decay time used in crude oil simulations was

0.34 days, while a shorter decay time of 0.17 days was used in the simulations

involving refined product, which was assumed to weather at twice the rate of the

crude oil. The wave drift parameter (y) was estimated using formula 5.1 .

249

24
27
30
JJ

27
30
33

36

30
JJ

36
39

48
5l
54
57

JJ
36
39
42
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Table 5.4 The main parameters estimated or calculated for inclusion in the seasonal oil spill
simulations involving crude oil. Wind stess components (Nm') are shown towards the north and
east respectively and were obtained from Bye (1976). Wave drift was calculated as shown in
Equation 5.1 and is t¡itless. The seasonal wave height (or wave boundary layer depth) was
estimated, as was the surface mixing depth (although the results of the actual oil spill simulation
were taken into account in estimation of the latter). The tidal amplitudes were calculated as
seasonal averages using tidal height data provided by the NTF. The oil decay time used in the
simulations was 0.34 days. All parameters are shown in metes r ¡less otherwise specified.
Parameters marked with * are consistent for both the crude oil and refined petoleum simulations.

Season
Parameter Summer Autumn Winter
Wind Sress ¡f 0.0167

0.0053
0.050
0.47t
l.071
1.000

9.990

Wind Stress (East) ¡¡¡-z *
Surface mixing depth of oil (h)
Minimum tidal amplitude *

Maximum tidal amplitude *

Wave heisht lh..) *
Wave drift

Wave drift

Table 5.5 The main parameters estimated or calculated for inclusion in the seasonal oil spill modelling
simulations in relation to a pefroleum spill. Only those values which differed between crude oil
(refer to Table 5.4) and refined oil have been shown. Petoleum was assumed to disperse in a very
thin surface layer of 0.003m in all seasons, and to have an oil decay time of 0.17 days (e.g. to decay
at twice the rate of the crude oil). The seasonal wave height (or wave boundary layer depth) was
estimated and is shown in Table 5.4, and this was used along with the surface mixing depth (h) to
estimate wave drift (y) as shown in Equation 5.1. Wave drift is Lnitless and the surface mixing
dcpth of the oil is in metes.

Season
Parameter Summer Autumn rù/inter
Srrrfc¡e miwino r{p¡fh nf

0.0129
0.0350
0.050
0.201
1.110
0 R00

12.400

-0.02550
0.0950
0.100
0.414
1.140
1 500

5.500

0.0189
0.0694
0.1 00
0.310
l.080
1 5rlô

5.500

U.VUJ

11.349

n fln2

17.023 2r.279
V.UUJ

tt.349



Chapter 5 page293

5.6 Results

5.6.1 The Operational Oil Spill and Validation of the Model

5.6.f .1 Observations and Assessment of Oil Spill Effects

On both assessment trips to GSV it was apparent that spilt oil had beached over quite

a wide area extending from the jetty close to Witton Bluffto slightly south of the Port

Noarlunga South site. Oil had also entered the mouth of the Onkaparinga River,

which was boomed to prevent it travelling further into this waterway. Port Noarlunga

South was exposed to oiling (and was designated an 'impact' site). Witton Bluff was

also exposed to oiling but the high tides seen during and following the oil spill

minimised any visible evidence of damage at this site. The restricted access to Witton

Bluff prevented its use in post oil spill monitoring. No other study sites were

obviously exposed to oil and these remaining sites served as unoiled 'controls'. The

extent and nature of the oil spill has been visually shown in Plates 5.I-5'7 '

It was apparent that the high tides which were seen during and immediately following

the oil spill (Table 5.1) had canied oil across the 'impact' site (without leaving any

obvious residues) and deposited it high on the shore beyond the mid-eulittoral area

designated for biological sampling. The rough weather (which led to choppy seas

with waves up to 2m) broke up the slick and resulted in the oil forming a 'mousse'. It

would appear that the rapid breakup of the slick and the prevailing high tides

protected the mid-eulittoral zones at Port Noarlunga South and 'Witton Bluff from

apparent acute oil damage. Due to the lack of obvious oil residue in the area

designated for sampling at Port Noarlunga South a Beyond-BACI analysis was not

performed. However, the deposition of oil higher on the shore meant that before

being stranded this oil would have overlaid the sampled area on a layer of water. This

situation could result in direct or indirect effects on intertidal biota. Therefore, a

multivariate analysis of animal assemblage patterns was used to investigate subtle

changes coincident with the oil spill. This involved using data gathered on the 26th of

September 1996 as well as 'preliminary' data and subjecting the combined data set to

a SSH MDS Ordination (see Chapter 4, section 4.3.2). The results of this analysis

---itl L^ -:-,^- :- Í11^-+^- <wllr uç BrvtrII rll \,rrcrPlur u.
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Plate 5.1 The oil spill occurred from the 'Deep Ocean
^'"ofi"pt"tnU 

et i_9gA' Oil grounded intertidally at

removed from the beaches'

Point' at the Port Stanvac Oil Refinery on the 23rd

htgh;ã"*ls and was raked up and manually
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Plate 5.2 Manual removal of oil from the shore of the Onkaparinga River Estuary

Plate 5.3 A boom in situ in the Onkaparinga River Estuary to restrict oil

following the oil sPill.

transport into this waterway
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*;*.ry,qtg4

{*.t *r ¡i.l

Plate 5.4 Heavy seas and rough weather on the day of the oil spill caused a water-in-oil

a 'mousse' to form. This was comprised of 5 0-80% water dispersed in the oil phase

as a chocolate coloured material left by the receding tide on sand near
-_--¿/

Witton Bluff.

emulsion termed
and is seen here

\+--'

Plate 5.5 A closer examination of the mousse which formed under the agitated at-sea conditions

prevailing at the time of the oil spill'
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plate 5.6 Obvious fresh oil deposits left by the receding tide at the low water mark on the shore at Port

Noarlunga South

ptate 5.7 The clean-up in progress at the Port Noarlunga South site on the 26th of september 1

study site is the most diJtu.rî r."f ,""n in the plate, *d *ut designated as an 'impact' site'
996. The
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5.6.1.2 Vaiidation of the FLO\ryM Model

The Initial Oil Spill Simulations

The f,rrst computer simulations using the FLOWM Model involved the initial oil spill,

which occurred at 12 noon (equivalent to 28 hows simulation time) on the 23rd of

September 1996. Yarious oil decay times were trialed but varying this parameter was

found to result in similar patterns of oil reaching the study sites although the amount

of oil was influenced by the decay time used. For example, a more rapid decay time

resulted in less oil reaching a particular point on the model sea or model shore.

Therefore, although a number of simulations were tried using various oil decay times,

the graphs included in this chapter which relate to modelling of the actual oil spill

utilised an oil decay time of 0.34 days. It was thought that this would allow

determination of the comparative degree of oiling affecting study sites even if the

selected decay time was not realistic of the 'real' oil decay time.

The half-resolution modelling simulations mainly investigated the effect on the

amount of oil reaching the study sites when the surface mixing depth of the oil and the

wave drift factor were manipulated. Since the final thickness of an oil slick was

reported in the literature to be about 0.003m (Hoult 1972), this was initially used as

the.surface mixing depth in the model. Other surface mixing depths which were

trialed were 0.01, 0.05, and 0.10m. These values were used in combination with wave

drift factors ranging from2.5-20.0. The best half-resolution simulations applicable to

the major (28 hour) oil spill, have been presented graphically (Figs 5.1-5.5).

Simulations have been graphed over 28-64 model hours and the tidal cycle

corresponding to this time interval has been plotted along with the amount of oil

recorded at the point of oil release (the 'Deep Ocean Point'). The level of oiling

experienced by the main study sites has also been graphed. As previously mentioned,

the amount of oil recorded at study sites is the actual amount recorded close to the

shore at a particular time but does not necessarily correspond to the amount of

beached oil. The latter can be hypothetically determined using the coastal loss factor

under receding tidal conditions.
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It had been reported that the majority of the oil released in the 'real' oil spill had

grounded by 10pm on the day of the spill (equivalent to 46 hours of simulation time).

Therefore, the relative amount of oil present at study sites after 50 hours of simulated

modelling time was compared for similarities with the pattern of oiling seen at study

sites during the 'real' oil spill. This amount of simulation time encompassed two low

tides and was presumed to account for the majority of the oil reaching beaches. The

results from the graphs have been summarised as Table 5.6.

Table 5.6 A comparison of the degree of oiling of instn¡ment points (representing the main study

sites) between 28-50 hours of simulated 'FLOWM' ¡¡sdelling time. The simulation i¡volved the

release of 100L (approximately 80kg) of Arabian light crude oil at 28 hou¡s from the 'Deep Ocean

point'. This table summarises the results of Figs. 5.1-5.5. The decay time of the oil has been set to

0.34 days but the surface mixing depth (h) of the oil and the influence of wave drift (1¡ have been

manipulated. Study sites have been separated into their location groupings of 'Northern', 'Central'

and 'southern' and the maximum amounts of oil (at any one time) reaching the sites by 50 hours of

simulated modelling time have been tabled. The maximum amount of oil reaching the sites

repre sents the peak values shown in Figs. 5.1-5.5 not the accumulated amount of oil recorded at the

particular instrument point over the 50 hours of interest. Abbreviations for study sites are;

'Northern'; KP:Kingston Park, MR:Marino Rocks, HCA:Hallett Cove A, 'Central'; PS:Port

Stanvac sites (PSl, PS2 & PS3), and 'southern'; WB:V/itton Bluff, PNS:Port Noarlunga South,

RP:Robinson Point.

Figure Adjusted Maximum oil reaching site (kg)

'Northern' 'Cenhal'

5.1

5.2

5.3

5.4

5.5

KP=O.00
MR=O.03
HCA:o.85

KP=O.00
MR=0.04
HCA:0.85

KP=O.00
MR=O.02
HCA:I.84

KP=0.00
MR:o.00
HCA:o.01

KP:O.00
MR:0.00
HCA=0.00

PS:5.65

PS:0.51

PS:3.1 6

PS:O.17

PS:0.04

wB:8.31
PNS:0.00
RP:0.00

WB=0.21
PNS=0.02
RP:O.02

WB=0.19
PNS:0.02
RP=O.02

WB=0.02
PNS:O.OO

RP=o.00

wB=O.00
PNS=0.00
RP:0.00

0.003 20

0.050 10

0.050 6

0.10 5

0.50 4

h
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simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery

on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer

simulation was n¡¡l for 64 hours with the initial oil release occurring over a half hour period

commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,

the amount of oil recorded at a particular insbrrment point is shown on the y-axes, while the tidal

height (Ht) (in m) occurring on the day of the oil spill is shown on the y, axis in a). The wave drift
factor used in the simulation was 20 and the surface mixing depth was 0.003m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Central' Sites; PSl, PS2 & PS3, c) 'Northern'

Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'Southern' Sites;

Robinson Point (RP), Port Noarlunga South (PNS) & V/itton Bluff (WB)'



2E tO 32 14 36 38 40 42 44 46 48 50 52 54

b)'Central' Sites

àf).v

o
o
çaoc

E

à¡)
q
E

€
t-.

25

a

50

45

40

-E 35

= :10o
o25
Ëroo
E rs

a) Deep Ocean Point

28 30 32 34 3ó 3E 40 42 44 4ó 48 50 52 54 56 58 60 62 64

Time (Hours)

c)'Northern'Sites

ó

-oil
- 

llr

- 
t{c

-MR**tKP

4

- 
PS3

- 
PS2

- 
PSI

-RP
- 

PNS

-wB

05l0

5

0
0 I I -l -.t-t--+- | -+ i-t -i- i- I t -l-f --i-H-t -t-l- l- r t l-ts-tsì--1{-l-+++

52 54 56 58 ó0 62 ó40

Þo¿
o
o
É
o

l-t

l.ó

^ t.4
oo
ë t.z

€lo
Ë 0.t)9 o¿
E( 

o.o

o.2

2t 30 12 14 3ó 38 40 42 44 4ó 48 50

Time (hours)

d) 'Southem' Sites

9

E

't

6

5

4

3

s
È

'\J
(!

(â
\5
Èh(\
(,)o0

28 l0 32 74 36 lE 40 42 44 4ó 48 50 52 54 5ó 5t 60 ó2 ó40

Time (hours)

r i -l - I -1 -l__J -i r_i

5ó 5E 60 62 64

Time (hours)



a

I

1

I

Fig. 5.2 The amount of crude oil recorded at insEument points in a half resolution FLOWM computer

simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refrnery

on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer

simulation was n¡n for 64 hours with the initial oil release occurring over a half hour period

commencing at 28 hou¡s of modelling time. The modelling time in hours is shown on the x-axes,

the amount of oil recorded at a particular instnrment point is shown on the y-axes, while the tidal
height (Ht) (in m) occurring on the day of the oil spill is shown on the y¡ axis in a). The wave drift
factor used in the simulation was 10 and the surface mixing depth was 0.05m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Cenüal' Sites; PSl, PS2 & PS3, c) 'Northem'
Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'Southern' Sites;

Robinson Point (RP), Port Noarhurga South (PNS) & Witton Bluff (WB).
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Fig. 5.3 The amount of crude oil recorded at instrument points in a half resolution FLOWM computer
simulation of the oil spill occuning from the 'Deep Ocean Point' at the Pot Stanvac Oil Refinery on
the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was mn for 64 hours with the initial oil release occurring over a halÊhour period
commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular instrument point is shown on the y-axes, while the tidal
height (HÐ (in m) occuning on the day of the oil spill is shown on they¡ axis in a). The wave drift
factor used in the simulation was 6 and the surface mixing depth was 0.05m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Central' Sites; PSl, PS2 & PS3, c) 'Northern'
Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'southern' Sites;
Robinson Point (RP), Port Noarlunga South (PNS) & Winon Bluff (WB).
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tr'io t Á T _e arno':¡t of c¡:de ci! recordeC at hstulnent pcutts ra a half rcsolu;o¡¡ ILO',',Ìví luurpuicr
simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery
on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was run fo¡ 64 hours with the initial oil release occurring over a half hour period
commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular instrument point is shown on the y-axes, while the tidal
height (Ht) (in m) occurring on the day of the oil spill is shown on the y, axis in a). The wave d¡ift
factor used in the simulation was 5 and the surface mixing depth was 0.l0m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Cental' Sites; PSl, PS2 & PS3, c) ,Northern'
Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'southern' Sites;
Robinson Point (RP), Port Noarlunga South (pNS) & V/inon Bluff (WB).
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Fig. 5.5 The amount of crude oil recorded at instrument points in a half resolution FLOWM computer
simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery
on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was mn for 64 hours with the initial oil release occurring over a half hour period
commencing at 28 hou¡s of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular instnrment point is shown on the y-axes, while the tidal
height (Ht) (in m) occurring on the day of the oil spill is shown on they, axis in a). The wave drift
factor used in the simulation was 4 and the surface mixing depth was 0.50m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Cental' Sites; PSl, PS2 & PS3, c) 'Northem'
Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'southern' Sites;
Robinson Point (RP), PortNoarlunga South (PNS) & Witton Bluff (WB).
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simulation of the oil spill occurring from the 'Deep Ocean Point' at the port Stanvac Oil Refhery
on the 23rd of September 1996' The amount of oil used in the simulation was 80kg. The compurer
simulation was n¡n for 64 hours with the initial oil release occurrìng over a ñalf. hour period
commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular insEument point is phown on the y-axes, while the tidal
height (HÐ (in m) occurring on the day of the oil spill is shown on the y, axis in a). The wave drift
factor used in the simulation was 15.4 and the surface mixing depth was 0.003m. The amount of
oil present is shown at a) the 'Deep Ocean Point', b) 'Central' Sites; pSl, pS2 & pS3, c) .Northem,
Sites; H¿llett Cove A (HCA), Marino Rocks (MR) & Kingston Park (Kp) and c) ,Såuthern' 

Sites;
Robinson Point (RP), Port Noarlunga South (pNS) & Wifton Bluff gn).
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Fis. 5.7 The amount of crude oil recorded at instrument noints in a firll res¡lr.rfion Fr OwM conputet
simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery
on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was run for 64 hours with the initial oil release occurring over a half hour period
commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular instrument point is shown on the y-axes, while the tidal
height (HÐ (in m) occurring on the day of the oil spill is shown on the y, axis in a). The wave d.rift
factor used in the simulation was 10, the decay time was 0.34 days and the surface mixing depth
was 0.05m. The amount of oil present is shown at a) the 'Deep Ocean Point', b) 'CenEal' Sites;
PSl, PS2 & PS3, c) 'Northern' Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston park
(KP) and c) 'Southern' Sites; Robinson Point (RP), Port Noarlunga South (PNS) & Witton Bluff
(wB).
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Fig. 5.8 The amount of cn¡de oil recorded at instrument points in a full resolution FLOWM computer
simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery
on the 23rd of Septembe r iv9o. Ibe amount ot'orl used rn the simulation was 80kg. The computer
simulation was ntn for 64 hours with the initial oil release occurring over a half hour period
commencing at 28 hours of modelling time. The modelling time in hours is shown on the x-axes,
the amount of oil recorded at a particular instmment point is shown on the y-axes, while the tidal
height (HÐ (in m) occurring on the day of the oil spill is shown on rhe y, axis in a). The wave drift
factor used in the simulation was 10, the decay time was 0.17 days and the su¡face mixing depth
was 0.05m. The amount of oil present is shown at a) the 'Deep Ocean Point', b) 'Central' Sites;
PSl, PS2 & PS3, c) 'Northern' Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston park
(KP) and c) 'Southern' Sites; Robinson Point (RP), Port Noarlunga South (PNS) & Witton Bluff
(v¡B).
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Fig. 5.9 The amount of cnrde oil recorded at instnrment points in a frrll resolution FLOWM computer
simulation of the oil spill occurring ftom the 'Deep Ocean Point' at the Port Stanvac Oil Refrnery
on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was run for 64 hours with the initial oil release occurring over a half hou¡ period
commencing at 32 hours of modelling time. The modelling time in hou¡s is shown on the x-axes,
the amount of oil recorded at a particula¡ instument point is shown on the y-axes, while the tidal
height (Ht) (in m) occurring on the day of the oil spill is shown on they, axis in a). The wave drift
factor used in the simulation was 15.4 and the surface mixing depth was 0.003m. The amount of
oil present is shown at a) the 'Deep Ocean Point', b) 'Central' Sites; PSl, PS2 & pS3, c) ,Northern'

Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'southern, Sites;
Robinson Point (RP), Port Noarlunga South (PNS) & Winon Bluff (WB).
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Fig. 5.f 0 The amount of crude oil recorded at instn¡ment points in a full resolution FLOWM computer
simulation of the oil spill occurring from the 'Deep Ocean Point' at the Port Stanvac Oil Refinery
on the 23rd of September 1996. The amount of oil used in the simulation was 80kg. The computer
simulation was n¡n for 64 hou¡s with the initial oil release occurring over a half hour period
commencing at 32 hows of modelling time. The modelling time in hou¡s is shown on the x-axes,
the amount of oil recorded at a paficular instument point is shown on the y-axes, while the tidal
height (Ht) (in m) occurring on the day of the oil spill is shown on they, axis in a). The wave drift
factor used in the simulation was 9.1 and the surface mixing depth was 0.05m. The amount of oil
present is shown at a) the 'Deep Ocean Point', b) 'Cenfral' Sites; PSl, PS2 & PS3, c) ,Nofhern'
Sites; Hallett Cove A (HCA), Marino Rocks (MR) & Kingston Park (KP) and c) 'southern' Sites;
Robinson Point (RP), Port Noarlunga South (PNS) & V/itton Bluff (WB),
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It was apparent that altering the surface mixing depth of the oil and the amount of
wave drift could affect the sites where oil grounded and the amount of oil reaching

instrument points (Figs 5.1-5.5 & Table 5.6). The half resolution modelling

simulation which most closely resembled the pattern of oiling seen with the actual oil

spill occurred when a surface mixing depth of 0.003m and a wave drift component of
20 were used (Fig. 5.1). However, in this simulation although Witton Bluff recorded

a higher amount of oiling than all other study sites (Table 5.6) no oil was detected at

Port Noarlunga South which was heavily oiled in the 'real' oil spill. Another problem

with the results of all half-resolution simulations was the generally high oiling levels

seen at 'Central' (Port Stanvac) sites, inconsistent with the 'real' oil spill (Table 5.6).

The fuli resoiution (28 hour) oil spill simulations (Figs. 5.6-5.8) were able to

differentiate between the 'Central' study sites in terms of their exposure to oiling.

These simulations gave a finer resolution (and potentially more accurate) result

compared with the half-resolution modelling simulations. The oiling pattern which

most closely approximated what was seen with the actual oil spill was achieved using

a surface mixing depth of 0.003m and a heavy wave drift factor of 15.4 (Fig. 5.6). By
¿16 hours of modelling time all 'southern' sites recorded peak amounts of oil, with

Witton Bluff receiving maximum oiling. No oil had reached the 'Northem' study

sites by 46 hours but all 'Central' sites recorded high oil levels by this time (Fig. 5.6).

Increasing the surface mixine depth and decreasing the inflr-lence of wave drift

resulted in less oil reaching the'southern'sites and comparatively more oil reaching

the 'Northern' study sites (where the volume peaked by about 60 hours). This result

was not consistent with the actual oil spill (Figs 5.6-5.3). The effect obtained by

altering the decay factor can be seen by comparing Figs 5.7 and 5.8. It is readily

apparent that a shorter decay time results in less oil reaching a site. In all full

resolution simulations oil reached the 'Central' study sites in relatively large amounts

which was not consistent with the lack of obvious oil at these sites following the

actual oil spill.
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The Second (Small) Oil Spill Simulations

The simulations used to test the likely grounding sites of oil spilt from the 'Deep

Ocean Point' at 4.00pm (32 hours of simulation time) were conducted in the same

way as described for the initial oil spill. However, only two of the graphs resulting

from the full simulation runs have been included in this chapter (Figs 5.9 & 5.10). By

the time the full resolution simulations were run the relationship between the wave

drift factor, the surface mixing depth and the depth of the wave boundary layer (H*)

had been considered (formula 5.1). Based on this relationship and using an estimated

H* value of 1.lm, a wave drift factor of 15.4m was used in conjunction with a swface

mixing depth of 0.003 (Fig. 5.9), and a wave drift factor of 9.1 was used with a

surface mixing depth of 0.05m (Fig. 5.10). Decreasing the weighting of the wave drift

factor and increasing the surface mixing depth of the oil, resulted in less oil reaching

the study sites but comparatively more ending up at 'Northern' study sites, which

again did not match the pattern of oiling observed in the field.

The later release simulations were characterised by the majority of the oil.reaching

'Central' study sites, especially PS3, while 'Southern' sites received more oil than

'Northern' sites (Figs. 5.9 &,5.10, Table 5.7). However, if only the simulation time

up to 46 hours was considered (corresponding to the time when the majority of oil was

said to have grounded) the result more closely matched the situation in the field. By

46 simulation hours no oil reached the 'Northem' sites, maximum amounts had not

yet been recorded at 'Central' sites, and peak amounts had reached the 'Southern'

sites (Figs. 5.9 &.5.10). The simulation which most closely matched the 'real' oiling

patterns, involved the shallower surface mixing depth and the greater weighting of the

wave drift parameter. It would appear from the results of these simulations that the

initial oil spill had a greater influence on oil contamination at study sites than did the

smaller (second) oil spill. This was consistent with information provided by the EPA.
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Table 5.7 A comparison of the degree of oiling recorded at instrument points (representing the main
study sites) between 28-50 hours of simulated'FLOVy'M'modelling time after the release of l00L
(approximately 80kg) of Arabian light crude oil at 32 hours from the 'Deep Ocean point'. This
table summarises the results of Figs 5.9 & 5.10. Oil decay time was set at 0.34 days but the surface
mixing depth (h) of the oil and the influence of wave drift (y) have been manipulated. Study sites
have been separated into their location groupings of 'Northem', 'Central' and 'southem', and the
maximum amount of oil (at any one time) reaching the sites by 50 hours of simulated modelling
time has been tabled. The maximum amount of oil reaching the sites represents the peak values
shown in Figs 5.9 & 5.10 not the accumulated amount of oil recorded at the particular instrument
point over the 50 hours of interest. Abbreviations for study sites are; 'Northern': KP=Kingston
Park, MR=Marino Rocks, HCA=Hallett Cove A, 'Central': PSl:Port Stanvac I, PS2=Port Stanvac
2, PS3:Pott Stanvac 3, 'Southern': WB=Witton Blufi PNS=Port Noarlunga South, RP=Robinson
Point.

Figure Adjusted Maximum oil reaching site (kg)

'Northern' 'Central' 'Southern'
5.9

5. t0

KP:0.000
ì fD -^ ^^^IYrr\_ v.vvv

HCA:0.3s9

KP:0.000
MR=0.000

HCA=0.013

PSl:3.400
f Ðz-J .av>

PS3:5.796

PS l=0.172
PS2:0. I 80
P53:0.244

WB:1.715
rI\'J_U.UZ I
RP:0.005

wB:0.015
PNS:0.000
RP=0.000

Oil left on Roclcy Intertidal Substrata

As a crude approximation of the amount of oil left at study sites as the high ticle

receded, the coastal loss factor of 13%o was applied to Fig. 5.6. The simulation times

where conciitions of a receciing high tide prevarled occurre d. at 32, 44 and,54 hours so

these times were targeted as the times when oil was likely to be stranded. The

increasing heights of sequential high tides (see Fig. 5.6a) meant that oil left by the

previous high tide could be contacted (and therefore potentially remobilised) by the

next high tide. However, for the purpose of this exercise it was assumed that all oil

accounted for as accumulating on the rocþ shore by the coastal retention factor was

entrapped in rocþ substrata and retained on the shore. The patterns of oil retention

resulting from the computer simulation shown in Fig. 5.6 revealed the greatest oil

retention at 'Central' study sites, minimal oil retention at 'Northem' study sites and

moderate oil retention at V/itton Bluff and Port Noarlunga South (Table 5.8). The

total amounts estimated to be accumulating on the shore were minimal compared to

0.003 t5.4

0.050 9.1

h(m) y
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the total amount of oil recorded at the study site instrument points (and therefore the

water-shore interface) over the 28-64 hours of computer simulation (Fig. 5.6).

Table 5.8 An approximation of the amount of oil retained intertidally at study sites in a simulated oil

spill using a surface mixing depth of 0.003m, a wave drift factor of 15.4, and an oil decay time of
0.34 days (Fig.5.6). Underthese conditions, 100L (approx. SOkg) of crude oil was released from

the 'Deep Ocean Point' at 28 hours of simulation time and was assumed to be retained on rocþ
shores only when a high tide was receding. The coastal retention factor used in this calculation of
oil accumulation was |.7%o of the incident oil at the water-shore interface at the appropriate point in

the tidal cycle. It was assumed that the oil was not remobilised by the next incoming high tide.

The amount of oil retained on the shore

The simulated time of oil retention

Site 32 hours 44 hours 54 hours Total

Kingston Park
Marino Rocks
Hallett Cove A
PSI
PS2

PS3

Witton Bluff
Port Noarlunga South
Robinson Point

0.00000
0.00000
0.00000
0.00182
0.00690
0.00200
0.00000
0.00000
0.00000

0.00000
0.00000
0.00000
0.05637
0.01840
0.04360
0.04449
0.00051
0.00022

0.00002
0.00022
0.01578
0.03515
0.01920
0.02920
0.00281
0.00005
0.00000

0.00002
0.00022
0.01578
0.09334
0.04460
0.07480
0.04730
0.00056
0.00022

5.6.2 The Predicted Seasonal Grounding Sites of Spilt Oil

The results of modelling simulations to predict seasonal grounding sites of oil spilt at

various times within a tidal cycle under the extremes of 'dodge' and maximum

amplitude tidal conditions were separately considered for the two most likely points of

oil release within the refinery. These points were identified as the 'Deep Ocean Point'

and the 'Wharf Point'. Oil released from the 'Deep Ocean Point' could be either

crude oil or rehned product þetroleum), while only the latter is handled at the 'Wharf

Point'. The parameters used for the two different types of oil have been previously

presented (Tables 5.4 &,5.5). It was necessary to simplify the patterns of oiling seen

at study sites under different seasonal influences due to the large number of graphs

generated. Therefore, the data generated from the modelling simulations has been

presented as seasonal oiling matrices with the level of oiling being assessed up to 24

hours following oil release (refer to Tables 5.2 & 5.3).
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5.6.2.1 Oil Released from the 6Deep Ocean Point'

Crude Oil

The matrices pertaining to the amount of Arabian light crude oil reaching study sites

under the influence of different seasonal factors are shown as Figs. 5.11-5.14. Results

generated from the swnmer simulations were consistent whether the oil was released

under 'high' amplitude or 'low' amplitude tidal conditions with the mæ<imum oiling

occurring at Hallett Cove and 'Central' study sites (Fig. 5.11). However, 12 to 24

hours following oil release, regardless of the timing of this release within the tidal

cycle, very low levels of oiling were noted at some of the 'southem' sites. The

autumn simulations again showed consistent trends whether the oil was released under

'high' or'low' tidal regimes, with the 'Northern' study sites receiving the maximum

amount of oiling, and Hallett Cove being the first 'Northern' site exposed to this

pollutant (Fig. 5.12). Oil released under the influence of 'low' tidal amplitudes never

reached the'Central'or'Southern'sites, while minimal amounts of oil reached PSl

and PS2 under the influence of a more extreme ('high' amplitude) tidal range.

The simulations pertaining to the destination of crude oil under the influence of winter

conditions were again consistent whether the oil was released under a 'high' or 'low'

amplitude tidal regime and regardless of the timing of that release (Fig. 5.13). At no

stage was oil recorded at 'Central' or 'Southern' study sites during these simulations

and only very low levels of oil reached the 'Northern' study sites of which Hallett

Cove was the most affected. More oil reached Hallett Cove when the oil was released

under a 'high' amplitude tide at 30 hours of simulation time, while the 'low'

amplitude tidal simulations were always characterised by extremely low levels of

oiling (Fig. s.l3).

The pattems of oiling seen at study sites under spring conditions closely approximated

trends seen in winter, with the 'Northern' study sites receiving the most exposure to

oil (Fig. 5.14). However, the level of oiling recorded at these sites was consistently

higher than was seen in winter, and Marino Rocks and Kingston Park received some

exposure to oil 12-24 hours after its release. When the tidal amplitude used in the
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spring modelling \¡/as high, PSI and PS2 occasionally received minimal amounts of

oil, but no oil reached these sites when simulations involved a 'low' tidal amplitude

(Fig. s.la).
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F'ig. 5.11 The amount of crude oil predicted to.reach study sites under similated suRrmer cnnditions
when released from the 'Deep'Ocean Point'. Site abbreviations are; I(P--Kingston Parþ
MR-Marino Rocks, HC:Hallett Cove A, PSl:Po¡t Stanvac 1, PS2--Port Stanr¡ac 2, PS3:Port
Stanvac 3, WB:Witton Bluff, FNS-Port Noarlunga South; RP--Robinson Point. The coding
Wstem used to categorise the extent of oiling is shown in Table 5.2. 'High' tidal amplitude
sir4ulations are sholvn in column a) and 'low' tidal amplitude simulations are shown in column b).

2412963
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6J t29 24

IDEEP"OCEA¡I POGTEf, ! : CRIIDD OIL RELT'ASE

Autumn Simulations
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X,ig. 5.12 The amount of crude oil predicted'to reach study sites under simulated autumn conditions

when released from the 'Deef Ocean Point'. Site abbreviations are; KP--Kingston Parþ

ort Stanvac l, PS2=Port Stanvac 2, FS3:Port

system used to categorise the extent of
simulations are showln in column a) and ' dal amplitude simulations are shown in column b)'
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Fig. 5.13 The amount of,orude oil predicted to reach study sites under simulated winte¡ conditions

when released from the 'Deep Ocean Point:. Site atibrevialions are; KP--Kingston Paflq
.NR:Marino Rocks, HC=Ilallett Cove A, PSl=Port Stanvac 1, 

.PS2:Port Stanvac 2, PS3:Port

Starwac 3, WB=Witton Btuff, PNS:Port Noarlunga South, RFRobinson Point. The coding

simulations are shoìiln in column a) and 'low' tidal amplitude simulations are shown in column b).
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Fig. 5.14 The amount of crude oil predicted to reach study sites under simulated spring conditions

when released from the 'Deep Ocean Point'. Site abbreviations are; KP--Kingston Park,

MR.-Marino Rocks, HC:Hallett Cove A" PSl:Port Stanvac 1, PS2=Port Stanvac 2, PS3:Port

Stanvac 3, WB:Witton Bluff, PNS:Port Noarlunga South, RP--Robinson Point. The coding

simulations are shown in column a) and 'low' tidal amplitude simulations are shown in column b)'
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Petroleum

When petroleum release from the 'Deep Ocean Point' was simulated some differences

in the pattern of oiling were seen compared to the results of the crude oil simulations.

Simulations under summer conditions revealed a broad exposure of study sites to oil

and higher levels of oiling compared to the equivalent simulations involving crude oil

(Fig.5.15). In general, Hallett Cove and PS2 received greater summer exposure to

petroleum than the other study sites. However, high petroleum exposure occurred at

PSI and PS3, moderate exposure occurred at 'Witton Bluff, and petroleum was also

recorded at Marino Rocks; in all cases the levels of exposure were comparatively

higher under the influence of 'low' amplitude tides (Fig. 5.15).

Autumn simulations tended to result in moderate to high levels of oiling at all

'Northern' study sites. Petroleum occasionally reaching PSl and PS2 in very small

amounts if it was released at 30 or 33 hours of simulation time and influenced by a

'high' amplitude tide (Fig. 5.16). 'When petroleum was released in winter it was rare

for it to reach any of the study sites regardless of the prevailing tidal conditions (Fig.

5.17). Petroleum released under spring conditions reached the 'Northern' sites but

was never recorded at the other study sites (Fig. 5.18).
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X'ig. 5.15 The amount of petroleum predicted to reach study sites under simulated summer conditions

when released from the 'Deep Ocean Point'. Site abbreviations are; KP--Kingston Parlç

MR-Marino Rocks, HC:Hallett Cove A PSl:Port Stanvac 1, PS2:Port Stanvac 2, PS3:Port

Stanvac 3, WB:Witton Bluff, PNS:Port Noarlunga South, RP--Robinson Point. The coding

system used to categorise the extent of oiling is shown in Table 5.2. 'High' t
simulations are showln in column a) and 'low' tidal amplitude simulations are shown in column b).
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,{utumn Simulations
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F,ig. 5.16 The amount of petroleum predicted to leach study sites undef simulated auturnn conditions

when released f?om ìt" .o""p ocean point'. site abbreviations are; KP--Kingston Parlq

MR:Marino Rocks, Hc:Hallett cove A, PSl:Port stanvac 1, PS2:Port stanvac 2, PS3:Port

Stanvac 3, WB:Witton Bluff, PNS:Port No

system used to categorise the extent of
simulations are shown in column a) and'
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'DEEP OCEAN POINT': PETROLEIIM RI'LEÄ'SE
Winter Simulations
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x,ig. 5.L7 The amount of petroleum predicted to reach study sites under simulated winter conditions

when released from ir," 'n""p-Ocean point'. Site abbreviations are; KP--Kingston Park

rt Stanvac 1, PS2:Port Stanvac 2, PS3:Port

system used to categorise the extent of oiling

simulations are show; in column a) and 'low' iidal amplitude simulations are sho\ryn in column b)'
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Time since oil release Time since oil ¡elease
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Sites

Oil release at 27 hours
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Oil release at 30 hours
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X'ig. 5.1S The amount of petroleum predicted to reach study sites under simulated spring conditions

when released from the 'Deep Ocean Point'. Site abbreviations are, KP--Kingston Parl!

MR:Marino Rocks, HC:Hallett Cove A" PSl:Port Stanvac l, PS2=Port Stanvac 2, PS3:Port

Stanvac 3, WB:Witton Bluff, PNS:Port Noarlunga South, RP--Robinson Point. The coding

system used to categorise the extent of oiling is shown in Table 5.2. 'High' ti
simulations are sho¡m in column a) and 'low' tidal amplitude simulations are shown in column b).
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5.6.2.2 Oil Released from the'\ilharf Point'

Petroleum released from the 'Wharf Point' tended to spread broadly across the range

of study sites under simulated srunmer conditions. Low to moderate levels of petrol

reached V/itton Bluff, and occasionally the other 'southern' study sites, while high

levels were recorded at 'Central' study sites and Hallett Cove, and moderate levels

were recorded at the remaining 'Northem' sites L2-24 hours after the release of the

pollutant (Fig. 5.19). The simulated release of petroleum in all seasons other than

summer resulted in exposure of only the 'Northem' sites to oiling (Figs 5.20-5.22).

Moderate to heavy oiling of 'Northern' sites was predicted in autumn (Fig. 5.20) and

spring (Fig. 5.22). Petroleum release from the 'Wharf Point' in winter primarily

contaminated the Hallett Cove site, but this season was cha¡acterised by generally

lower levels of oiling than were seen in other seasons (Fig. 5.21).
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a)

'WHARF POINT': PETROLEUM RELEASE
Summer Simulations

'High'Amplitude Tide b) 'Low'Arnplitude Tide
Oil release al 24 hours Oil release at 24 hours

Time since oil release oil
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Oil release at 27 hours
Time sinco oil rslease
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X'ig. 5.19 The amount of petroleum predicted to reach study sites under simulated summer conditions
when released from the 'Wharf Point'. Site abbrcviations arc; KFKingston Parþ MR:Marino
Rocks, HC:Hallett Cove A PSI:Port Stanvac 1, PS2:Port Stanvac 2, PS3:Port Stanvac 3,
WB:Witton Bluff, PNS:Port Noarlunga South, RFRobinson Point. The coding system used to
categorise the extent of oiling is shown in Table 5.2. 'High' tidal amplitude simulations are
shown in column a) and 'low' tidal amplitude simulations are shown in column b).
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a)

Sites

'WE-ARF POINT' : PETROLEIIM RELEASE
.A.utumn Simulations

b) 'Low'Arnplitude Tide
Oil release al 24 hours

Time sinoe oil release

Oil release al 27 hours

Time since oil release

Oil release at 30 hours
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?Eigþ'Amplitude Tide
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X'ig. 5.20 The amount of petroleum predicted to reach study sites under simulated autumn conditions

when released from the 'Wharf Point'. Site abbreviations are; KP--Kingston Parh MR:Marino

Rocks, HC:Hallett Cove A, PSl:Port Stanvac 1, PS2:Port Stanvac 2, PS3:Port Stanvac 3,

WB:Witton Bluff, PNS:Port Noarlunga South, RP--Robinson Point. The coding system used to

shown in column a) and'low' tidal amplitude simulations are showr in columnb).
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a)

Sites

'WH.ARF POINT' : PETROLEIIM RELEASE
Winter Simulations

b) 'Lowr Amplifude Tide
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Fig. 5.21 The amount of petroleum predicted to reach study sites under simulated winter conditions

when released from the 'Wharf Point'. Site abbreviations are; KP-Kingston Park, MR:Marino

Rocks, HC:Hallett Cove A" PSl:Port Stanvac 1' PS2:Port Stanvac 2, PS3:Port Stanvac 3'

WB:Witton Blutr, pNs:port Noarlunga South, RP-{obinson Point. The coding system used to

shown in column a) and 'low' tidal amplitude simulations are shown in column b)'
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J 96 24t2

'WHARF POINT' : PETROLEIIM RDLEASE
SPring Simulations

a) 'Eigh'Amplitude Tide
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b) 'Low? Amplitude Tide
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¡1g. 5.22 The amount of petroleum predicted to reach study sites under simulated spring conditions

when released from the 'Wharf Point'. Site abbreviations are; KP--Kingston Parlç, MR:Marino

Rocks, HC:Hallett Cove A PSl:Port Stanvac 1, PS2:Port Stanvac 2, PS3:Port Stanvac 3,

WB:Witton Bluff, PNS:Port Noarlunga South, RP--Robinson Point. The coding system used to

shown in column a) and 'low' tidal amplitude simulations are shown in column b).
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5.7 Discussion

5.7.1 Validation of the FLOWM Model

The simulations used to recreate the 'real' oil spill revealed some differences between

the patterns of oiling occwring in the field and those predicted. The full resolution

simulation, which most closely matched the observed patterns of oiling, utilised a

surface mixing depth of 0.003m and a wave drift factor of 15.4 (Fig. 5.6). This

simulation matched the observed oiling pattern seen at study sites in the relative

degree of oil contamination at Witton Bluff but, unlike the situation in the field, Port

Noarlunga South received only low levels of oil contamination. The simulation also

deviated from the real situation in the heavy oiling levels received by 'Central' study

"iirs. Àru'r.irsr .iiifsrcucç was i.irai i.irc sirnuiaiitrn preciicreci rhe iare arrivai (aner +8

hours of simulaticn time) of oil to 'Northem' study sites, particularly Hallett Cove,

while in the field no oiling of these sites was observed.

There could be a number of reasons for the differences between the observed oil

grounding sites and those predicted from the 'best' simulation. Firstly, the oil spill

simulation used hourly time series data (including wind strength and direction and

tidal conditions), while minor variations, particularly in wind strength and direction,

over temporal scales of hours or less would have constantly been occurring in the

f,reld. However, an examination of 6-minutely data provided by the NTF did not

inciicate a iarge ciiscrepancy between these values and the hourly data used in the

model. Therefore, the use of hourly time series data in the simulation (instead of more

frequent readings) would not appear to account for the differences between the

predicted and the actual oil grounding sites

A more likely factor contributing to differences between the observed and predicted

grounding sites of oil was the way in which the spill occuned and how it was handled.

The specif,rc location of the leak was not able to be exactly identified meaning that the

point of oil spillage used in the simulation may not have been accurate. This could

have influenced the predicted grounding sites of oil. Since the oil spill was being

investigated by the EPA full details of how the spill was handled by refinery staff and

clean-up contractors were not available to me. For example, it was rumoured that
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dispersant had been used close to where the spill occurred. If this was the case it may

explain the lack of visible oiling at Port Stanvac sites which were predicted to be

heavily oiled by the oil spill simulation. If dispersant had been used it was likely that

this would have occurred close to the point of oil release and that this action would

have reduced the amount of obvious oil transported and deposited at study sites,

particularly those located within the refinery boundaries. It must be noted that

although dispersant removes visible oil from the system the oil is still present (in an

altered form) and both this and the dispersant itself can be extremely toxic to intertidal

organisms. It is also possible that booms were deployed between 'Central' study sites

and the point of oil release which may account for the lack of obvious oiling of these

sites. However, although a boom was observed to be in use in the Onkaparinga River

there were no substantiated reports of booms being used at other points in GSV.

Use of the time series data provided by the NTF could introduce a source of

inaccuracy into the simulations since it was collected at one point in Port Stanvac.

The FLOWM program assumes that parameters such as wind strength and direction

and tidai height are consistent across the entire bathymetry grid although it does

incorporate a long-shore drift component in the modelling. Such an assumption does

not consider the modiffing influences of local topography which would be especially

relevant close to shore and could have major effects on parameters such as the tidal

regime, wind strength and direction, and the form and magnitude of wave action. By

ignoring the influence and importance of such local effects the simulation could not

be expected to mimic the 'real' field dynamics and accurately predict ultimate

grounding sites of spilt oil.

Another reason for the differences between observed and predicted oil grounding sites

was the coarseness of the bathymetry matrix used as a basis for all modelling

simulations. The matrix grid interval corresponded to 186.9m meaning that an error

in location of the point of oil release by one grid unit translates as a 186.9m deviation

from the 'true' point of oil release in that dimension. This would be expected to have

a major impact on the predicted oil grounding sites. A broad grid interval can also

result in distortion in the positioning of the study sites along the model shore. The use

of such a large grid interval was necessary as the data (including depth profiles and
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coastal contours) provided on Navigational Map AUS. 781 from which the

bathymetry matrix was compiled lacked enough detail to enable generation of a finer

resolution matrix. If compilation of a finer resolution bathymetry matrix had been

possible with an acceptable degree of accuracy then it was likely the model

simulations would have enabled a closer fit between the realised and predicted

locations and extent of oiling.

Another problem with modelling of the oil spill was the treatment of the oil as a

homogeneous bulk product. This fails to account for changes in the oil and its

behaviour as it weathers which may have influenced the amount of oil reaching

panicular sites. The use of a decay factor attempted to provide some realism to the

way iu wiricir uii bciravyd iu Lirç rnur.ici bui. wii.houl exrensive resring, unfomrnateiy

beyond the scope of this thesis, it was not possible to more accurately simulate oil

spread and its temporal behaviour. The difference which altering the oil decay time

had on the amount of oil reaching a particular point on the model sea (or shore) has

been previously mentioned. In addition, oil circulating in the model sea is lost from

the circulating oil volume once it travels beyond the edge of the model boundaries.

This could be overcome by increasing the size of the GSV area included in a

particular simulation.

The model also lacked realism in its failure to account for oil present at the water-land

interface. An accurate representation of how oil behaves in the field at proximity to

the coastline requires a mechanism where an oil spill model incorporates a coastal

retention factor linked to the substrata type and the tidal regime. Although this was

attempted it was not possible to incorporate a realistic coastal retention factor into the

FLOWM Model in the time available. Stranded oil can be remobilised by a

subsequent high tide unless it has been entrapped in rocks or retained deep in soft

sediment. Therefore, a realistic oil spill model useful in predicting close-shore oil

movement needs to have the ability to remove stranded oil from the circulating oil

volume but be able to consider this oil if it is later redistributed, either in whole or

part. This is clearly a complex situation and beyond the objectives of this thesis.
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The amount of oil left on the shore using the estimated coastal retention factor and the

simulation parameters pertinent to Fig. 5.6 gives a crude approximation of oil

retention on a rocky shore (see Table 5.7). The calculations could only be made on

the basis of a number of assumptions, therefore illustrating the complexities needing

to be addressed to incorporate a coastal retention factor into the FLOWM Model.

However, the primary aim of using the FLOWM Model was not to predict the volume

of oil retained at study sites but rather the exposure of the sites to oil. Oil may be

carried across a site on a body of water, or be left on a site prior to being remobilised,

either of which can perturb an area. Therefore, it was considered satisfactory to

predict the amount of oil at the water-land interface rather than the amount of oil

retained on shore. The latter was predicted to be minimal due to the domination of

rocky substrata at studY sites.

Despite the differences between the observed oil spill grounding sites and those

predicted from the simulated oil spill, the model was still thought to be a useful tool in

predicting what could happen in an oil spill and was retained for predicting seasonal

grounding sites of spilt oil.

5.7.2 SeasonalModelling

Problems with the Seasonal Simulations

A number of the difficulties mentioned in relation to validation of the FLOWM Model

also applied to the seasonal simulations. Clearly the treatment of oil as a bulk

product, the failure to consider its fate at the water-land interface, and the coarseness

of the bathymetry matrix have important implications to the seasonal predictions.

More specific problems pertaining to the seasonal simulations were the use of

seasonal averages for tidal amplitude and wind strength and direction. The huge

variability in these parameters has been indicated in Chapter 4 (Figs 4.3a &'b,4'4a &

b and 4.5a &. b). This variability is especially evident when considering the direction

and strength of the prevailing winds. Another problem with using seasonal averages

in relation to wind strength and direction was that the sea breezes accompanying an

incoming tide were not considered in the simulation. In fact, the use of average wind
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strength and direction data ensures that the model treats the wind field as a constant

for the duration of the simulation.

The use of averages in relation to tidal amplitudes under 'dodge' and 'high' amplitude

tidal extremes was likely to give an idea of the patterns of oiling due to tidal

influences but could not possibly encompass the full range of outcomes which could

occur on a seasonal basis. The model also assumed that the tidal amplitude was

constant for the duration of the simulation. An additional problem was the need to

predict the wave height (as accurate data on this parameter was not available). If this

information was available the problems of temporal variability (discussed in relation

to tidal amplitudes and wind strength and direction) would apply.

Release of Oil from the 'Deep Ocean Point'

When crude oil was released from the 'Deep Ocean Point' under simulated summer

conditions it was predicted to ground predominantly at 'Central' sites and Hallett

Cove. However, 12-24 hours after oil release very small amounts of this pollutant

were recorded at some of the 'Southern' sites. Autumn simulations predicted

maximum oiling at 'Northern' study sites and only small amounts of oil reaching

some of the 'Central' sites under the influence of a 'high' amplitude tide. Winter

simulations predicted very low levels of oil reaching 'Northern' sites, particularly

Hallett Cove, while simulations under spring conditions predicted similar grounding

sites but larger volumes of oil arriving.

When the simulations involved the release of petroleum in summer the majority of

study sites were predicted to be perturbed but Hallett Cove and PS2 were most

vulnerable to oil exposure. The amount of petroleum reaching sites was greater under

the influence of 'low' amplitude tides. Autumn simulations predicted high levels of

oiling at all 'Northern' study sites and occasional small volumes reaching PSl and

PS2. Winter simulations rarely resulted in petroleum reaching any of the study sites,

while only 'Northern' sites were affected by oil in spring.
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Release of Oilfrom the 'll'harf Point'

Petroleum released from the 'V/harf Point' under simulated summer conditions tended

to spread broadly to study sites. However, in all other seasons simulations predicted

that the 'Northern' study sites would be most susceptible to petroleum exposure.

V/inter simulations were characterised by lower levels of petroleum contamination

than any other season.

Seasonal Predictions

Regardless of the type of oil released, the timing of that release within the tidal cycle,

and whether oil was spilt from the 'Deep Ocean Point' or the 'Wharf Point', it would

appear from the seasonal simulations that 'Northern' sites, particularly Hallett Cove,

and 'Central' study sites are most likely to be perturbed. However, minimal oiling of

study sites was predicted in winter when the winds are primarily north-east to south

(Petrusovics 1990). If north-east winds dominate in winter then oil is likely to be

carried out to sea unless tidal influences oveffide the influence of the wind. This

could account for the low levels of oiling seen at all sites in winter simulations.

The failure of the FLOWM model to consider the influence of sea breezes

accompanying an incoming tide in the seasonal simulations may have underestimated

the amount of oiling occurring at some of the study sites. However, the importance of

this point would depend on how far the oil had been transported prior to the sea breeze

and incoming tide combining to drive oil towards the shore.
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5.7.3 Implications to the Ongoing Monitoring Program

The problems in validating the FLOWM Model in reference to the observed refinery

oil spill indicated that fuither modifications could be made to improve the

applicability of this model to the project. This would be an interesting research

direction to follow but was not possible in the available time. V/hen the modelling

work of Grzechnik is completed it is recommended that his model be considered as a

tool for predicting likely seasonal oil grounding sites along eastern GSV.

The seasonal trends identified in the FLOWM simulations predict that 'Northern' and

'Central' study sites are most likely to be perturbed by oil exposure in the event of an

oil spill. However, the variability seen in oil distribution and in the factors affecting

oil transport (namely the vector sum of tide and wind patterns) made accurate

prediction of grounding sites extremely diffrcult. Therefore, it is recommended that

the ongoing monitoring program includes as many study sites as possible depending

on the 'time-cost' involved. It is also recommended that the sites chosen for ongoing

monitoring should be widely spread along the eastern coast of GSV. This would

maximise the likelihood of at least one site being oiled, while reducing the chance that

all will be oiled, an important consideration when using a Beyond-BACI monitoring

design.
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Chapter 6. Selection of a Bioindicator

6.1 Introduction
It is now widely accepted that chemical methods are not suitable as a stand-alone

means of pollutant monitoring. Pollutant levels can indicate the extent and nature of

contamination in an aquatic system but cannot establish the biological risks and

consequences of the contaminant in sítu (Henicks and Cairns 1982, Krivolutzlcy 1986,

Soule 1988, Borgmann and Munawar 1989, Sloterdijk et al. 1989, Caims and Mount

1990, Caims et a\.1993). Living organisms are able to temporally integrate pollution

effects and indicate the bioavailability and biomobility of pollutants (Moriarff 1983,

Storey and Edward 1989, Burton and Scott 1992, Stronkhorst 1992' They can

synthesise responses to other stressors and processes at work in a system (Cairns and

Van der Schalie 1982, Krivolutzky 1986, Pellerin-Massicotte et al. 1989, Caims et al.

1993, Rippon and Chapman 1993). Pollution should be viewed as a biological

phenomenon that acts on living organisms and in this context the only meaningful

way of monitoring requires a biological approach (Carballo et al. 1996). The use of

biological indicators (bioindicators) to assess water quality in Australia has increased

since the late 1970s and is now widely employed to quantify the ecological 'quality'

or 'health' of a system (Phillips 1980, Browder 1988, Maher and Norris 1990,

Swaileh et al. 1994).

The use of bioindicators in ecological assessment assumes that the indicator reflects

the quality of its environment (Johnson et at. 1993). If ambient physical and chemicai

conditions are modified the altered environment will favour some species, have little

affect on others and cause damaging changes to the rest according to their individual

tolerances (Cairns and Van der Schalie 1982, Johnson et al. 1993, Catballo et al.

1996). 'When conditions are outside the optimal physical and chemical ranges of a

species, changes in their presence/absence, abundance, morphology, physiology or

behaviour may arise (Johnson et aI. 7993). If a species is abundant within a system it

is assumed this is because its requirements are being satisfactorily met. However, the

reverse cannot be infened as explanations including the presence of geographical
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barriers, occupation of a species functional niche, or the influence of normal lifecycle

events (such as predation) may account for the absence of a species (Johnson er a/.

I ee3).

Biological systems a¡e hierarchically arranged into subcellular, cellular, individual,

population, community and ecosystem levels and all can be potentially affected by

pollutant exposure (Sastry and Miller 1981, Herricks and Caims 1982, Caims 1983,

Axiak et al. 1988, Soule 1988, vega et al. 1989, Keough and Mapstone 1995).

Pollutant stress usually affects biota at lower levels of biological organisation but

effects can accumulate and influence the population, community or ecosystem (Sastry

and Miller 1981, Cairns et ql. 1993, Carballo et at. 1996). It is only when pollutant

ind,'ced cha:rge rrnpacts at cr 3bc'.,e the level of the population ihat sigtificarii

ecological effects occur (Sindermann 1988, Suchanek 1993). This was an imporrant

consideration in the design of a monitoring program for Mobil, Port Stanvac, and a

population-level monitoring focus was adopted. This was necessary due to the high

time investment required in community-level monitoring and the diffrculties in

associating change at this level with a perturbation (Keough and Mapstone 1995).

Therefore, oil exposure will be considered to have an impact in Gulf St Vincent

(GSV) if changes in the abundance or population variance of a selected indicator

species a¡e statistically significant (see Sladeck 1965, Underwood 1994a& Grasmuck

et al.1995)"

Having previously decided that a Beyond-BACI design was the most appropriate way

of monitoring for an oil perturbation in GSV the next step was ¡o select a suitable

bioindicator. This required determination of the ideal characteristics a hypotheticai

bioindicator s\cütd have, and a comparison with the known or postulated characteristics

of intertidal invertebrate fauna found at study sites (see Chapters 3 e, Ð. A cause-

and-effect relationship between oil (both crude and refined) and any species appearing

to meet the majority of bioindicator criteria was then investigated experimentally.

The choice of an appropriate bioindicator is the focus of this phase of the project.
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6.2 Aims

The broad aim of this chapter was to identi$ the most appropriate bioindicator to use

in a Beyond-BACI monitoring progr¿tm designed to assess the consequences of an

operational oil spill from the Port Stanvac oil Refinery. This required an

understanding of the behaviour, life history, mode of exposure and likely effects of oil

on the common species encountered at GSV study sites'

The specific aims of this chapter were to:

. Use the literature review investigating the use of bioindicators (Chaptet 2) to

determine the primary characteristics a species requires to be a useful

monitoring tool.

. Use the literature review investigating the likely effects of oil on intertidal

animals (Chapter 2), the results of preliminary monitoring (Chapter 4), field

observations and some small-scale behavioural experiments to identiff potential

bioindicators.

o Determine the behaviour and life history traits of dominant animals at GSV sites

to elucidate their usefulness as bioindicators'

o Establish the cause-and-effect relationship between species that appear to be

suitable as bioindicators, and oil.
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6.3 Bioindicator criteria and Dominant rnteftidal
Animals in GSV

A literature review pertaining to the use of bioindicators and the effects of oil on
intertidal biota has been included in Chapter 2 of this thesis. This review was used to
identiff the primary criteria a species should exhibit to be a usefi.rl intertidal
monitoring tool. Common animals found in the 'upper' zones at study sites in GSV
(see Chapter 4) were then considered in reference to their life history strategies and

behaviour (Table 6'1) and their ability to meet the bioindicator criteria (Table.6.2).

6.3.1 MarineBioindicatorCriteria

Warwick (1993) has reviewed various Northern Hemisphere organisms for rheir
potential as marine indicators. Epifauna colonising hard surfaces make good
bioindicators because they are non-motile and can be sampled non-destructively and
repeatedly. Mobile fauna on hard surfaces are also easy to identifu and census non-
destructively but have a direct dependence on the plants they graze (in the case of
herbivores) and may be indirectly affected by algal changes (Warwick 1993, Jan et al.
1994, Keough and Mapstone 1995).

The ideal hypothetical intertidal bioindicator for a Beyond-BACI monitoring program
should exhibit the following characteristics:

r Free from taxonomic problems and easily reccgnised and identifie,i by
nonspecialists. This will remove uncertainties which could complicate long-
term monitoring and inter-site comparisons (Hellawell l9g6).

o An established cause-and-effect relationship with the disturbance of interest
(including likely pollutant effects on different stages in the organism,s life
history) (cairns 1974,Herawell 19g6, underwood and peterson r9gg, Keough
and Quinn 1991, caims et al. 1993, Keough and Mapstone 1995) at the
appropriate biological level of interest ('Widdows 1985). It is an advantage if
the species is well suited to laboratory studies as this facilitates determination of
causality between the pollutant and the organism (Hellawell l9g6).

o Low genetic and ecological variability (Hellawell 1936).
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o Ubiquitous at a range of similar sites and suffrciently numerous to allow

statistical conclusions to be drawn (Cairns et al. lgg3,Underwood 1993a)'

. Limited mobility in reference to the spread of the pollutant, meaning that the

organism is unlikely to be able to actively avoid contacting the contamination (,

Davies et al. l993,Warwick l993,Keough and Mapstone 1995).

. Some biological or ecological significance e.g. in terms of community structure

and balance (Cairns et al. 1993).

. Sensitive but not too sensitive to the stressot of interest and not demonstrating

an all-or-nothing response to the pollutant (Cairns et al. 1993)'

. preferably not overly sensitive to confounding factors which may be operating

in the area (Keough and Mapstone 1995). However, changes in the bioindicator

should be integrative and indicative of more general changes in the area

(Keough and Mapstone 1995) so that it effectively 'summarises' information

from many unmeasured indicators (Caims et al. 1993)'

. Easy to assess and accurately quantiff e.g. not displaying cryptic behaviour

(Phillips 1980, Garrity and Levings 1990) and preferably able to be non-

destructively and cost-effectively sampled (Moriarfy 1983, Humphrey et al'

1989, Caims et al. 1993, Swaileh et al. 1994).

. Sufficiently long-lived to allow the sampling of more than one year-class

(phillips 1980). A relatively long life history is advantageous as it allows

monitoring to be integrated over a range of spatial and temporal scales

(Heilawell 1986).

. The indicator should not show strong serial correlation between sampling times

but this can be managed by manipulating the sampling intervals or by using an

analysis which incorporates serial correlation (Keough and Mapstone i995).

. It is an advantage if the ecological characteristics of the indicator are well

known and it has a relatively narrow and specific range of ecological tolerances

(Hellawell i986, Johnson et al. 1993).
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6.3.2 Dominant Intertidal Animals and Their Characteristics

Gastropods are frequently the most conspicuous and diverse group of animals seen on

rocþ shores (Jnderwood and Chapman 1995). This was found to be true of the

targeted section of the mid-eulittoral zone (designated the 'upper' zone) at the

majority of selected study sites (see Chapter 4). The 'upper' zones at study sites were

comprised primarily of herbivorous gastropods including Bembicium nanLtm, Nerita

atramentosa, Austrocochlea spp., Cellanq tramoserica, Siphonaria diemenensis and,

Notoacmea spp., while variable numbers of barnacles (primarily Chthamalus

antennatus) and mussels (mainly Xenostrobus pulex) also occurred but generally

dominated at lower shore levels. The most common animals found at GSV study sites

during the preliminary phase of this project and their lifestyle and relevant life-history

tralts are shown rn 'I'able 6.1.

The substrata dominating study sites typically appeared bare of conspicuous plant life
except within rock pools and low-lying areas. However, it is expected that epilithon

would be present at these 'bare' sites, providing a major food source for herbivores

(Underwood 1979, Hawkins and Hartnoll 1983a & b, Hill and Hawkins 1990).

Although epilithon is likely to be directly affected by oiling and to have secondary

effects on the herbivores which graze it due to sampling and quantification difficulties
(Maclulich 1986, Hill and Hawkins 1990) this material will not be considered in the

search for suitable bioindicators.
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6.3.3 The A Priori Bioindicator

Herbivorous gastropods found in the 'upper' zones at study sites in GSV typically

shared broadly similar life history strategies (Table 6.1). However, when intertidal

species were categorised against important bioindicator criteria (a subset of the criteria

listed in section 6.3.1) it was apparent that only B. nanum met the majority of the

bioindicator requirements (Table 6.2). This species was selected as the a priori

bioindicator of choice for a population based Beyond-BACI monitoring program. The

abundance of B. nanum was also used as the variable of interest when considering the

statistical effects of the perturbations investigated in Chapter 4. A number of

herbivorous gastropods could have been useful bioindicators but their low densities

precluded them from further consideration.

The possible stages within the lifecycle of B. nanum where oil is likely to modifu

'normal' processes are shown in Fig. 6.1 and the postulated mechanisms of action are

shown in Table 6.3. Minimal research had directly addressed the effects of oil

exposure on B. nanum so it was necessary to postulate potential effects from the

literature review of oil and invertebrates (see Chapter 2).
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6.3.4 B. nønum as a Bioindicator

Taxonomy

Taxonomically B. nanum belongs to;

Phylum- Mollusca,
Class- Gastropoda,
Sub-Class- Prosobranchia,
Order- Mesogastropoda,
S uperfamily- Littorinacea,
Genus- Bembicium Philippi,
Species- nanum (Lamarck).

Lûestyle and Reproduction

B. nanum was the only animal suffrciently abundant at the majority of study sites to be

useful in a statistical analysis of environmental impacts (see Chapters 3 & 4 and Table

6.2). This species was one of a number of herbivorous gastropods found at GSV sites

but its numerical dominance coupled with its ability to live higher on the shore than

other gastropods (except Littorina spp.) and thus be readily censused made it the most

suitable a priori bioindicator.

B. nanum is a small herbivore which generally attains a maximum width of about 2

cm (Quinn et al. 1992). Longevity of individuals has been estimated at between 4-8

years, and reproductive maturity in some populations in New South V/ales has been

estimated to occur at an averagr: shell width of 11 mm, 10-12 months after settlement

on the shore (Underwood 1975b). The longevity of this species means that

individuals are likely to swvive in a local population through several consecutive

years of sparse larval recruitment.

B. nanum females spawn yellow egg masses primarily in spring (Shepherd and

Thomas 1989) but the spawning season extends from August to Ma¡ch (Underwood

7974, Table 6.1). Approximately 100-200 creamy white eggs about 0.1 mm in

diameter and surrounded by a transparent oval envelope with dimensions of 0.2 x 0.19

mm are contained within transparent jelly-like egg capsules. These are flattened oval
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to bean-shaped structures about 2.0-2.5 mm long and 1.0-1.5 mm wide and are

attached to the rocks (Shepherd and Thomas 1989). The young develop in the

capsules for 18-28 days after which they emerge as planktotrophic veligers. It has

been suggested that the veligers spend "probably several weeks" in the plankton

(Shepherd and Thomas 1989, pg S44) but the extended planktonic phase may last as

long as ayear (Underwood 1975b).

The Postulated Effects of Oil

The long planktonic stage of B. nanum suggests that dispersal of the species is likely

to occur over wide distances and local adult population dynamics are expected to have

no influence on the number of new recruits arriving to an area (Underwood 1975b). If

a local population is decimated by an oil spill its recovery should be rapid as new

recruits or immigrants arrive to populate the vacated space. Recolonisation can only

be successful if a number of conditions are met. Where larvae are involved in

recolonising an oil-impacted site veligers must be present in the plankton and at the

'settling' stage and must be transported to the damaged site where conditions must

then be suitable for them to settle. For recolonisation by immigrants to be successful

the oiling must leave pockets of minimally affected or unaffected B. nanum on the

shore which are close enough to migrate into the impacted area. It is possible that oil

may be retained at an impacted site or have altered the area in some way (e.g. by

reducing epilithon growth) so that conditions are not favourable for growth of new

recruits or ne\¡/ immigrants. If this occurs, recovery of the area is not expected or is

likely to be slow. Conversely, it is also possible that light oiling will enhance the

affected area in some way, perhaps by encouraging epilithon growth, thus making it

more 'attractive' to B. nanum immigrants and settlers or in some way promoting their

growth and perhaps longevity.

Usefulness as a Bioindicator

B. nanum would be an appropriate indicator of oil induced change for a number of

reasons (see Table 6.2). It is abundant at study sites and the adults do not appear to

travel as far as a number of other gastropod species (see Chapter 7) and so are unlikely

to be able to a'¿oid oil exposure. B. nanum shares some similarities in longevitv and

reproduction with common gastropod species and is also herbivorous like the majority
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of other dominant gastropods at study sites (Table 6.1). This means that it is likely to

ingest and contact oil in a similar manner to other less numerous herbivorous

gastropods and to show similar effects from oil contamination. The similarities in

lifesffle between the dominant gastropods suggests that changes in the abundance or

population variance of B. nanum as a result of oil exposure may also reflect changes

in the other gastropod species. However, this will depend on the individual tolerances

of different species to oil, their ability to recover from such exposure, and community

dynamics under perturbed conditions.

The numerical dominance of B. nanum at selected study sites makes it ecologically

important within the context of the assemblage in which it occurs, especially as it

competes for fooci witir otirer irerbivores such as A. constricta and N. atrqmentosa

both of which are competitively superior (Underwood 1978b). The only remaining

bioindicator criteria to determine in reference to the suitability of B. nanum as a

bioindicator are if the species shows cryptic behaviour and if it is affected by exposure

to crude or refined oil. These criteria form the focus of the latter part of this chapter.

6.3.5 B. nønum and its Susceptibility to Oil Exposure

The literature review of the effects of oil exposure on intertidal gastropods revealed

variations in their responses to oil but suggested that in a heavy crude oil spill all

gastropod species are likely to be smothered. Since smothering of gastropods and

other invertebrates was well documented it seemed unnecessary to directly investigate

this effect experimentally.

Previous Work

To my knowledge only one (unpublished) study undertaken in Sydney in 1995

specifically investigated the effects of oil on ß. nanum. This study involved a series

of acute toxicity tests exposing B. nqnum to the water soluble fraction (WSF) of Shell

crude oil (pers. comm. Carey). The actual WSFs of oil that animals were exposed to

were not directly measured but were extracted and diluted in varying proportions.



Chapter 6 page36l

Four tests were performed þers. comm. Carey):

1) static 96 hour exposure of animals to diluted WSFs ranging from 5-100%o of that

extracted,

2) 72 hour exposure of animals to 100% of the extracted WSF of crude oil,

replaced daily to simulate tidal influx,

3) manipulation of aeration to investigate how this parameter affected the toxicity

of the V/SF,

4) manipulation of light exposure to investigate what influence this parameter had

on the toxicity of the WSF of the oil.

No mortality occurred in tests I or 2 although the animals were 'affected', recovering

gradually over the test period. Animals were observed trying to escape from the water

in both of these tests, behaviour which would minimise their contact time with the oil.

Problems associated with the study were that hydrocarbons would have been lost over

the trial period (although this would be realistic of an oil spill in the freld) and the

actual WSFs the animals were exposed to were not known. The importance of

aeration and light was dernonstrated in the last two tests, with all animals dying after

24 hours when the water was not aerated, and lack of light increasing the toxicity of

the WSF to give a 96 hour lethal concentration-50 (LCso) of 58.2%.

These tests indicated that B. nanum was tolerant to acute exposure to the WSF of

Shell crude oil but that factors such as the amount of light and aeration were capable

of affecting oil toxicity. Smothering and other changes associated with being coated

with crude oil were not examined in this series of tests. However, it is likely that oil

present as an emulsion or slick would be more damaging to animals in the short term

than exposure to the WSF of oil. Therefore, the resistance to the WSF of crude oil

identified in these tests does not necessarily make the species a poor bioindicator of

oil pollution, and further investigation of a relationship between crude and refined oil

and B. nanum was warranted.
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Experimental Assessment of the Effects of Oil Exposure

Two separate experiments were conducted to investigate the effects of exposing ,8.

nanum to petroleum and crude oil. The oiling experiments were intended to be as

realistic as possible and to that end small but realistic amounts of Mobil refined

unleaded petroleum and Arabian light crude oil were used in the experiments.

Crude oil is handled at the 'Deep Ocean Point' of the Port Stanvac Refinery and if
spilt is likely to be transported frrther and experience more weathering than would

occur if a spillage occurred closer to shore (see Appendix D). The worst scenario in

terms of acute damage to intertidal biota would involve crude oil rapidly grounding

witir very iiuie ar-sea wearhering. Therefore, ir was ciecicieci to invesdgare the effect

of unweathered Arabian light crude oil on B. nanum. Two oiling levels were

experimentally investigated; 1 ml of oii per litre of seawater (equivalent to 51.02 ml

of oil per m2 of horizontal rock surface area) and 2 ml of oil per litre of seawater

(equivalent to 102.04 ml of oil per m2 of horizontal rock surface area).

Petroleum is also handled at the refinery, both at the 'Deep Ocean Point' and the

closer ''Wharf Point'. A petroleum spill is likely to have little impact on gastropods

due to its high volatility unless it comes ashore rapidly, in which case it could be very

toxic to all biota it encounters. However, the 'Wharf Point' is very close to shore and

petroleum spilt or leaking from this point may ground in a largely unweathered state

depending on the prevailing conditions. It thus seemed pertinent to investigate the

effect of exposure of .8. nanum to unweathered (leaded) 'Mobil' petroleum. The

petroleum experiment involved exposing animals to the same levels of oiling used in

the 'crude oil' experiment.

The September 23rd Oil Spill

The oil spill which occurred from the 'Deep Ocean Point' on the 23rd of September

1996 has been previously mentioned (Chapters 4 e, Ð. This spill involved crude oil

reaching the eastern shore of GSV. I intended to use a Beyond-BACI analysis to

investigate acute population level effects on B. nanum following the oil spill.

However, the prevailing conditions during and following this event resulted in oil
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grounding high in the intertidal region well above the 'upper' zones sampled during

preliminary monitoring. This meant that no pre-impact data corresponding to the

perturbed areas at study sites could be extracted from the preliminary monitoring data

set. This, coupled with visual assessment of the study sites and census of the

abundance of B. nanum inthe'upper' zones following the spill (which failed to show

any changes) suggested that a Beyond-BACI assessment of post-perturbation effects

would not be informative. However, to avoid overlooking any acute and possibly

subtle changes in intertidal assemblage structure which were coincident with this oil

spill but not readily apparent, a multivariate analysis was performed.

6.4 Materials and Methods

Three separate investigations were carried out to help select appropriate indicator

species. The first of these focused on the behaviour during low tide of the dominant

gastropods found in the 'upper' zones at GSV sites. 'Upper' zones were targeted as

the pilot and preliminary studies had revealed the access difficulties associated with

sampling the 'lower' zones (see Chapters 3 & 4).

Within the context of designing a monitoring program at Port Stanvac the behaviour

of interest was a tendency for animals to aggregate under mobile substrata at low tide.

The pilot study had identified low tide as the most suitable time for animai census and

any form of cryptic behaviour during this time could make accurate determination of

animal densities difficult. The study sites used for an investigation of cryptic

behaviour were Hallett Cove B (HCB), Marino Rocks (MR), Robinson Point (RP),

PS2 and PS3. Other study sites were not suited to the question of cryptic behaviour as

they were dominated by bedrock with minimal proportions of mobile substrata.

Regardless of the outcomes of the investigation into cryptic behaviour of dominant

gastropods at GSV sites, B. nanum was the only animal found at most study sites and

sufficiently abundant to allow a statistical analysis of population level changes in

response to an oil spill. The second set of two experiments were therefore designed to

investigate the effect on B. nanum of acute exposure to 'realistic' amounts of fresh
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Arabian light crude oil and Mobil refined petroleum. This set of experiments took

place on the beach at Port Stanvac to the east of PSl.

The final investigation carried out in this chapter involved using the September 23rd

1996 oil spill as an opportunistic event to assess any coincident changes in assemblage

structure.

6.4.1 Cryptic Behaviour of Gastropods

It is important that an indicator species is easily and accurately sampled and by

extension does not display cryptic behaviour. During initial selection of study sites in

GSV lChanfer 3) and nreliminarv samnlinø lChapter 4\ it beca-me a-pparent th_! z

number of species tended to aggregate under boulders and smaller mobile substrata

(which provided moist, shaded habitat) at low tide. To avoid causing intermittent

sampling disturbances and to minimise sampling time it was decided not to overtum

mobile substrata to census animals. However, in determining the most appropriate

indicator I was interested in finding out if dominant species at GSV study sites did

show a tendency to favour the undersurface of rocks. Since all study sites, including

those dominated by bedrock, had varying amounts of mobile substrata (grading from

gravel to boulder) it was important to investigate which species displayed the

aforementioned behaviour. An animal which did not aggregate under rocks could be

-^^,{:1.' ^-,{ ^^^"-^+^1" ^--."-â,{,,,:+L^,.+ li-+.,*Li-- +L^ ^+..,¡-, ^:+^^.-,L:l^ ^ ---^:^^rw4srrJ q¡s qwww4lwrJ wwrrùuùvu YvlluvuL urùLuurl¡é Lrrv JLL¡L|J JrLgù wllllg a ùPgL;rçs

favouring the undersurface of rocks at low tide presented a number of sampling

difficulties and was likely to give a biased estimate of its 'true' abundance.

The investigations into the behaviour of dominant gastropods took place in May 1995.

At each of the selected study sites the 0.25m2 quadrat was randomly deployed 12

times within the 'upper' zones. All animals visible within a quadrat were censused.

Then, mobile substrata with a surface area in the range of 20-40cm2 were overtumed

and the animals found undemeath recorded. This size substrata was common at a

number of sites and potentially afforded animals moderate shelter from exposu¡e at

low tide while still being easy to overturn without causing major disturbance to

adjacent substrata and animals. During the pilot study, substrata with a surface a¡ea
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less than 20-40cm2 was generally found to have few animal species associated with it

and was consequently not investigated as part of this project. The number of animals

found within a quadrat occupying either the exposed positions ('top') or protected

positions under mobile substrata ('under') were then standardised for surface area and

compared using paired /-tests. If the differences between the paired treatments were

not normally distributed (determined using the Anderson-Darling test (Snedecor and

Cochran 1939) then a logl¡(x+l) transformation was performed (where x:abundance

of a species) and the data re-tested (see Zæ 1984). If data still violated the assumption

of normality then a non-parametric test, the Wilcoxon paired test was used (Wilcoxon

1945). Although 12 quadrats were assigned to census animals the number of quadrats

in which particular species occuned (n) varied as some animals, particularly

Austrocochlea spp., "were present at low densities at some study sites.

Analyses were sepilately performed for each of the study sites to eliminate the risk of

confounding the results due to observed differences in substrata characteristics

between sites. Only numerically dominant animal species were investigated

statistically. The a priori effect size of interest was a 50% difference in animal

abundance (on average) between the two treatments. A two-tailed hypothesis of no

difference between'top' and 'under' positions within quadrats was addressed for each

of the tested species. If a significant difference was found the direction of difference

was determined. If no significant difference was found between treatments then the

power of the analysis to detect a difference was calculated as describedinZar (1984,

pp. 1i0-112 &.I53) using the variance found between 'top' versus 'under' pairs.

6.4.2 Exposure of B. nanum to Oil

The two experiments investigating the acute effects of fresh crude oil and

unweathered leaded Mobil petroleum on B. nanum were carried out on two separate

days at Port Stanvac. The experiments simulated a tidal sequence of a high tide

followed by a low tide. In both experiments effects at the level of the individual were

investigated but it was hoped that extrapolation to the potential effects of an oil spill at

the level of the population could be made.
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6.4.2.t Arabian Light Crude Oil and B. nanum

The first of the experiments to investigate a cause-and-effect link between B. nanum

and crude oil commenced at Port Stanvac on the 14th of August 1996. This

experiment was conducted over one day and used fresh (e.g. unweathered) Arabian

light crude oil, provided by Mobil's Port Stanvac Oil Refinery.

The experiment was set up high on the beach using a randomised block design

involving 5 treatments, each of which had 5 replicates (Table 6.4). Each replicate

consisted of a 2litre white icecream container into which one or two flat sun-dried

rocks had been placed. Sun-dried beach rocks were used to avoid introducing the

uncontrolled factor of va¡iable amounts of epilithon into the experimental design. The

size of the rocks varied (and if necessary two were used) but the surface area

approximated that of the base of the icecream container which was 196cm2. Seawater

was collected from a single deep rock pool close to the low water mark and 1 litre was

added to each of the containers prior to the addition of experimental animals.

An area corresponding to the 'upper' mid-eulittoral zone was selected to the north of

PSl. The 0.25m2 quadrat was randomly assigned 7 times to this area so that the

average abundance of B. nanum could be calculated and the ratio of size classes

determined. Def,rnition of the size classes used to categorise B. nanun populations

has been given previously (see Chapter 3). The average density of B. nanum was

found to be equivalent to 10 animals per 196cm2 and the ratio of size classes was

found to be approximately 2 'small' : 3 'medium', with only rare appearances of

largeranimals. Therefore, l0 animals (consisting of 4'small'and 6'medium'sized

B. nanum) were randomly assigned to each experimental container. The animals were

collected from the designated aÍea at low tide and added to containers which had been

set up with the rock (or rocks) and sea water. The water was allowed to settle for 10

minutes before the animals were added, after which 30 minutes were allowed to

enable animals to acclimatise to the containers. Crude oil was then added to 'oil'

replicates using a syringe and the volumes indicated in Table 6.4. Additional controls

to test for the procedural effects of addition of I or 2ml of oil (by adding the

equivalent amount of distilled water) were not used as the volumes involved were
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small in comparison to the total volume of seawater which was added to each

treatment.

Table 6.4 The treatments used in the experiment to test for the effects on B. nanum of acute exposure

to unweathered Arabian light crude oil. There were 5 replicatés in each treatment and l0 animals

were randomly assigned to each of the replicates (see text for full details).

Treatment Description
L Control

(c)
2. lml(-)

(ll
3, lml (+¡

(l+)
a. zmt(-)

(2-)
5. 2ml (+)

(z+¡

Addition of lL of sea water only

As for control plus addition of lml of crude oil which was not allowed to contact the

animals when the water was siphoned off.
As for control plus addition of lml of crude oil which was allowed to contact the

animals when the water was siphoned off
As for control plus addition of 2ml of crude oil which was re! allowed to contact the

animals when the water was siphoned off.
As for control plus addition of 2ml of crude oil which was allowed to contact the

animals when the water was siphoned off.

in a real spill B. nanum were likely to directly contact pelagic oil as the tide receded

and some of the oil grounded. Therefore, the amount of oil added to experimental

treatments was calculated as per the area of horizontal substrata (the upper surface of

the rocks plus the exposed base of the containers). This gave a crude oil concentration

of 51.02m1 of oil per m2 of substrata for the lml treatments and 102.04m1 of oil per

m2 of subshata for the 2ml treatments. Once oil was added to the appropriate

treatments it was allowed to float on the surface of the water for 3 hours before being

siphoned off using plastic tubing. This was done to mimic pelagic oil being carried

across an intertidal region at high tide.

Within the oil treatments there were two additional treatment strategies (Table 6.4).

Oil was either allowed to contact and settle on the animals as the water was siphoned

off 1'+' treatments), or the water was siphoned off and not allowed to contact the

animals during this process ('-' treatments). Separate tubing was used to siphon water

from all treatments to avoid cross contamination. The water temperature was

recorded at hourly intervals in conjunction with ambient air temperatwe. Salinity, pH

and dissolved oxygen were recorded at the start of the experiment (before oil was

added) and immediately before the water was siphoned off (after 3 hours) using the

YSI 3800 water-meter. The experiment continued for a further 3 hours after the water

had been siphoned off.
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When initially placed in containers animals were positioned upright on the rock or

rocks. Their behaviour was observed at half-hourly intervals and recorded until the

end of the experiment. Recognised behaviours were: dead, attached and upright,

overturned with operculum open, overturned with operculum closed, actively

climbing and foraging. If animals climbed out of the water or the container, this

activity was recorded and the animals were retumed to the container (and placed

upright on the rock). In a small, localised oil spill, animals may be able to avoid or

minimise contact with oil by moving away from it or out of it, but in a medium or

large oil spill this is less likely. It was therefore deemed appropriate to return escapee

animals to their containers. Expected animal activities were listed a priori and

assigned a weighted subjective score (believed to retlect the 'seriousness' of the

activity), with higher scores being allocated to what was postulated to be 'healthier'

behaviour (Table 6.5). It was hypothesised that there would be more negative

behaviour, characterised by lower 'weighted' activities, in the oiled treatments than in

the control treatment.

Table 6.5 'Weighted'scores assigned to the activities of B. nanum within replicates in the'crude oil'
experiment. An overall activity rating was then calculated for each of the replicates so that activity
differences across treatments could be examined. Higher scores were assigned to activities that
were considered 'healthy' or favourable in reference to a simulated pelagic oil spill and its
subsequent grounding. Refer to text for further details on methodology.

ActiviW Assigned Score
Tightly adherent or actively moving on the rocks or side of container
Moving out of the water (through oil in oil treatments) to the rim of the container
Remaining in contact with the surface of the water, potentially maximising oil
contact
Upright, but loose on the rock
Overtumed with operculum shut
Overturned with operculum open
Dead

5

4
J

J

2

I
0

Temperature, pH, salinity and dissolved oxygen were compared at the start of the

experiment (immediately before oil was added) and again immediately before the oil

was siphoned off. These parameters were consistent across treatments at the start of

the experiment and a statistical analysis was not performed. However, Kruskal-

Wallace tests were separately performed on the water quality parameters immediately

prior to water being siphoned off. This was necessary as the treatments had
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homogeneous variances (tested using the Fn'o test) although they were noünally

distributed (tested using the Anderson-Darling test) after a log 1¡(x+1) transformation.

To assess how oil affected animal behaviour the activity scores were calculated for

each of the replicates at the start of the experiment, immediately prior to the water

being siphoned off, and again three hours after the water was siphoned off (although

half-hourly activity readings were collected). Separate ANOVAs (or Kruskal-Wallace

tests) were then performed on the 'weighted' activity scores at each of the times of

interest to determine if there were significant treatment effects. The non-parametric

Kruskal-Wallis test was needed if the data violated the assumptions of ANOVA (Zat

l9S4) and a correction was made for tied ranks if necessary (Kruskal and Wallis

res2).

If significant differences in the 'weighted' activity of animals or water quality were

found between treatments a Tukey test or the non-parametric equivalent (see Zar

1984) was performed to determine where the differences lay. Prior to the water being

siphoned off there were, in effect, only three treatments; the control and the two

groups to which oil had been added. However, results were consistent whether the

data were analysed as five treatments or three.
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6.4.2.2 Mobil Petroleum and B. nønum

The experiment to investigate the effects of exposing B. nanum to Mobil,s

unweathered refined product (leaded petroleum) was completed on the lgth of
October 1996. This experiment was conducted on the shore at Port Stanvac adjacent

to PSl and was designed and analysed as previously described for the crude oil

experiment apart from the following minor alterations. One extra replicate was

assigned to each of the treatments, which were set up in small, commercially available

aluminium containers with dimensions of 17 x 8 x 6cm. The treatments were as

described in Table 6.4. However, to allow for the different horizontal surface area of
the containers (136cmt) *d the altered volume of seawater used (700m1), the volume

of oil added to 'oil' treatments was adjusted to achieve equivalent oil concentrations

to those of the crude oil experiment (Table 6.6). Therefore,O.Tmi of petroleum was

added to the 'lightly' oiled treatments (equivalent to the lml crude oil treatments) and

1.4m1 of petroleum was added to the 'moderately' oiled treatments (equivalent to the

2ml crude oil treatments). The horizontal surface area in this experiment was less

than it was for the crude oil experiment but the number of animals per replicate was

increased to twelve. However, the size distributions of experimental animals were as

described for the crude oil experiment. The animal densities used in these

experimental treatments were slightly higher than the average densities of B. nanum at

PSI on the day of this experiment but were still realistic in terms of observed field

densities (see Chapter 4).

Table 6.6 The treatments used in an experiment to investigate the effects on B. nanum of acute
exposure, over one tidal cycle, to Mobil's unweathered leaded rehned petroleum. Each treatment
consisted of 6 replicates to which l2 animals were randomly assigned (see text for full details).

Treatment Description
L Control

(c)
2. 0.7mlo

(0.7-)
3. 0.7m1(+)

(0.7+¡
4. l.ad o

(1.41
5. l.4ml (+)

11.4+)

Addition of 700m1 of sea water only

As for control plus addition of 0.7m1 of petrol which was not allowed to contact the
animals when the water was siphoned off.
As for control plus addition of 0.7m1 of petrol which was allowed to contact the
animals when the water was siphoned off.
As for control plus addition of l.4ml of petrol which was not allowed to contact the
animals when the water was siphoned off.
As for control plus addition of l.4ml of petrol which was allowed to contact the
animals when the water was siphoned off.
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The activity ratings of animals within replicates, all water parameters and treatment

protocols were assessed and handled as previously described for the crude oil

experiment. The analyses were also conducted as described for the 'crude' oil

experiment.

6.4.3 The Oil Spilt and Intertidal Assemblage Structure

The oil spill and method of census of assemblage data have been previously described

(Chapters 4 e, Ð. Following the spill, all animals present in the 'upper' zones at those

study sites able to be accessed on the 26th of September 1996, were counted. The

presence of obvious oiling (subjectively scored as described in Chapter 3: Table 3'1)

was also noted. Taxa data were entered along with the previously collected

'Preliminary' dataand analysed as part of the SSH MDS Ordination (see Chapter 4).

A three-dimensional ordination yielded a satisfactory stress level of 0.13 and this was

retained as the 'best' result to investigate any changes in the position of study sites in

ordination space which coincided with the oil spill.

The only study site exposed to obvious oiling was Port Noarlunga South (PN). This

site was designated as an 'impact' site. Five other study sites were not exposed to

obvious oiling and were designated as 'control' sites; Kingston Park (KP), Marino

Rocks (MR), and the 3 'Central' study sites (PSl, PS2 & PS3). At each sampling

time, including the 26th of February 1996, the average position of the control sites

was determined and plotted as a temporal data series. Data pertaining to the Port

Noarlunga South site were also plotted and compared to the position of the 'control'

group using various combinations of the three ordination axes. The sampling time

corresponding to the post-spill positions of both 'control' and 'impact' groups was

identified with an affow. A visual assessment was then made to see if the post-impact

position of PN fell within the range of data points corresponding to the pre-impact

positions of this site. The same assessment was made in relation to the 'average'

position of the post-impact 'control' point within the cloud of pre-impact data points.
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6.5 Results

6.5.1 Cryptic Behaviour

Comparisons between the relative abundance of animals in exposed positions ('top')

and protected positions under mobile substrata ('under') revealed the tendency of a

number of species to favour the latter (Table 6.7). Unfortunately, it was not possible

to statistically test the cryptic behaviour of all species seen at study sites. For

example, Notoacmea spp. were generally rare at all study sites, while A. constricta

was only present at sufficient densities to allow a statistical test in the 'upper' zone at

Robinson Point (RP). However, Notoacmea spp. and L constricta were more

f.o^"a-+l.' ^l^.--'^,J '.-,{^- -^^1.^ ^- ^---^-^+^Å:- ^*-tr ^-^^- -c ,' L' t Lvs wrsvr ¡vvr\ù, vr øóérvÉ4rvu lll ùrücrrr CIJ'çAò UI fçta1'lllttLl W¿1't€f ¿11, IUW

tide than they were occupying more exposed positions. These taxa occurred at higher

densities in the 'lower' zones at the majority of sites but since the 'upper' zone was

more relevant to the monitoring program the study focus remained on this zone.

The statistical analyses of the positions occupied by dominant gastropods revealed

that at the majority of study sites B. nanum was more likely to be found in exposed

positions (Table 6.7). The exception to this trend occurred at MR, a frequently

physically disturbed site with low overall abundances of all animal species. At this

site, "8. nanum still tended to be found on upper surfaces of rocks but on occasion

ocsurreci at reiativeiy high ciensities on the unciersurface of rocks. An estimation of
the power of the analysis to detect a difference of at least 2 animals was found to be

0.92. This was calculated as describedinZar (1984, pp. 110-l12 & ls3) using the

variance found between'top'versus'under'pairs of 3.65, 12 replicates, a critical

/1o.os,iz¡,rr¡ of 2.201and adopting the assumption that the calculated fplr;,rr (the 1 tailed r

value associated with Þ and 1l degrees of freedom) was a normal deviate.

A. concamerata and N. atramentosa were significantly more numerous under rocks at

all study sites where their 'favoured' positions were tested. No significant difference

in the number of A. constricta occupying exposed positions ('top') or protected

positions beneath mobile substrata ('under') could be found at RP (Table 6.7).

However, a calculation of the power to detect a true difference of at least 4 animals
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was 0.96. This meant that the porwer of the analysis to detect a 50Yo or greater

difference between 'treatments' (the desired a priori effect size) was satisfactory.

This calculation was as described in relation to B. nanum at MR, with all parameter

values being equivalent apart from the variance of the differences between the

treatment pairs which was 12.43 in the case of ,4. constricta.

Table 6.7 paired /-tests were used to determine if the relative abundances of the dominant gastropod

species in the ,upper' zones at GSV sites differed between exposed surfaces (designated 'top') and

piotected ur.ur und".neath mobile substrata (designated 'under'). A parametric paired /-test was

used if the differences between treatment pairs were normally distributed and a Wilcoxon paired test

was chosen if the data violated the assumption of normality after transformation. The number of

quadrats in which species occurred varied due to low occturences of some species. The direction of

diff...n." (when one occurred) is shown in the last column of the table, with T='top' and U='under'

positions. The results of the analyses are; **=significant at the 0.05 probability level, **+=

signif,rcant at the 0.01 probability level, NS:no signifrcant difference at the 0.05 probability level.

Site &
Species Tested specres were found (n)

Probability
(2 tailed)

Direction of
Difference

Number of quadrats in which Test

Port Stanvac 2

N. atramentosa
A. concamerata
B. nanum
Port Stanvac 3

N. atramentosa
A. concamerata
B. nanum
Hallett Cove E
N. atramentosa
A. concamerata
B. nanum
Marino Rocks
N. atramentosa
A. concamerata
B. nanum
Robinson Foint
A. conslricta
B. nanum

t2
l0
t2

T<U
T<U
ÞU

Paramehic
V/ilcoxon
Parametric

0.008***
0.001***
0.001***

t2
9
t2

Parametric
Wilcoxon
Parametric

Parametric
Parametric
Parametric

0.005 **{.

0.005*'r*
0.025**

0.010***
0.020**
0.020**

T<U
T<U
ÞU

T<U
T<U
ÞU

T<U
T<U

ÞU

8

6
t2

l0
6

t2

Parametric
Parametric
Parametric

0.010***
0.005 f *{.

0.500NS

t2
t2

Parametric
Parametric

0.500NS
0.010***
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6.5.2 The Effect of Oil on B. nunum

6.5.2.1 Crude Oil Exposure

Animal Behaviour

Exposure to lml or 2ml of Arabian light crude oil did not cause any mortality of
experimental animals over the duration of this experiment. The difference between 10

and the number of adherent animals shown in Fig. 6.2 conesponds to the average

number of animals overturned in experimental treatments. There is a degree of
variability between replicates in terms of the number of adherent animals in 'oiled,

treatments. However, it was apparent that the '2-' treatment had less adherent animals

(on average) than all other treatments three hours after oil had been added (Fig. 6.2b)

and three hours after the water had heen siphoned off (Fig. 6.2c). The n,;:nber cf
adherent animals in the '2-' treatment was lowest after the water had been siphoned

off (Fig. 6.2c).

Similar trends were apparent when the average weighted activity scores between

treatments were examined. Again, no differences between treatments existed in terms

of the'weighted' activity of experimental animals prior to the addition of crude oil to
the appropriate treatments (Fig. 6.3a). A trend towards a lower activity rating in oiled

treatments was seen following the addition of oil (Fig. 6.3b & c) but no obvious

change in weighted activity was noted in the control treatment for the duration of this
cwncritnanf (I.ia Ã ?o lr P' nUFLa n-l',.i--i{!^^-+ J:ff^-^-^^:- 6---^:-r-1--rt ^\^ ¡6. v,Jsr v w v). rr¡v vrr¡J ù¡Ëlullv(Llll L¡lrrçlçlluç fff WVlBIltËU A0tfvlfy OI

B. nanum between treatments occurred after the water had been siphoned off (Table

6.8).
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Fig. 6.2 A comparison of the average number of adherent B. nanum in experimental treatrnents; a)

prior to the addition of unweathered A¡abian light crude oil, b) three hours after the addition of
Arabian light crude oil and c) three hou¡s after siphoning of water from experimental teatrnents.

ireaEnents are shown on the x-axis and a¡e; control: no oil added (C), addition of 1 ml of oil which

'ñ/as not allowed to contact animals when siphoned off (1), addition of I ml of oil which was

allowed to contact animals when siphoned off (1+), addition of 2 ml of oil which was not allowed

to contact animals (2-) and the equivalent contact treatnent (2+). Full descriptions of experimental

Eea¡nents can be found in Table 6.4. Ten B. nanum were assigned to each replicate and there were

5 replicates per Eeaünent (n:5). Error bars represent the standard errors associated with the

Eeatnent averages.
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Fig. 6.3 A comparison of the average 'weighted' activity (see Table 6.5) of .8. nqnum in experimental
treatments; a) prior to the addition of unweathered A¡abian light crude oil, b) three hours after the
addition of A¡abian light crude oil and c) three hours after siphoning of water from experimental
treatments. Treatmênts are shown on the x-axis and are; control: no oil added (C), addition of lml
of oil which was not allowed to contact animals when siphoned off(1-), addition of lml of oil which
was allowed to contact animals when siphoned off (l+), addition of 2ml of oil which was not
allowed to contact animals (2-) and the equivalent contact treatment (2+). Full descriptions of
experimental treatments can be found in Table 6.4. Ten ^8. nanum were assigned to each replicate
and there were 5 replicates per treatment (n=5). Error bars represent the standard errors associated
with the treatnent averages. P values shown on each graph indicate the probability of signifrcant
treatment differences associated with the experiment (refer to text for details).
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Table 6.8 The results of a statistical analysis on the 'weighted' activity of B. nanum in experimental

treatments (see Table 6.5) prior to the addition of unweathered Arabian light crude oil, three hours

after addition of oil and again three hours after the water had been siphoned off The latter time
corresponds to a receding tide carrying oil, with oil being allowed to directly contact animals in the

'*' treatments. In effect, prior to oil being siphoned off there were three experimental treatments

rather than the five shown in Table 6,5 (refer to text for details). Data were analysed using the

IGuskal-Wallace Test as treatments violated the assumptions of ANOVA (Zar 1984). Bracketed
values shown in the last column of the table refer to the number of treatment groups considered in
the analyses, and r'*: probabilities which are significant at the 0.05 level.

Time Test Probabilitv (P)

Prior to oil addition
Three hours after oil addition
Three hours after water siphoned off

K¡uskal-Wallace
Kruskal-V/allace
Kruskal-Wallace

1.000 (3 gps & 5 gps)

0.059 (3 gps) & 0.092 (5 gps)

0.046**

A non-parametric multiple comparison of the treatments (with ranked sums) after the

water was siphoned off was used to investigate where differences between treatments

occurred. This established that the '2-' treatment was significantly different to the

control treatment but no other significant treatment differences could be identified

(Table 6.9). However, there was an overall tendency for more negative activities, in

particular more overtumed animals (Fig. 6.2), in all oiled treatments compared to the

control. Differences in replicates within a treatment were apparent with one of the '2-

' replicates recording 60% of its animals overturned, while another in this treatment

had no overturned animals. All overtumed animals had their operculum tightly shut at

all times.

Table 6.9 Results of a non-paramehic multiple comparison to determine where significant differences

in 'weighted' activity of B. nanum occurred 3 hours after water had been siphoned from
experimental treatments (6 hours after addition of oil) in the 'crude oil' experiment. The analysis

involved using ranked sums of treatment groups (see Zar 1984, p. 199). Treatments are; C=control,
1+=lml(+), l-=1ml(-), 2+:2ml(+),2-=2ml(-). Full treatment descriptions are given in Table 6.4.

Treatments ranked by ranked sums (l)
Rank sums (Rl)

2-l+2+l-c

SE q

31 60 63.5 73 jL5

Qo.os,-,s ConclusionComparison
(B vs A)

Difference
(Rs - Rn)

16.46

16.46
16.46

3.86

3.86
3.86

Cvs2-
Cvs l+
l- vs 2-

66.50
37.50
42.00

4.04
2.28
2.55

C *2-
c: l+
l-=2-
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Water Quality

Comparisons of the effect of oil on assessed water parameters were made during the

course of this experiment. All were within a normal range prior to the addition of the

oil and it was not necessary to analyse for pre-treatment differences (Table 6.10).

Table 6.10 The range of water parameters recorded in experimental heatments immediately after the
crude oil experiment had been set up and prior to addition of oil. Parameters assessed were
temperature, salinity, 7o dissolved oxygen (DO) and pH. Experimental treaunents are as shown in
Table 6.4. The air temperature ranged from l5.6oC at the start of the experiment to l7.5oc at the
time the water \ryas siphoned from experimental treatments.

Treatment T CC) Salinity (%o) Do (%) pH
Control (C)
lml(+;
lml(-)
2ml(+)
2mlG)

37.28-37.46
37.25-37.s0
37.28-37.44
37.2s-37.46
37.27-37.4s

8.06-8.34
8.07-8.34
8.07-8.32
8.10 -8.35
8.06-8.35

t6.tt-16.s7
16. l0-16.s6
l6.l l-tó.55
16.09-16.s7
16. l0-16.s9

163.0-186.8
t63.7-t86.6
163.0-186.9
163.3-187.0
t63.4-186.9

Three hours after the addition of oil to relevant treatments some trends in pH (Fig.

6.4a) and temperature (Fig. 6.4b) were observed but no apparent changes in salinity or

DO were noted (Fig. 6.4c & d). All treatments remained supersaturated until the

water was siphoned off (Fig. 6.ad). Kruskal-'Wallace tests were separately performed

on water quality parameters immediately prior to the removal of water from the

replicates (Table 6. I 1).
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Fig. 6.4 A comparison of the average a) pH, b) temperatrue; T ("C), c) salinity (%o) and d) dissolved

oxygen; DO (%) are presented for the 'cnrde oil' experiment. Treatrnents are shown on the x-axis

uttàLr; control: tro oil udd"d (C), addition of 1 ml of oil which was not allowed to contact animals

when sþhoned off (l-), addition of 1 ml of oil which was allowed to contact animals when

siphoneå off (l+), addition of 2 ml of oil which was not allowed to contact animals (2-) and the

equivalent contact teatrnent (2+). All graphs illusEate Parameters assessed 3 hours after addition

oi.qr"biuo light crude oil to the appropriate Eeaünents and were recorded immediately prior to

water being siphoned off. Full descriptions of experimental teaEnents can be found in Table 6.4.

Ten B. nanum were assigned to each replicate and there were 5 replicates per teaünent (n:5).

Error bars represent the standard errors associated with the treatnent averages. P values shown on

each graph indicate the probabil$ of significant treatment differences associated with the

experiment (refer to text for details).
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Table 6.11 Kruskal-Wallace (KW) tests were used to determine if physical water parameters differed
according to treaünent 3 hours after addition of oil to 'oiled' treatments and immediately prior to
water being siphoning from replicates in the 'crude oil' experiment. In effect, at this time there were
3 experimental treatments rather than 5, but data were analysed as though there were 5 treatments.
Vy'here treatment effects were found these was consistent whether 3 or 5 treaÍnent groupings were
used in analyses. Results which are significant at the 0.05 probability level are marked as; **.

W'ater Parameter KW test statistic Probability (P)
pH
'Iemperature

Salinity
Dissolved Oxygen

10.365
tt.424
2.737
2.048

0.035**
0.022**
0.603
0.727

The KW tests revealed significant treatment effects at the 0.05 probability level in

relation to water temperature and pH (Table 6.11). A non-parametric multiple

comparison was used to determine where the treatment differences lay. This indicated

that the control arrd'2-' treatments were significantly different in terms of their pH

(Table 6.12) and temperature (Table 6.13). This graphical results (Fig. 6.4a e, b)

indicated that pH was more acidic in the control than in the oiled treatments (an

average difference of approximately 0.12 or more pH units) and that the temperature

was also lower in the control (a difference of at least 0.95oC). These differences were

slight but indicated the direction of change in pH and temperature which would be

expected in a shallow water body exposed to a high volume crude oil spill under

conditions similar to those encountered in the field on the day of this experiment.

Table 6.12 Results of a non-parametric multiple comparison to determine where significant treatment
differences in pH occurred 3 hours after oil had been added to the appropriate experimental
treatments in the 'crude oil' experiment. The analyses used ranked sums of treatment groups (see
Zar 1984, p. 199). Treatments are; C=conrrol, 1+=lml(+), l-:lml(-), 2+=2ml(+),2-=2ml(-). Full
treatment descriptions are given in Table 6.4.

Treatments ranked by ranked sums (r)
Rank sums (Rl)

Comparison
(B vs A)

Difference SE q

23 59 74 76.s 92

go.os,.,s Conclusion

C 1+ l- 2+

Re)(Re

2-vsC
2- vs l+
2+vsC

16.46
16.46
16.46

4.t9
2.00
3.25

2- +C
2-=l+
2+=C

69

33

53.s

86

86

86

3

5

J
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Table 6.13 Results of a non-parametric multiple comparison to determine where significant treatment

differences in temperature occuned 3 hours after oil had been added to the appropriate experimental

treatments inthe'crude oil' experiment. The analyses used ranked sums of treatment groups (see

Zar 1984, p. 199). Treatments are; C:control, l+=lml(+), l-:lml(-),2+=2ml(+),2:2ml(-). Full
treatment descriptions are given in Table 6.4. Ambient air temperature at the time of water

monitoring was l7.5oC.

Treatments ranked by ranked sums (l)
Rank sums (Rr)

c
29 51 61 84 100

q eo.os,-,s Conclusion

l+ 1- 2+ 2-

Comparison
(B vs A)

Difference SE
(Re - Ro)

2-vsC
2- vs l+
2+vsC

7l
49
55

16.46

16.46
16.46

4.31

2.98
3.34

3.86

3.86
3.86

2- *C
2-: l+
2+: C

6.5.2.2 Petroleum Exposure

Animal Behaviour

The experiment exposing B. nanum to unweathered Mobil (leaded) petroleum was

analysed in the same way as the previous experiment. The activity of the animals was

again scored and subjectively 'weighted' as described previously (Table 6.5). The

average 'weighted' activity score of experimental treatments has been presented

graphically (Fig. 6.5). Analyses to determine if treatment differences at the three

times of interest existed in terms of the weighted activity of B. nanum found

significant treatment effects (P:0.007) three hours after removal of the water (Table

6.14). A non-parametric multiple comparison determined that the control, which had

a higherweighted activity score, differed significantly from the'1.4+'and'1.4-'

treatments, but the analysis lacked the power to draw fuither conclusions (Table 6.15).

An examination of the average activity within treatments illustrated a trend towards

lower activity in the oiled treatments after the water had been removed, with the more

heavily oiled treatments recording a greater depression of this parameter (Fig. 6.5c).

Treatments where petroleum was allowed to contact the animals after the water was

siphoned off recorded a lower average activity rating than the corresponding

treatments where oil was not allowed to contact the animals (Fig. 6.5c).
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Table 6.14 The results of statistical analyses investigating the effect of unweathered (leaded) Mobil
petroleum on the weighted activity of B. nanum in experimental treatments (shown in Table 6.6);
prior to addition ofpetroleum to appropriate treaÍnents, three hours after addition ofpetroleum and
th¡ee hours after water was siphoned off. The latter time simulates a receding tide carrying
petroleum. Animals in the '+' treatments are allowed to directly contact oil as the water is removed.
In effect, the other two times of interest correspond to three experimental treafinents rather than the
five shown in Table 6.6 (refer to text for fi.¡rther details). Data were analysed using an ANOVA or a
Kruskal-Wallace (KW) Test. Results were consistent whether the daø were analysed as 3 or 5
experimental treaÍnent groups and only the results obtained for 5 groups are shown in this table.
Results which are sigrrificant at the 0.01 level are marked as; *{t**.

Time Test F or Krü test statistic Probabilitv (P)
Prior to oil addition
Three hours after oil addition
Th¡ee hours after water siphoned off

ANOVA
KW
KW

0.461
4.286
13.99

0.763
0.369
0.007****

Tahle 6-15 Resnlts of a non-narametric mrrhinl¡ comparison to deternhe where Slgnific3nt ¡1est¡11ent

differences in weighted activity of B. nanum occurred 3 hours after water had been siphoned from
replicates in the 'refined oil' experiment. The oil used in this experiment was unweathered leaded
Mobil petroleum. The analyses used ranked sums of treatment groups (see Zar 1984, p. 199).
Treatments are; C:control, 0.7+=0.7m1(+), 0.7-=0.7m1(-), 1.4+:l.4ml(+), 1.4-:l.4ml9, with
treatment descriptions as shown in Table 6.6.

Treatments ranked by ranked sums (l)
Rank sums (Rl)

1.4+ 1.4- 0.7+ 0 7- c

Difference SE q Qo.os,*,s

52 64 89 I l0 150

ConclusionComparison
(B vs A) (Re Rn)
C vs 1.4+

C vs 1.4-

C vs 0.7+
0.7- vs 1.4-

2t.56
21.56
21.5
2t.5

98
86

6l
58

4.55
3.98
2.82
2.70

3.86
3.86
3.86
3.86

C + 1.4+

C + 1.4-

c: 0.7+
0.7-: t.4-
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Fig. 6.5 A comparison of the average weighted activity (see Table 6.5) of B. nanum in experimental

treaEnents; a) prior to the addition of unweathered leadcd (Mobil) petroleum , b) three hours after

the addition of Arabian light cnrde oil and c) tbree hours after siphoning of water from

experimental treatnents. Treaûnents are shown on the x-axis and are; C-<ontrol, 0'7+:0.7rnl(+), -

0.7:0.7m1(-), 1.4+=1.4m1(+), 1.4-:1.4m1(-), with treatnent descriptions as shown in Table 6.6.

Twelve B. nanum were assigned to each replicate and there were 6 replicates per teatrnent (n=6).

Error bars represent the standa¡d errors associated with the teatrnent averages. P values shown on

each graph indicate the probabiltty of signifrcant Eeatnent differences associated with the

experiment (refer to text for details).
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l4/ater Quality

As was the case with the crude oil experiment some water parameters were monitored

during the course of this experiment. At the sta¡t of the experiment these were

consistent across experimental treatments and it was not necessary to analyse for

treatment differences (Table 6.16). However, three hours after the addition of petrol

to appropriate experimental treatments the average pH was lower in the more heavily

oiled treatments (1 .4+ &, 1.4-), while the average temperature was slightly higher in

oiled treatments (Fig. 6.6a & b). The average salinity was slightly lower in oiled

treatments, although this effect was most obvious in the lightly oiled treatments, while

dissolved oxygen tended to be less with oiling (Fig. 6.6c & d). However, none of

these apparent trends represented sienificant treatment effects lTable 6.1î.

Table 6.16 The range of water parameters recorded in experimental treatments immediately after the
'refured petroleum' experiment had been set up and prior to addition of oil. Parameters assessed
were temperature, salinþ, dissolved oxygen (DO) and pH. Experimental treatments are as shown
in Table 6.6. The air temperature ranged from 25oC (at the start) to 30oC (when the water was
siphoned from replicates).

Treatment T ("C) Salinitv DO (%) PH
Control (C)
0.7m1(+)
0.7mlo
i.4ml(+)
i.4ml(-)

26.5-26.91
26.5-27.0t
26.6-26.90
26.4-26.84
26.6-27.00

37.46-38.29
37.46-38.32
37.56-38.28
37.49-38.31
37.48-38.29

163-186.8
165-187.8
163-186.9
162-187.0
164-186.6

8.06-8.34
8.07-8.35
8.03-8.36
8.05-8.35
8.07-8.3 5
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Fig.6.6 A comparison of the average a) pH, b) t€mperatue; T ("C), c) salinity (%o) and d) dissolved
oxygen (DO); % are presented fo¡ the 'refined petroleum' experiment. Treatments are shown on

the x-axis and are; C=ontol, 0.7+=0.7rnl(+), -0.7=0.7m1(-), 1.4+:1.4rnt(+), 1.4-:l.4ml(-), with
treaünent descriptions as shown in Table 6.6. All graphs illusEate parameters assessed 3 hours

after addition of unweathered leaded (Mobil) petroleum to the appropriate teatnents and were

recorded immediately prior to water being siphoned off. Twelve B. nanum were assigned to each

replicate and there were 6 replicates per teatnent (n:6). Enor bars represent the standard errors

associated with the teatnent averages. P values shown on each graph indicate the probabilþ of
significant treaEnent differences associated with the experiment (refer to text for details).
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Table 6.17 Kruskal-Wallace (KW) tests or ANOVA were used to determine if physical water
parameters differed according to treatment 3 hours after addition of petrol and immediately prior to
water being siphoning from replicates in the 'refined petroleum' experiment. At this time there were
3 experimental treatments rather than the 5 which existed after the water had been siphoned off.
Data were analysed as though there were 5 treatments but results were consistent whether 3 or 5
treatment groupings were analysed. No sigrificant treatment effects were found at the 0,05
probability level.

Parameter Test F or KW test statistic Probability (P)
pH
Temperature
Salinity
Dissolved Oxygen

1.901

1.326
0.578
0.71I

0.754
0.287
0.681
0.592

KW
ANOVA
ANOVA
ANOVA

6.5.3 Oil Spill Effects

No oil was visible in the 'upper' zones at study sites, including the Port Noarlunga

South site, following the oil spill. All quadrats deployed at Port Noarlunga South

achieved an oil score of zero despite large amounts of oil being deposited higher on

the shore by the extremely high tides which prevailed on the day of the oil spill and on

subsequent days. Despite the lack of oiling at the designated 'impact' site it was still

possible that acute effects of exposure to pelagic oil may have occurred. trntertidal

assemblages at selected study sites were compared using a SSFI MDS Ordination of

sites before and after the oil spill. A satisfactory ordination (stress:0.13) was

achieved in three dimensions but when combinations of the three axes were plotted no

oil related trends in assemblage structure were evident (Fig. 6.7a, b & c). For

example, at Port Noarlunga South (the 'impact' site) the post-impact position of the

September 26th datum point lay within the pre-impact range of positions in

multivariate space.
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Fig. 6.7 The results of a SSH MDS Ordination of 'upper' GSV sites according to thei¡ assemblage

stn¡cture prior to and a single time following an oil spill from the Port Stanvac Oil Refinery. The

stress of the ordination was 0.13 (5:0.13) and combinations of the th¡ee ordination ¿rxes were

plotted; a) axes I vs 2, b) axes I ys 3 and c) axes 2 vs 3. The 'impact' site is Port Noarlunga South,

ãnd the 'con6ol' represents the average position of 5 sites where oil did not ground (Kingston Park,

Marino Rocks, PSl, PS2   PS3). The post-impact ordination positions of the 'conEol' and

'impact' sites are arrowed and lie \4rithin the range of scatter of their respective data sets. Details of
the ordination methodology and the extent of the oil spill can be found in Chapters 4 &' 5 .
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6,6 Discussion

6.6.1 Cryptic Behaviour

Clear trends in the 'preferential' occupancy of either 'top' or 'under' substrata

positions at low tide were exhibited by a number of common intertidal species

inhabiting the 'upper' zone at study sites with mobile substrata (Table 6.7). However,

only the cryptic behaviour of A. constricta and B. nanum warrant discussion.

A. constricta

A. constricrø individuals were generally not sufficiently numerous in the 'upper' zone

at study sites with high proportions of mobile substrata to allow a statistical analysis

of the proportion occurring on otop' and 'under' rock. However, I observed that this

species, and in particular the juveniles, appeared to be more abundant on the

undersides of rocks and in areas of retained water. The latter observation is supported

by Underwood (1976a & b) who demonstrated a positive relationship between l.
constricta adults and the presence of water, including rock pools. Rock pools

represent unique habitats on rocky shores (see Astles 1993) and were not designated

for sampling during preliminary monitoring (see Chapter 3).

The observed aggregation of l. constricta in rock pools and under mobile rocks has

implications to its usefulness as a potential bioindicator species. At study sites where

mobile substrata and rock pools are coÍrmon, the methods of animal census adopted

during the pilot (Chapter 3) and preliminary (Chapter 4) phases of this project would

not accurately quantifu the presence of A. constricta. For this reason A. constricta

was not considered a suitable bioindicator for the ongoing monitoring program.

The work of Underwood (1976a & b) led to an expectation that A. constricta would be

relatively more numerous in the moist, shaded regions beneath rocks in areas with

mobile substrata and low proportions of retained water. However, at Robinson Point

no significant difference could be found between the number of animals in quadrats

occupying exposed ('top') or protected ('under') positions. This could be due to the

physical character of the Robinson Point site. This reef was low-lying and sheltered
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with a relatively short period of exposure during low tide and was characterised by

areas of retained water at peak low tide (see Chapter 4). In this environment

aggregative behaviour is unlikely to confer any advantage (e.g. by reducing

desiccation risk). In addition, at least 50o/o or more of the rock at this site was

embedded and stabilised by sand alone (on 'upper' sections of the reef) and X. pulex

mussel beds and entrapped sand (on 'lower' sections of the reef). This would make a

large proportion of the undersurface of rocks difficult or impossible for gastropods

(including A. constricta) to access. The remaining substrata was semi-embedded and

unlikely to be mobilised except under extreme storm conditions but was potentially

more accessible to gastropods seeking positions under rocks. Reduced access to the

undersurface of rocks and the high degree of water retention occurring at Robinson

Point could account for the lack of a statistically significant difference in the number

of A. constricta occupying the 'top' and 'under' positions of rocks. Since the power

of the analysis was satisfactory the lack of a detectable difference between the

abundance of animals occupying 'top' and 'under' positions at RP is more likely to be

a'true' result than a sampling artefact.

B. nanum

B. nanum were predominantly found on the upper surface of rocks at all study sites

where their 'favoured' position was assessed (Table 6.7). This behaviour makes them

easy to sample accurately without disturbing the substrata. The exception to this trend

occurred at Marino Rocks, where no statistically significant difference could be found

in the abundance of B. nanum in'top' and 'under' positions. The lack of a detectable

difference at Marino Rocks was presumably due to the nature of this site.

Marino Rocks was comprised of mobile boulder, cobble, and smaller grade substrata

overlying the bedrock base. The site was also elevated with a prolonged emersion

time at low tide and was frequently exposed to intermittent low to high level natural

disturbance by wave and tidal action. Mobilisation of substrata and the frequency of

this disturbance are likely to be the primary cause of low densities of animals at this

site (see Chapter 3). The instability of the rocky substrata and its frequent

mobilisation is likely to directly kill or dislodge animals. This unstable environment

could also retard the growth of epilithon, resulting in negative flow-on effects to the
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abundance of B. nanum and other herbivores (Underwood 1989). The generally low

numbers of B. nsnum at Marino Rocks mean that the presence of one or two

individuals under rocks þerhaps due to recent mobilisation of substrata) could

obscure the general tendency of these animals to occupy exposed positions in which

case the results may be a sampling artefact. However, the analysis rù/as assessed to

have a relatively high power and can be regarded with some confidence. The

'aberrant' behaviour of B. nanur¿ at this unstable site highlights the importance of

selecting study sites with relatively stable substrata for inclusion in the ongoing

monitoring program.

6.6.2 B. nønum as a Bioindicator

The generaÌ rencienoy oï B. nanum to occupy 'exposeci' positions on rhe shore suppon

its use as a bioindicator for the ongoing monitoring program. This type of behaviou¡

facilitates accuracy in sampling and saves time, while reducing the risk of creating

sampling disturbances which could arise if mobile substrata needed to be overtumed

to allow animal census.

Chapman and Underwood (1996) reported that careful overturning of intertidal

boulders and their subsequent replacement resulted in short term disturbances that

persisted for a few weeks. Although reoovery was noted after this period, the act of

overturning cobble and boulders, even if they were carefully replaced, would be likely

to constitute an unwanted disturbance and would have an associated time cost.

However, failing to overturn rocks at sites where mobile substrata dominated would

introduce the risk of inaccurate census of some species. Since not all selected study

sites had mobile substrata and those which did varied in their relative proportions, it

was likely that overturning rocks would differentially affect the sites and introduce a

confounding factor into the monitoring program. Therefore, a bioindicator that does

not aggregate under mobile substrata is recommended for ongoing monitoring.

Other factors which favour B. nanum as an indicator species is their tendency not to

be markedly contagiously distributed, their occrurence high in the mid-eulittoral zone,

which facilitates ready access (see Chapter 3), and their tendency not to aggregate in
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pools. This species was also ubiquitous at chosen study sites (apart from Witton

Bluff), is likely to contact oil in the same manner as other herbivores and was

generally the most numerically dominant animal at study sites (Tables 6'1 & 6.2).

The long spawning period and longevity of B. nanum (Table 6.1) means that it is

likely that loss of this species from an area after an oil spill will be followed by a

relatively rapid recovery as new recruits and adjacent non-affected animals move into

the region. Therefore, the use of this species as an indicator of oil pollution is likely

to give a relatively conservative estimation of the degree of biological damage

sustained by an 'impacted' site. This is advantageous as it reduces the chance of

detecting a'trivial' imPact.

It is clear thal B. nanum is the front-runner as a bioindicator species amongst the suite

of animals found at study sites in GSV (Chapters 3 e Ð. Its potential usefulness is

well illustrated by Table 6.2. If a number of species had appeared to be appropriate

bioindicators of an oil spill it would have been necessary to assess their tolerance to

'realistic' levels of oil exposure. However, since only B. nanum seemed suited to an

oil bioindicator role this was the only species investigated in reference to its

susceptibility to oil exposure.

Exposure to Oil

The quantities of oil used in both 'oiling' experiments \ryere low in relation to

horizontal substratum surface area and volume of water added. However, it was

believed that they were realistic of a small operational oil spill at Port Stanvac (pers.

comm. Pfennig) and this realism was considered an important aspect of these

experiments.

No mortality was recorded when adult animals were exposed to crude oil or petroleum

for a simulated tidal cycle. The failure to detect a short-term acute effect when ,8.

nanLtm were exposed to the WSF of crude or refined oil was consistent with the

unpublished 1995 Sydney study mentioned in section 6.3.5;"Previous ll'ork"' The

lack of mortality associated with oil exposure does raise some concems due to the

population level focus of ongoing monitoring. This will be addressed later in the
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discussion. However, animals did show some behavioural responses to oil, the

relative seriousness of which was quantified using the weighted activity scores (Table

6.s).

In both the 'crude' and 'petroleum' experiments the V/SF of oil did not result in

significant oil related treatment effects involving animal activity (Figs. 6.3b &,6.5b).

This was despite the fact that the addition of crude oil did result in significant changes

in water temperature (P:0.022) and pH (P:0.035), both of which were elevated in

'oiled' treatments. Similar changes were not seen when petroleum was the

contaminant. Behavioural changes were apparent on exposure to both crude oil and

petroleum once the water had been siphoned off (Figs 6.3c &,6.5c).

In the 'crude oil' experiment differences in animal activity were detected between the

control and the 2ml(-) treatment, while in the 'petroleum' experiment differences were

evident between the control and the 1.4m1 oiling treatments. The most obvious effect

on animal activity in the latter experiment involved the 1.4m1(+) treatment where the

oil product was allowed to contact the animals as the water was siphoned off. This

result was consistent with a priori expectations and was also expected in the 'crude

oil' experiment. However, in this experiment it was the 2ml(-) treatment which

appeared to have the greatest negative effect on B, nanum behaviour. This treatment

was characterised by fewer adherent (and more overturned) animals and a lower

^.ra..ll É"'o;-L+o,lt ^^+i"i¡-' ^^^-^ +L^- +L^ ^.L^- -.-'. /i' . ^vvvr4¡¡ vvw¡é¡rrwu 4vLrYrtJ ùv\Jrs Lllcul urç uulEt tlËatlllgllLs \rlgs o,zc c. o,Jc), trus

may reflect the low volumes of oil added, poor siphoning technique, or varying levels

of oil tolerance among B. nenum individuals. However, care was taken with

siphoning, and randomising the animals when assigning them to treatments should

have minimised the risk of the individual tolerances of animals confounding the

treatments. It is more likely that the climbing behaviour exhibited by the animals

maximised the contact time some of them had with oil, thus confounding the (+) and

(-) oiling treatments (see Table 6.4). If the 'crude oil' experiment is repeated it is
recommended that the number of treatment replicates is increased to at least six (the

number used in the 'petroleum' experiment) to reduce the risk of sampling artefacts

masking 'real' trends. It is also recommended that wider containers a¡e used to

minimise any procedural effects arising as a consequence of a high vertical (sides):
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horizontal (mainly rock) substratum ratio which may have encouraged increased

climbing in the artificial experimental systems and affected the degree of oil exposr¡re

animals encountered.

In the 'petroleum' experiment all animals were very active when covered with water,

with the most commonly observed behaviour being a tendency to climb to the surface

of the water and adhere where, in'oiled' treatments, there was likely to be maximum

contact with the petrol. However, this behaviour was most obvious in the control

replicates (hence the low 'weighted' activiff three hours after addition of oil to the

other treatments) and was postulated to represent'normal' behaviour when contained

artificially during hot weather in containers with a high vertical : horizontal substrata

ratio.

The 'oiled' treatments in the 'petroleum' experiment were characterised by low

activity scores once the water was siphoned off. This trend was significant (P:0.007)

and was due to higher incidences of dislodged and overturned animals in the 'oiled'

treatments compared to the control. A similar result was found with the 'crude' oil

experiment (P=0.046), It is possible that the increased tendency of animals to lose

adherence on exposure to crude or refined oil could be a narcotic effect induced by the

contaminant. This has been reported in some gastropods on exposure to

hydrocarbons, which can trigger tight ostial closure and subsequent loss of adherence

(see Suchanek 1993). However, if this was the cause for the increased dislodgment

incidence on exposure to oil and petroleum it occurred three hours after the water was

siphoned off and not when the oil was pelagic.

In an actual oil spill loss of adherence may be advantageous as animals are removed

from immediate contact with the oil, but it could also result in transport to a less

favourable position (Suchanek 1993). The experimental findings suggest that a spill

of fresh petroleum or crude oil could result in an initial decrease in abundance of B.

nanum due to dislodgment. A severe crude oil spill could also smother most shore

invertebrates (Baker 1991, Suchanek 1993). If large numbers of B. nanun individuals

are dislodged and displaced from the affected shore or smothered by an influx of oil,

population level changes should be detectable with a Beyond-BACI monitoring
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program provided the magnitude of change is sufficiently high. The expected effect in

such a situation would be an initial decrease in abundance at the 'impacted' site(s)

compared to 'control' (unoiled) sites. The lack of acute experimental mortality of B.

nanum on exposure to small amounts of unweathered Arabian light crude oil and

leaded Mobil petroleum indicates that the species is not extremely sensitive to these

particular oils.

Both 'oil' experiments investigated only the immediate short-term effects of exposure

of B. nanum to oil. It is likely that sublethal changes could occur in this species even

on exposure to small amounts of oil and that these changes may in the future affect the

survivorship of exposed animals or their fecundity and so have potential flow-on

effects at the population level. Such effects were not investigated in this thesis but

have been found to occur in the herbivorous gastropod Nerita atramentosa (an animal

with a similar lifestyle to B. nanum) on exposure to crude oil (see Battershill and

Bergquist 1982). If oil exposure results in lowered fecundity this is likely to impact

on future B. nanum populations but may not correlate strongly with the levels of oiling

at sites due to the planktonic method of dispersal and the extended planktonic phase

of this species (see Underwood 1975b). Population level effects could also occur in

other herbivores with a similar lifestyle if they are exposed to oil (Table 6.1). This

implies that B. nanum will potentially show trends expected in other herbivores at

GSV sites, important since herbivores are the most frequent functional feeding group

Êurnrl in trrnncrt lzôñêc ,t thc rnainrifrr nf fhecc sifec lncrcnnal nhcen¡afinn\

Clearly B. nqnum emerges as the only possible bioindicator for a Beyond-BACI

monitoring progr¿ìm in the selected section of GSV (see Fig. 6.I &, Tables 6.1,6.2 &,

6.3). The choice of this species as a bioindicator is fuither strengthened by its altered

behaviour in response to experimental exposure to small amounts of fresh oil (either

crude or refined product), behaviour which could manifest as population level changes

in abundance.
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If the choice of a bioindicator was not clear and a number of species were ubiquitous

and present at high enough densities for use in a statistical analysis, a multiva¡iate

analysis could be used to identiff which species best satisfied the bioindicator criteria.

The ability of each species to meet each bioindicator criterion (section 6.3.2) could be

subjectively assessed (using a scoring system) and the matrix generated fed into

"PATN" and subjected to an agglomerative hierarchical clustering using flexible

UPGMA and a Semi-Strong Hybrid (SSH) Multi-Dimensional Scaling (MDS)

Ordination (Belbin 1991). The resultant dendrogram would allow determination of

which species group together most closely in terms of the bioindicator criteria. If the

order of the input matrix was reversed the dendrogram could be used to determine

how closely linked the bioindicator criteria were in terms of the species (and assigned

scores) they had in common. This may help to identiff the most 'important' criteria.

Plotting the species in 'bioindicator criteria' multidimensional space could assist in

determining species patterns in relation to the criteria, further facilitating the choice of

a bioindicator. A regression of species against the MDS result using a Principle

Canonical Correlation (PCC) may also prove useful (see Belbin 1992). The species

selected by this process could then be tested experimentally for a relationship with oil.

A simpler method to select an indicator from a suite of species could be to rate the

importance of the criteria (some such as ubiquity are essential and must be met) and

score how well each species met the criteria þerhaps weighting the scores depending

on their perceived importance). The resultant scores could then be summed and the

species with the highest aggregate score chosen. Fortunately B. nanum does appear a

realistic bioindicator of oil pollution and an elaborate selection process was not

necessary.
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The Oil Spill and Assemblage Structure

The multivariate assessment of intertidal assemblages at study sites following the

refinery oil spill failed to detect any oil related trends. This was not surprising as the

extreme wave and wind conditions and the high tidal regimes which prevailed at the

time of the oil spill and over the next few days acted to protect the 'upper' zones from

exposure to large quantities of oil. Any long term effects on the animals at the

'impact' site (Port Noarlunga South) were not investigated although it was possible

that changes may have occurred on a longer temporal scale following exposure to

pelagic oil as it was carried across the site and deposited higher on the shore.

A Ã,2, fmnlinoúinns fnn fho l-ìnrrnin- l\¡f^nifnr.inn Þvna-.¡m
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The outcomes of this chapter have some implications to the design of the ongoing

monitoring program. B. nanum is recommended as the bioindicator of choice

primarily due to its behaviour (which facilitates accurate animal census without

disturbing sites), its relatively high densities and presence at all sites apart from

Witton Bluff. It was also found to have a similar lifestyle, including reproduction and

feeding strategies, to the majority of gastropods dominating the 'upper' zones at study

sites. This makes it agood representative of more general changes which are likelyto

occur in other herbivore populations at oil affected sites. In addition, B. nanum

responded to low level oil exposure by behavioural changes, which were postulated to

result in population level changes under certain conditions (although this was not

demonstrated). Another benefit of using this species as a bioindicator of oil exposure

is its relative robustness and lack of extreme sensitivity to oil. This means that the

species is unlikely to respond to a 'trivial' oil spill.

A B. nanun population impacted by oil is also likely to make a relatively rapid

recovery, unless other species opportunistically occupy the vacated area or it is not

suitable for settlement. This is expected due to the long planktonic phase of this

species and the lack of correlation between adult population dynamics and

recruitment. Therefore, any persistent change indicated by a Beyond-BACI analysis



Chapter 6 page397

based on the abundance of B. nanun following an oil spill is likely to represent

serious effects rather than more trivial change (refer to Keough and Mapstone 1995).

This chapter in conjunction with Chapter 4 highlights the importance of selecting

study sites for ongoing monitoring which are 'stable' and less likely to be perturbed

by confounding physical factors such as storm mobilisation of substrata. For this

reason, the selected area at Marino Rock is not suitable for ongoing monitoring (see

Table 6.7) and it is recommended that all sites used in preliminary monitoring

(Chapter 4) arc reassessed prior to inclusion as sites for ongoing monitoring.
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Chapter 7. The Impact of Trampling on
Rocky Inteftidal Animals

7.L Introduction

The potential for anthropogenic driven change has grown as the density of human

populations around coastal areas has increased (Olivia and Castilla 1986, Keough e/

al. 1993, Brosnan and Crumrine 1994). In the last decade this has resulted in

burgeoning interest in the impact of human activities on intertidal areas (Brosnan and

Crumrine 1994). This interest is fuelled by the realisation that human disturbances

constitute an important ecological force that is capable of modifuing the natural

structure and dynamics of intertidal communities (Moreno et al. 1984, Castilla and

Durán 1985, Moreno et al. 1986, Castilla and Bustamante 1989).

A range of human activities may constitute pulse, press or combination disturbances

(Underwood 1989) and can result in differing levels of impact to susceptible coastal

biota (see Addessi 1994). The most common anthropogenic disturbances affecting

coastal areas are industrial and sewage outfalls, commercial and recreational fish and

food collection, and recreational trampling and related activities (Underwood and

Kennelly 1990, Underwood 1991, Keough et al. 1993). In rocky intertidal regions

natural patterns and processes are altered as boulders are overturned (Addessi 199$;

animals and plants are collected for food, bait, aquaria or scientific pu{poses; or

trampling crushes, chips or dislodges animals and removes plant biomass (Povey and

Keough 1991, Keough et al. 1993).

The scientific literature details the importance of natural predation (e.g. Underwood

and Denley 1984, Fairweather 1990) and natural physical disturbance (e.g. Connell

and Keough 1985, Sousa 1985) in structuring intertidal systems. Howevet, it is only

recently that scientific interest in the effects of human collection, which can be

considered as predation, and recreational trampling, which acts as a physical

disturbance, has grown (Povey and Keough 1991). It is important to bea¡ in mind that

both predation and trampling are likely to be acting over spatial and temporal scales
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which are different to the 'normal' scales experienced by the organisms within an

evolutionary context (Povey and Keough 1991, Keough et al- 1993)'

Trampling and human collection of intertidal animals were expected to differentially

impact on intertidal assemblages at study sites in Gulf St Vincent (GSV) but the

effects they were likely to elicit and the implications for the ongoing monitoring

program were not known. It was beyond the scope of this thesis to directly investigate

animal collection and its seriousness as a confounding influence in ongoing

monitoring (but see 'Recreational Use of Study Sites' for indirect effects). However,

the enforced restrictions on legal collection of intertidal animals (Appendix M) were

expected to reduce the possibility of confounding an ongoing monitoring program.

The focus of this chapter was on the intensity and type of recreational use of study

sites in GSV and to more specifically investigate the effect of trampling on the biota

of 'bare' rock habitats (defined by their lack of macroalgal cover) which characterised

the majority of the sites. Previous studies had found that species occupying 'bare'

rock tended to be more resistant to the effects of trampling than biota in more

'sensitive' habitats (Beauchamp and Gowing 1982, Povey and Keough 1991). A

series of experiments, which closely followed the study by Povey and Keough (1991),

were used to investigate the immediate effects of trampling on intertidal biota at a

number of relevant intensities. Since dislodgment of gastropods was a possible effect

of trampling, the distances travelled by dislodged animals were also investigated.

This investigation was also thought to be helpful in predicting the consequences of an

oil spill as dislodgment of motile intertidal animals has been reported in response to

oil exposure (Chapter 2).
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7.2 Aims

This chapter aimed to investigate some of the patterns of human usage of study sites

in GSV. This was needed as it was likely that differences would be evident between

sites which were protected from public access (the Port Stanvac sites), sites where the

public were not permitted to remove animals (initially Witton Bluff only) and the

remaining sites which, for various reasons such as ease of access, were likely to be

exposed to differing intensities of recreational use. A detailed survey of the type used

by Underwood and Kennelly (1990) and Kingsford et al. (1991) was not intended

rather, this study aimed to gain a broad understanding of the patterns of human use of

the study sites.

Trampling was noted to be an important recreational pressure placed on intertidal

areas and the trampling associated with sampling biota during ongoing monitoring

was also of some concern. Therefore, this chapter aimed to investigate the short-term

effects of acute trampling on intertidal biota. As dislodgment of gastropods was a

possible result of trampling, I also aimed to determine the distances over which

dislodged animals were displaced over one tidal cycle.

This chapter specifically addressed the following questions:

1. What are the patterns of recreational shore use at study sites in GSV?

2. How does a single footstep affect Xenostrobus pulex mussels and dominant

gastropods in the 'bare' rock mid-eulittoral zone?

3. Are dislodged and overtumed gastropods more likely to travel fuither or more

iikely to be lost from an area over one tidal cycle than control (non-dislodged)

gastropods?

4. What short-term effects does the intensity of trampling seen on a weekend have

on intertidal animals?

5. What short-term effects does the intensity of trampling seen over a two-week

school holiday period have on intertidal animals?
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Question 1 was examined using a survey of recreational shore use, while the

remaining questions were addressed with a series of experiments. Question 2 was

studied with a set of 'footstep' experiments which simulated a single 'footstep' and

which categorised the effects of this activity on dominant intertidal biota. Question 3

was examined using 'dislodgment' experiments which involved overtuming

gastropods which were susceptible to displacement by trampling and assessing how

far they were transported over a tidal cycle compared to the distance travelled by

animals which were not overturned. Question 4 was investigated with a simulated

'weekend' trampling experiment involving three trampling intensities, while question

5 involved a similar experiment which was conducted over two weeks and which

simulated a 'school holiday' trampling perturbation.

7,3 Site Descriptions

Recreational visitation was assessed at all sites but did not occur at Port Stanvac sites

where public access was denied. The study sites have been described in detail in

Chapter 3. The experimental component of this chapter was conducted at some of the

study sites used for preliminary monitoring but care was taken to use areas not

designated for preliminary sampling.

The experiments to investigate the effect of a single 'footstep' on intertidal animals

were carried out in areas which were equivalent to, but situated to the south of, the

'upper'and'lower'zones at Kingston Park, and the'lower'zone at PSi. The

experimental areas at these study sites generally corresponded to the defined areas

used for preliminary monitoring in terms of their biota and dominant substrata types

(see Chapter 3).

The 'experimental' 'upper' zone at Kingston Park was dominated by flat bedrock with

minimal elevation. The 'lower' zone at this site consisted of bedrock with increased

fissuring and some areas of slight elevation interspersed by cobble and boulder

towa¡ds the low water mark. Bembicium nanum heavily dominated the mainly
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gastropod biota found in the 'upper' zone at Kingston Park. The 'lotiler' zone at this

site also supported large numbers of B. nanum but was characterised by patchy but

often dense pockets of the small mussel Xenostrobus pulex, and increased densities of

Austrocochlea constricta, Nerita atramentosa and Lepsiella vinosa. The 'footstep'

experiments took place at Port Stanvac in an area adjacent to PSl. The experimental

site was dominated by bedrock strata (some of which was elevated) which was

interspersed with variable amounts of mobile substrata of different sizes. The

assemblage found in the latter experimental area included Cellana tramoserica,

Siphonaria diemenensis, Austrocochlea spp., B. nanum, N. atramentosa, X. pulex and

Chthqmalus antennatus.

The 'dislodgment' experiments were set up in the 'upper' zone at Kingston Park in the

area used for a subset of the 'footstep' experiments, and also in the 'upper' zone at

Port Stanvac (slightly to the south of PSl). The latter site had a more complex

topography and substrata mix than Kingston Park. The biota were as described for

FSI (see Chapter 3).

The 'weekend' trampling experiment was conducted at Kingston Park, slightly to the

north of the area used for preliminary sampling. The biota and substrata were as

described in relation to the 'upper' zone used in the 'footstep' experiment. The

'school-holiday' trampling experiment was carried out in the 'upper' region at Port

Stanvac, adjacent to study site PSI (in the same region as a subset of the

'dislodgment' experiments). All survey work and experimental manipulations and

assessments took place at low tide when maximum access to sites and animals was

possible.
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7.4 Materials and Methods

7.4.1 Recreational Use of Study Sites

At each sampling time (during low tide) recreational visitation to all study sites was

scored and the activities of people present recorded. The time and day were also

recorded and a comparison between weekend, public holiday, school holiday and

weekday visitation to all sites was made. To standardise use of the sites by visitors all

observations were made over a one-hour period during the main low tide of the day.

The survey period commenced in January 1995 and continued until November 1996

but only the data from January 1995 to February 1996 has been included in this

chapter.

The visitation data were standardised to give a weighted visitation score. Older

children (3-12 years), teenagers (13-19 years) and adults (20 plus years) were given a

weighting factor of two, whereas dogs and toddlers (1-2 years) were unweighted. This

weighting was used, as it appeared that the activity of adults, teenagers and children

caused more impact than the minimal perturbation induced by the other two groups of

visitors. Similarly, recreational site usage was assessed in terms of its local impact

potential. This was subjectively scored at each census time against a scale of 0-3;

with 0 representing no impact, 1 representing minimal impact, 2 representing

moderate impact and 3 representing severe impact. Activities such as fishing from the

edge of a'zone' or surfing were given a zero impact score, while severe disruption to

a site was assigned to activities such as overturning large numbers of rocks and

collecting animals. Data were pooled across sites to compare recreational use

between different times such as public holidays, school holidays and weekends, and

the results presented graphically.

7.4.2 The Effect of Trampling on Intertidal Animals

The effect of trampling on the most common animals found at the majority of study

sites was investigated with a series of small experiments carried out during days when

suitable low tides occurred. Unless otherwise stated all data to be statistically

analysed underwent preliminary testing for normality and homoscedasity using the

Anderson-Darling test (Snedecor and Cochran 1989) and the F,* test (Zar 1984)
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respectively. If the data failed either of these tests it was 1og16(x+1) transformed and

reassessed for normality and homoscedascity. If the data still did not meet the

assumptions of normality and homogeneiff of variances a nonpa¡ametric equivalent of

the test was used. All analyses in this chapter used a significance level of 0.05.

7.4.2.1 A 'Footstep' Disturbance

A preliminary examination of the study sites suggested that the small mussels which

were frequently found in 'lower' regions may be prone to damage as a direct

consequence of trampling, and that gastropods could be dislodged or crushed by the

same activity. I therefore used a series of experiments to investigate the effect of a

single footstep on beds of the mussel X. pulex and on gastropods that occupied the

'bare' rock mid-eulittoral zone. An additional experiment investigated the effect of

directly stepping on adult C. tramoserica limpets. These animals were generally

tightly adherent to rocks and not easily dislodged by trampling.

The Effect of a Single 'Footstep' on Dominant Gastropods

The first of the 'footstep' experiments took place in the 'upper' zone at Kingston Park

in May 1995. A rectangular foot-sized quadrat (with dimensions of 14 x 32 cm and

an area of 0.045m2) was randomly deployed 30 times, and assignation of treatments

('control' and'footstep') were determined by the toss of a coin to give 15 treatment

replicates. The 'footstep' treatments involved me placing a single footstep in the

centre of the quadrat while walking normally, while the control quadrats were not

stepped into. I wore rubber-soled size 9 sandshoes and weighed approximately 61 kg

at the time these experiments were undertaken. Animals within quadrats were

censused for 'orientation' (upright yersus dislodged or overtumed) and 'health'

(chipped or crushed versus intact).

Statistical comparisons were made between the two treatment groups based on the

number of unaffected animals in quadrats. A parametric /-test was used (if the data

were nornally distributed and had homogeneous variances) or it's non-parametric

equivalent, the Mann-Whitney test (if the data violated the assumptions of normality

or homoscedasity of variances) (see Zar 1984). The analyses were separately
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performed on the three most common intertidal gastropods found at Kingston Park,

namely; B. nanum, A. constricta andN. qtramentosa. The appropriate tests were one-

tailed as the alternative hypothesis was that more animals would be unaffected (e.g.

intact and undisplaced) in the controls than in the 'footstep' treatments.

The Effect of a Single 'Footstep' on Xenostrobus pulex

It was suspected that the small mussel Xenostrobus pulex would be damaged by

trampling and a repeated measures experiment was used to investigate the effect of a

single 'footstep' on beds of these animals. This experiment took place in the 'lower'

zone at Kingston Park in May 1995. Heavy beds of the mussel were selected and the

small quadrat used previously was randomly deployed a total of six times. The

number of intact and damaged animals in each quadrat were censused prior to and

following a 'footstep', administered as previously described. Small 16cm2 sub-

quadrats were used to assist in counting the mussels, with all X. pulex being counted

apart from those which had pre-existing damage (such as holes drilled in their shell by

L. vinosa) and which were identified by a dot of nail polish before the 'footstep' was

applied. The alternative hypothesis was that more X. pulex would be intact prior to

the 'footstep' being applied. The parametric paired r-test or the non-parametric

equivalent was the statistical analysis of choice for this experiment.

As an ad-iunct to this experiment I was interested in determining if the densities of the

carnivorous gastropod L. vinosa, which is known to prey on X. pulex mussels (Ward

and Quinn 1988), were different in'footstep'quadrats compared to undisturbed

'control'quadrats. To investigate this the location of the'footstep'treatments and 6

control 'non-footstep' treatments (randomly assigned) were marked with paint so they

could be relocated the following day at low tide when the number of L. vinosa in each

of the quadrats were censused. It was thought that even if mussels were not obviously

damaged they may be affected in some way which could 'attract' carnivores to the

area.. This experiment was analysed using a parametric students-f-test after first

subjecting the data to a test for homoscedasity and normality as previously described.
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The Effect of a Single 'Footstep' on Cellana tramoserica

The limpet Cellana tramosericd was observed to be very difficult to dislodge by

trampling but could potentially be damaged by a direct 'footstep'. Povey and Keough

(1991) reported seeing adolescent beachgoers kicking the animal during their study

but since this was not observed during the course of this study it was not investigated.

However, an experiment was designed to test the hypothesis that limpets which had

been stepped on would be more likely to move from their original position over one

full tidal cycle (e.g. the next equivalent daytime low tide) than limpets not subjected

to this treatment. This experiment was similar to that of Povey and Keough (1991)

who hypothesised that limpets which had been kicked or stepped on would be more

likely to be lost on subsequent high tides than control animals.

Thirty limpets at PSl were marked with a number (using a pennanent marker) and

randomly assigned (using a coin toss) to 'control' or 'footstep' treatments. The

control animals were marked and left otherwise untouched while the 15 remaining

animals were marked and stepped on a single time by myself walking normally as

described in relation to the 'footstep' experiment at Kingston Park. The position of

the numbered animals were mapped in reference to landmarks including Mobil's

effluent pipeline, large beached boulders and small-scale topographical features so

that they could be relocated the following day. At low tide the next day the animals

were relocated and a determination of how far they had moved from their original

positions made. The distance of each animal from their original position within the

two treatment groups was the parameter of interest and a parametric student's f-test or

the nonparametric equivalent was the a priori analysis of choice.

7.4.2.2 Dislodgment of Dominant Gastropods

As noted by Povey and Keough (1991) it appeared that trampling was more likely to

dislodge gastropods (apart from limpets) than it was to crush or otherwise damage

them. Therefore, I was interested in determining if animals which were dislodged at

low tide (for example by a trampling disturbance) were more likely to be displaced

further by the incoming tide than control (undisturbed) animals.
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The three gastropod species selected for this examination were B. nanum, N.

atramentosa and A. constricta. The experiment involved 7-10 paired treatments (the

number being dependant on time constraints associated with the tidal regime). Each

treatment'pair' consisting of 20 animals, 10 of which were marked and otherwise left

undisturbed, and the remainder of which were marked and overtumed. The effects of

overtuming the animals were investigated separately at Kingston Park and Port

Stanvac in August 1995. Only one species was marked on any one day at low tide,

with the recovery and assessment being canied out the following day again during low

tide.

A'tagging' pilot study revealed that marking the hand-dried shells of gastropods with

liquid paper, allowing this to dry and then writing on it with a permanent marker, was

a satisfactory method to use in a short term study of this type. The liquid paper made

it easier to relocate marked animals, and the use of a numbering system allowed

individual animals and their groups to be identif,red no matter how far they had

travelled when recovered.

Animals to be marked were randomly selected but those within a treatment 'group'

were in close proximity. The central position of treatment groups were recorded (in

reference to appropriate landmarks) and further defined using paint. The following

day at low tide the sites were again visited and as many animals as possible relocated

and the linear distance from their original (group) position was recorded. This

represented the minimum distance travelled by recovered animals betlveen equivalent

daytime low tides.

The dependent variables used in this experiment were the number of animals

recovered in each group and the average 'group' distances travelled by animals in

each of the treatments. These variables were sepilately analysed using a paired-

sample f-test if the differences between treatment pairs were normally distributed or a

Wilcoxin paired sample test if data violated the assumption of normaliff (Zar 1984).
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The Unreplicated'Overturning' Experiment

In addition to the main 'dislodgment' experiments described previously, an

unreplicated experiment was performed at Port Stanvac in August 1995 to again

assess the effect of overtuming gastropods in the mid-eulittoral zone. Ten individuals

each of B. nanum, A. constricta and N. atramentosa were overturned on wet rock and

observed for 30 minutes to see what strategies they adopted and how long they took to

right themselves. The same experiment was then repeated on dry rock using different

individuals belonging to the three species of interest. The animals were not moved

from their original positions and were overturned where they were found. Due to the

unreplicated nature of this experiment the results were not conclusive and could not

be statistically analysed.

7,4,2.3 A '\Meekend' Trampling Disturbance

The results of a literature review on trampling in intertidal regions, particularly in

Australia (Chapter 2), and the survey of study sites in GSV were used to determine a

realistic trampling intensiff in terms of weekend recreational use. The three trampling

intensities used were equivalent to those investigated by Povey and Keough (1991)

except that due to generally low recreational use of GSV study sites their high

intensity treatment of 25 trampling passages was reduced to 20.

The experiment commenced on the 10th of November 1995 at the Kingston Park site.

The treatment levels used were zero (control), two passages (low trampling intensity)

and twenty passages (high trampling intensity). Trampling was carried out on both

days of the weekend at low tide as described by Povey and Keough (1991). Six

replicates (or plots) separated by 5 metres were established and the three trampling

treatments were interspersed within each, giving a randomised block design. This was

necessary, as it was possible that patterns of spatial differences might exist and

confound the experimental treatments. Treatment areas within plots consisted of 2m x

3m wide strips marked using small dobs of paint and separated by a lm wide strip

(which was not trampled).
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All animals were counted (and their size classes recorded (refer to Chapter 3)) prior to

trampling, one day after trampling, and again six days later. This time sequence

allowed investigation of the pre-impact state of the biota, any immediate changes

following the trampling disturbance and the degree of recovery after six days. Under

'real' conditions another 'weekend' trampling perturbation is likely to occur after this

time so the recovery time was realistic in this sense.

The abundances of all animals were estimated using a 0.25m2 wooden quadrat that

was randomly deployed from east to west three times within each treatment at each

sampling time. Once an area had been sampled it was marked with small dobs of

paint to ensure it was not subsequently resampled. Three quadrats were used within

treatments, the minimum number recommended for intertidal monitoring during the

procedural pilot study phase (Chapter 3). Deployment of seven quadrats per treatment

would have meant greater sampling precision but would have increased the sampling

time (not desirable due to tide-related access restrictions). It was decided to pool the

abundances of all animals obtained using the three quadrats giving an overall number

of animals per 0.75m2, a decision which eliminated within-plot treatment replication.

However, averaging the data from the three quadrats yielded similar graphical trends

to the summed comparisons and using the quadrats as within-treatment replicates did

not alter the outcomes of the statistical analyses.

Community data were analysed as a pre-impact and immediately post-impact (1 day

after cessation of trampling) cluster analysis and SSH MDS Ordination using the

"PATN" software package (Belbin 1992). Taxa were identihed as far as possible

(generally to species) for input into a treatment plot x taxa matrix. A multiple

regression was also performed on the main species again using PATN and the

significant vectors (after alpha had been adjusted according to the number of

simultaneous regressions) plotted on the MDS ordination axes. In addition, Pearson

multiple correlations were carried out using Bonferroni probabilities. The analyses

were handled as described in relation to the mulivariate analyses in Chapter 4.

Univariate community measures were also generated from the data using the

"PRIMER: V 3.1b" Program (Clarke and Warwick 1994b) (again as described in

Chapter 4). Comparisons were then made between treatments in reference to the
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number of taxa, species richness (d), Shannon-Wiener diversity (H') and Pielou's

Evenness (J').

In their literature review Keough and Quinn (1991) found that in many instances the

use of community indices failed to indicate changes which were apparent at

population level. This, in association with the fact that the 'ba¡e' mid-eulittoral area

at the majority of GSV sites was dominated by one or a few species, usually B.

nanum, encouraged the use of a univariate analysis of population level change. To

this end, the total abundance of B. nanum per 0.75m2 was used as the dependant

variable in separate statistical analyses performed prior to trampling, immediately

post-trampling and again after the recovery phase.

Data were subjected to tests for normality and homoscedasity as previously described

and analysed with a randomised block parametric ANOVA, or the nonparametric

equivalent, the Friedman's test (Friedman 1937). A randomised block design assumes

there is no interaction between the fixed factor of interest (treatments) and the block

factor þlots); this was tested for prior to accepting the outcomes of analyses. If a

significant effect of the main (fixed-effects) factor was found a multiple comparison

as describedby Zar (1984, pp.230-231) was used to determine where the differences

lay.

7.4.2.4 A'School-Holiday' Trampling Disturbance

The 'school-holiday' trampling experiment was designed to simulate the intensities of

trampling seen under school-holiday conditions. This experiment was set up at Port

Stanvac between sites PS1 and PS2 and commenced on the 20th of March 1996. The

experimental design was identicai to that used in the 'weekend' trampling experiment

except that the trampling continued over a two week period on each day that the tidal

regime allowed access (10 days in total). The trampling intensities were the same as

those used in the 'weekend' trampling experiment except that the high intensity

treatment was replaced by a medium intensity treatment consisting of 5 passages a

day. This was thought to be realistic of the type of trampling occuning within a small

section of a popular intertidal GSV site during school holidays.
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Animals were censused as described previously pre-impact, one day after completion

of trampling and again one week later. Data were analysed as for the 'weekend'

trampling experiment except that summary statistics were not generated from the

community data due to the lack of any clear univariate or community trends.

7.5 Results

7.5J Recreational Use of Study Sites

The most cornmon activities observed at study sites were walking across reefs (either

to exercise dogs or for personal enjoyment / exercise) and overtuming rocks to inspect

animals (without collecting them) (Table 7.1). Although only 8.96Yo of the total

people recorded making recreational use of sites were engaged in collecting intertidal

animals, this activity and overturning rocks were likely to be having the greatest

recreational impact. Many visitors seen at sites were regular beachgoers who were

repeatedly censused carrying out the same activities on a number of occasions during

1995 and 1996.

Table 7.1 The range of recreational activities people were seen engaging in at study sites in GSV
during 1995 and 1996. The activities have been pooled for all study sites and ranked in order ofthe
frequency with which they were observed. The percentage of people engaging in each activity has

also been calculated. Some activities (such as overturning rocks and collecting animals) were likely
to be having a greater impact on intertidal areas than other more common activities such as walking
a dog.

Recreational Activity % of People Engaged in the Activity
Walking for exercise or enjoyment
Overturning rocks to examine animals
Walking a dog
Fishing from the edge of a rocþ reef
Collecting animals (e.9. crabs and gastropods)

Surf,rng

)z.J I
23.41
19.65

I 1.56

8.96
4.05

Port Stanvac sites were protected from recreational use by their private ownership and

I was generally the only person present at these sites during this study. Therefore,

weighted visitation and scored recreational impact have only been graphed for study

sites outside the confines of the refinery. These sites were subjected to variable

visitation pressure and recreational 'impact' for the duration of preliminary
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monitoring, with most found to have low visitation rates during 1995 and 1996 (Fig.

7.I). The highest recorded visitation pressure occurred at Kingston Park between

November and December 1995 when a school group were examining the intertidal

assemblage (Fig. 7.1a). In general, this site received a higher'weighted'visitation

score than the remaining sites. Marino Rocks was found to have low visitation rates

throughout the study period apart from a single visitation peak that occurred in

February 1996 (Fig. 1.lb). Hallett Cove (HCA) was consistently exposed to

recreational use throughout the year and achieved peak weighted visitation scores

above 18 on three occasions (Fig. 7.lc). However, no visitors were seen at the site

from late April through to July when high tides and heavy sand influx occurred (refer

to Chapter 4). The remaining 'southern' sites were generally found to have lower

visitation pressuÍe than their 'Northern' counterparts, with the Port Noarlunga South

site being the most heavily visited (Fig. 7.1e). Generally, I assessed local 'impact' as

a result ofrecreational shore use to be low at all study sites.

Severe 'impacts' (assigned the maximum score of 3) were associated with fossickers

collecting gastropods on two occasions in October and November 1995 at Kingston

Park (Fig. 7.Ia), and on the 28th of January 1996 at Hallett Cove (Fig. 7.lc). The

animals being collected at these times were N. atramentosa and Austrocochlea spp.,

and in each case approximately one 7 litre bucket had been filled with these animals

which were destined for bait or table purposes. Researchers from Flinders University

were responsible for peak 'impact' scores at Robinson Point in September and late

October 1995 when they removed intertidal crabs and their gastropod prey for

experimental purposes(Fig. 7.1f). At all other times at all sites the visitation 'impact'

score was moderate or less, with the majority of sites receiving an impact rating of

minimal or nil. Witton Bluff (7.1d) and Port Noarlunga South (7.1e) only scored zero

or 'minimal' impact ratings due to low visitation rates (particularly in the case of

Witton Bluff) and a predominance of low perturbation activities such as surfing (at the

former) and fishing.



Chapter 7 page 474

Data used to generate the graphs for individual site use (Fig. 7.1) were pooled across

study sites for all 1995 and 1996 data to produce an 'impact' and 'weighted visitation'

profile for the primary visitation times (Fig.7.2). Times of visitation were divided

into four categories; weekday, public holiday, school holiday, weekend (non-holiday)

and weekends falling on a school holiday. The 'impact' and 'weighted visitation'

scores were consistent, with greater visitation and impact pressrue being recorded on

weekends and school holidays (Fig. 7.2a & b respectively). The large variation in

public holiday 'impact' and 'weighted visitation' scores was a function of the small

number of occasions when public holidays occurred compared to the other categories,

and so these results are probably not as informative or reliable as those in the other

categories.

(opposite page)
Fig. 7.1 Comparison of recreational visitation (V) and scored recreational impact (I) experienced in the

mid-euliftoral zone at GSV sites over a 12 month period (from February 1995 to February 1996).
The sites examined were Kingston Park (a), Marino Rocks (b), Hallett Cove (c), Witton Bluff (d),
Port Noarlunga South (e) and Robinson Point (f). Visitation was weighted with older children,
teenagers and adults being assigned twice the score of very sniall children and dogs (each given a

score of l). Recreational impact was subjectively assessed on a scale of 0-3 (O=no impact,
l=minimal impact, 2:moderate impact, 3=severe impact) and involved considering the amount of
visitation as well as the recreational activities being carried out at a site. The sampling dates on the
x-axes were irregularly spaced but have been graphed at regular intervals. Note the different scales
associated with the scored value of 'V' and 'I' shown on the y-axes.
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Flg. 7 .2 Scored recreational impact and weighted visitation profiles for each of the sites shown in Fig.
7.1 have been averaged to enable broad comparisons belween different times of visitation (shown
on the x-axis). The time categories used were; 'weekday', 'public holiday', 'school-holiday',
'weekend' (weekend non-holiday) and 'weekend (SH)' (a weekend coinciding with a school-holiday
or public hotiday). A breakdown of recreational use according to time of day was not made during
this study. The average scored recreational impact is shown in (a) and the average weighted
visitation is shown in (b). The error bars represent the standard error associated with sampling.
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7.5.2 A'Footstep' Disturbance

7.5.2.1 Effects on f)ominant Gastropods

The 'footstep' experiment investigated the small-scale effects of a single 'footstep' on

three herbivorous gastropods; B. nanum, A. constricta artd N. atramentosa. Only

small proportions of gastropods were affected by the 'footstep' treatment, and no

animals were damaged in any of the 'control' quadrats. The average proportion of

animals affected by the 'footstep' treatments ranged from 0.08 for A. constricta to

0.17 for N. atramenfosa, while 0.01 B. nqnum were affected (Fig. 7.3). The main

effects seen in response to a 'footstep' were either dislodgment (where the animal was

no longer tightly adherent to the rock but maintained its upright position) or

overtuming. The only species that suffered physical damage was B. nanum, which

was chipped in 0.025 cases (on average) and squashed in 0.03 cases (Fig. 7.3b).

Statistical analyses were separately performed for the three gastropod species using

the total unaffected animals in treatment and control quadrats as the dependant

variable. No significant differences were found between the 'control' and 'footstep'

treatments (Table 7.2), a result which was also evident graphically (Fig. 7.3).
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Fig.7,3 Theeffectofasingle'footstep'ona)1. constricta,b)B.nanum andc)M atramentosa wasinvestigated
at Kingston Park. The proportions of animals affected by a footstep ('step') rvere compared to the proportion
of atfected animals in experimental controls ('non-step'), shown on the y-axis, while the recognised effects
(chipped. squashed, dislodged & overturned) and the total proportion ofcensused animals affected are shorvn
on thex-a,\is. N=15 tor each oIthe two treatments and the significance of treatment effects on the proportion
of unaffected animals were examined using the analyses shown in Table 7.2. The resultant treatment
probabilities (P) were not signif¡cant at the 0.05 level. Enor bars represent the standa¡d error associated rvith
sampling.
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Table7.2 Analyses of the effects of a single'footstep'on three gastropod species inhabiting'bare'
rock at Kingston Park. All data were log¡¡ (x+1) lransformed prior to testing for normaliry (using

the Anderson-Darling statistic) and homoscedasity (using the F,o test). The dependant variable
used in the analyses was the number of intact 'unaffected' animals. None of the results were

signif,rcant at the 0.05 probability level.

Species Normality Homoscedasity Analysis Probabilitv
A. constricta
B. nanum
N. atramentosa

No
Yes
Yes

0.1 10

0,073
0.138

not tested
yes (F>0.5)

Mann-Whitney
Student's f-test
Student's l-test

7.5.2.2 Effects on Xenostrobus pulex and. Lepsiella vìnosa

There was no obvious damage or change in the abundance of X. pulex in mussel beds

which had been subjected to a 'footstep' treatment, either immediately following the

treatment or when recheckecl the following day (Fig. 7.a). Therefore, it was not

necessary to subject the data to a repeated measures statistical analysis.

n=6

p re- sÎ ep post-step

T reatm ent

Fig. 7.4 Comparison of the average abundance of intact X. pulex mussels prior to (pre-step) and

following (post-step) a single footstep into designated mussel dominated plots established at

Kingston Park. Animals showing signs of previous damage unrelated to the experiment were not
included in the census. There were 6 replicates (n:6) in each of the two freatments, shown on the x-
axis, while the average number of intact X pttlex per 0.045m2 quadrat (intact X pulex/0.045rn2) are

shown on the y-axis. The clear lack of a treatment effect meant that a statistical analysis was not

necessary. Error bars represent the standard error associated with the treatments.
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The second part of this experiment involved comparing the 'footstep' quadrats used in

the X. pulex experiment with six undisturbed ('non-footstep') controls and censusing

them the following day to see if the abundance of the carnivore L. vinosa differed

between the two treatments (Fig. 7.5). The data did not require transformation and no

differences were found at the 0.05 probability level using a two-tailed Student's r-test

(P:0.84). The average abundance of L. vinosa present in both the control and

'footstep' treatments was less than 2 animals per quadrat, meaning that the results

should be interpreted with caution (Fig. 7.5).

J-

'L

15*

l-

05 '

n=6

P -- 0.84
E

q

o

¡

0

st ep no n-step

T reatment

Fig. 7.5 Comparison of the average number of L. vinosa found in 0.045m2 quadrats deployed in X
pulexbeds which had been subjected to a'footstep' (step) and those which had not been exposed to
this treatment (non-step). Treatment effects were assessed one day after the 'footstep'had been
applied to the relevant treatment and are shown on the y-axis as the average number of L. vinosø per
0.045m2 quadrat (L. vinosal\.045m2). Error bars represent the standard error associated with the
treatments and there were 6 treatment replicates (n:6). There was no significant treatment effect at
the 0.05 level of probability (P=0.84).
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7.5.2.3 Effects on Cellsna trømoseríca

There were no immediate effects of a single 'footstep' on the limpet C. tramoserica

other than the dislodgment of one limpet from its rock. However, when I returned to

Port Stanvac to census the animals one tidal cycle later, all limpets were found in their

original 'home' positions (Fig. 7.6). It was apparent that stepping on the animals had

not resulted in their loss from the area. The results of this experiment were conclusive

and no statistical analysis was required.

00
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I n 15

:Ø
oUè

oOú=
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20-

0

n o n -step

T reatment

Fig. 7.6 Comparison of the percentage of C. tramoserica animals remaining in their original 'home'
positions (shown on the y-axis) in the two freatments (shown on the x-axis) one day after the

treatments had been established. Each treatment consisted of l5 adult animals (n:15) which had
been randomly chosen and stepped on ('step') or left undisturbed ('non-step'). All animals were
found in their original positions and a statistical analysis was not needed.

st ep
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7.5.3 Overturning Dominant Gastropods

The results of the small scale 'footstep' experiment involving gastropods on 'bare'

rock indicated that the most likely impact arising from a single 'footstep' was

dislodgment of animals (Fig. 7.3a, b & c). Dislodgment in association with

overturning was the most serious outcome and was found to be more common than

dislodgment alone in the case of B. nanum (Fig. 7.3b). Accordingly, it was

appropriate to experimentally investigate if the percentage of overturned animals

recovered after one tidal cycle differed from the percentage ofrecovered control (non-

overturned) animals. Comparisons were also made between the two treatment groups

to assess if overturned animals (which were recovered) had travelled further than their

^^-+-^l ^^rrñ+ôffiôr-fôvvrrll vr vv u¡alvll/q¡ lù¡

Paired r-tests, or the non-parametric equivalent (the Wilcoxon paired sample test)

were used to separately test the following one-tailed alternative hypotheses;

1. Less animals were recovered in'overturned'treatments than in the equivalent

'controls', and

2. Of the animals recovered, the overturned animals were transported fuither (on

average) over one tidal cycle than the control animals.

Some differences in the assessed parameters were found according to site and the

species being investigated (Fig. 7 .l,TabIes 7 3 e,7 .4).

(opposite page)

Fig. 1.7 The percentages (shown on the y-axes) of tkee species of mollusc (shown on the x-axis)
recovered at Kingston Park (a) and Port Stanvac (b) after being marked and overturned or marked
and left upright and in .rifa (control) (refer to legend) have been comparecl, The distances (in
metres) travelled by the recovered animals (shown on the y-axis) have also been plotted for
Kingston Park (c) and Port Stanvac (d). The graphed results were obtained one day after the
treatments had been applied. The number of replicates within treatment groups (n) varied due to
time constraints, but there were 10 animals in each replicate. The treatment probabilities (P)
obtained after paired comparisons were made at a significance level of 0.05 have been plotted for
each species. See text and Tables 7 .3 &.7 .4 for fuither details.
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Table 7.3 Analysis of the effect of overturning dominant gastropods on the proportion of animals

recovered in treatments after one tidal cycle. The treatments were paired and consisted of an

'overtumed' and a companion 'control' group. The experiments were conducted at a) Kingston
Park and b) Port Stanvac, and involved three gastropod species; A. constricta, B. nanum and N.

atramentosa. The differences between treatment pairs were tested for normality and the appropriate

statistical test applied separately for each species. Results which were significant at the 0.05 level
are marked as **, while those which were significant at the 0.01 level are marked as ***.

a) Kingston Park

Species Normality Analysis ProbabiliW

A. constricta
B. nanum
N. atramentosa

b) Port Stanvac

No
Yes
Yes

Wilcoxin
paired t-test

/-test

0.01Or"'|*
0.002** *

0.020* "

Species Normality Analysrs Probabiliw
Á rnnctrietn

B. nanum
N. atramentosa

Wilcnxin
paired t-test
paired f-test

0 ,oo
0.000***
0.268

Nn
Yes
Yes

Table 7.4 Analysis of the effect of overturning dominant gastropods on the distance travelled by
recaptured animals in treatments after one tidal cycle. The treatments were paired and consisted of
an 'overturned' and a companion 'çontrol' group. The experiments were conducted at a) Kingston
Park and b) Port Stanvac, and involved three gastropod species; A. constricta, B. nanum and N.

atramentosa. The differences between treatment pairs were tested for normaliry and the appropriate
statistical test applied separately for each species. Results which were significant at the 0.05 level
are marked as x*, while those which were significant at the 0.01 level are marked as ***.

a) Kingston Park
Species Normality Analysis Probability

YesA. constricta
B. ¡tanunt
N. atrqmentosa

b) Port Stanvac

Yes
Yes

paired t-test
paired t-test

/-test

0.028**
0.000*r,*
0.049**

S les

A. constricta
B. nanum
N. atramentosq

No
No
Yes

Wilcoxin
V/ilcoxin
paired r-test

Probabil
0.050**
0.000'|t'(**

0.010*r'!*
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Significantly less animals belonging to all three species were recovered from

overturned treatments at Kingston Park (Fig. 7.7a and Table 7.3a), but at Port Stanvac

a signif,rcant result was found only with B. nanum (Fig.7.7b and Table 7.3b). When

the average distances travelled by recovered animals within groups were compared it

was apparent that in all cases (at both sites) the overturned animals had been displaced

further than their control counterparts (Fig. 7.7c &, d and Table 7.4a &.b).

The Unreplicated' Overturning' Experiment

The experiment where 10 individuals of B. nanum, A. constricta and N. qtramentosa

were overturned on 'bare' dry rock and also in shallow water at Port Stanvac was

unreplicated and the results could not be statistically analysed. The most definitive

lrnding was that overturned B. nanum individuals failed to right themselves over the

observation period (Table 7.5). Results were less clear for the other species, but

generally more animals rightecl themselves when overturnecl on 'bare' rock in shallow

water than individuals of the same species which were overturned on dry rock (Table

7.5). A. constricla individuals which were overturned in shallow water were more

likely to right themselves over a 30 minute observation period than the other species

investigated.

Very few of the animals overturned on dry rock righted themselves over 30 minutes,

and those that remained overturned kept their operculum tightly closed. Therefore, it

was hypothesised that if these animals where exposed to an incoming tide, they would

be displaced further than animals which had not been overturned and which remained

adherent to substrata. This supports the findings of the main 'overturning'

experiments which were performed at low tide when the rock in the mid-eulittoral

zone was basically dry, and which established that overturned animals had travelled

further over one tidal cycle than equivalent non-overturned control animals.
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Table 7.5 The behaviour of thee species of gastropods ovefurned at Port Stanvac are compared. The
animals were divided into two groups of l0 for each species. Animals were overrurned in their
'original' position on either wet or dry 'bare' rock and then observed for 30 minutes. Different
individuals were used in the examination of the behaviour of the animals on wet and dry substrata.

Species Overturnedin'shallow'water Overtumedon'dry'rock
A. constricta

B. nanum
N. atramentosa

7 righted by 19 minutes
3 overhrmed after 30 minutes
l0 overtumed after 30 minutes
4 righted by l0 minutes
6 overh¡rned after 30 minutes

I righted by two minutes
9 overturned after 30 minutes
l0 overfurned after 30 minutes
2 righted by 2.45 minutes
8 overturned after 30 minutes

7.5.4 The 'Weekend' Trampling Experiment

7.5.4.í Eíiccís uu íirc inísriitiaì Ässcurbiagc

Due to the similarity of the two post-trampling data sets and to simpliff interpretation

of the effects of acute 'weekend' trampling on the intertidal assemblage only the pre-

impact and immediately post-impact trampling times were examined with multivariate

techniques. The dendrogram revealed 7 groupings (Fig. 7.8) the members of which

are described in Table 7.6. Dendrogram groups 1-5 shared 65% (Bray-Curtis)

similarity, while groups 6 and 7 shared less than 57o/o similarity with the other

dendrogram groups and had only one member each. In general, all 'before' (not yet

treated) plots were spread widely through dendrogram groups l-6, while the'after'

(treated) plots had a more aggregated presence in the groups.

Dendrogram groups 1 and 4 each accounted for a third of the 'before' plots destined to

be heavily trampled, while group 4 also accounted for two-thirds of the 'before' plots

awaiting'light' trampling and one third of the 'before-control' plots (Table 7.6). The

'after-control' plots were primarily found in groups 2 and 4 which accounted for 50Yo

and33o/o of these plots respectively, while the remaining'control'plots were found in

dendrogram group 3 (Table 7.6). This group accounted for 50Yo of the 'after-light'

and 'after-heavy' trampled plots. The remaining 'after-light' trampled plots were

evenly spread between dendrogram groups 1,4 and 5. The rest of the'after-heavy'

trampled plots were primarily found in dendrogram group 2, and the single member of

group 7 also belonged to this category.
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"Weekend" Trampling
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Fig. 7.8 The dendrogram was generated from the 'weekend' trampling experiment which involved 3

experimental treatments ('control', 'light' and 'heavy' trampling) established as a blocked design in
6 experimental plots which were assessed prior to the commencement of trampling ('before) and

one day after trampling was completed ('after'). The dendrogram groups are numbered 1-7 and are

based on Bray-Curtis similarities computed for double square root-transformed species abundances.

Members of each dendrogram group are shown in Table 7.6.
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Table 7.6 A breakdown of the members of dendrogram groups l-7 (see Fig. 7.8) identihed in the

analysis of the 'weekend' trampling experiment. The number of members within dendrogram
groups are shown as well as the percentage of the 'before' ('B') (not yet treated) and 'after' ('A')
(treated) plots, subjected to th¡ee levels of trampling over a weekend. The trampling levels used in
the experiment were: control (C) (no trampling), Iightly trampled (L) (2 trampling passages) and

heavily trampled (H) (20 trampling passages). See section 7.4.2.3 for fuither experimental details.

Dendrogram Group

Treatment 1 2 J 4 ) 6 7

BC

BL

BH

AC

ÁI

AH

16.61%

t6,61%

)).)Jao

00.00%

1Ã Ã10/^

00.00%

16.67%

00.00%

00.00%

50.00%

nn nnol^

33.33Yo

t6.67%

00.00%

t6.6't%

t6.6'7%

sn ooo/^

50.00%

)J.))70

66.67%

)J.))70

) ) .J 3"/o

1 6 6'70/^

00.00%

16.67%

00.00%

r6.67%

00.00%

1Á Ã10/^

00.00%

00.00%

16.67%

00.00%

00.00%

nn oo0l^

00.00%

00.00%

00.00%

00.00%

00.00%

nô nrìol^

r6.61%

No. in group J 6 9 11 3 1 1

The SSH MDS Ordination generated from the raw abundances of species per 0.75m2

was more useftil than the dendrogram in revealing assemblage changes in association

with the level of trampling (Fig. 7.9). Although ordination stress was relatively high

(5:0.17) a useful interpretation of the data was obtained in two dimensions. The

majority of treatment plots (apart from two pre-impact control plots) were positioned

negatively with respect to Axis 2 before the trampling treatments were applied. All

'after' plots (inespective of treatment) were positive with respect to Axis 2 except for

one of the 'light' plots. Multiple taxa regressions against the MDS ordination,

revealed that three taxa shared significant relationships with the ordination scores.

These taxa were B. nanum (0.002<P<0.005), A. constricla (P<0.001). and Notoacmea

spp. (P<0.001), and all were acting within Quadrat 4 of the ordination plot (see Fig.

7.9). A Pearson correlation with a Bonferroni correction failed to reveal significant

relationships between the ordination scores and the dominant species (Table 7 .7).

To simplif,, any treatment trends the ordination scores were averaged across

treatments prior to trampling and again one day after trampling and the positions

corresponding to these times linked (Fig. 7,10). The resultant vectors represent the

direction and magnitude of change under the three trampling regimes. Changes were
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evident in all treatments (including the 'control'), but the 'light' vector changed in a

direction that was approximately midway between the other two vectors. Changes

occurring under 'heavy' trampling resided in Quadrat 1, while the vectors of change

associated with the remaining treatments were within the area defined by Quadrat 4

(Fig.7.10). The changes seen in the'control'and'light'treatments regressed

significantly with B. nanum, A. constricta and Notoacmea spp. However, no

significant relationships between taxa and the changes occurring under 'heavy'

trampling could be found (Figs 7.9 e,7 .10).
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Fig. 2.9 SSH MDS Ordination based on double square root transformed taxa abundance pre-impact

and one day after impact in the 'weekend' trampling experiment at Kingston Park. Th¡ee trampling

treatrnents were established in each of 6 plots; control (no hampling), lightly trampled (2 trampling

passages), and heavily trampled (20 trampling passages). Trampling levels are; C:control, L:light,
and H=heavy. Pre-impact treatments are prefxed with a P, and all other treatments represent post-

impact data points. The stress associated with this two-dimensional ordination was 0.17 (S:0.17).

The significant PCC taxa vectors associated with the ordination are shown with their probability

levels (P) and are; Bemb.:8. nanum, Aust. cons.:Austrocochlea constricta and Noto.

spp.=Notoacmea spp. The plotted area has been divided into four quadrats (Ql-4) delineated by

Axes 1 & 2.
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Fig. 7.10 SSH MDS Ordination based on double square root transformed taxa abundance pre-impact
and one day after impact in the 'weekend' trampling experiment at Kingston Park. The vectors
correspond to the average change in ordination position between the pre-trampling and one day
post-trampling times for each treahnent (see Fig. 7.9). Trampling levels are C:control (no
trampling), L=light (2 trampling passages), and H=heavy (20 trampling passages). The stess
associated with this two-dimensional ordination was 0.17 (5:0.17). The plotted area has been
divided into four quadrats (Ql-4) delineated by Axes I &.2. Taxa that regress significantly with the
ordination lie within Q4, and are as shown in Fig. 7 .9. To avoid confusion the regression vectors
have not been shown for each ofthe significant taxa on this figure but their end points have been
represented as open-squares that would arise from the origin of the plot.
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Table 7.7 Pearson matrix of Bonfenoni probabilities; MDS axes vs dominant taxa for the 'weekend'
trampling data set. Bartlett's chi-squared statistic: 213.91, P=0.000. Bold numbers represent
significant probabilities at the 0.05 level, and negative values indicate a negative conelation.
Species abbreviations are'. Nerita:Neríta atramentosa, A. conc.--Austrocochlea concamerata, A.

cons.=Austrocochlea constricta, Lit. u.=Littorina unifasciata, Bemb.:Bembicium nenum,
Lep.:Lepsiella vinosa, Cell.=Cellana tramoserica, Noto. spp.=Noloacmea spp.

Variable Axis I Axis 2 Nerita A. conc, A. cons. Lit. u. Bemb. Lep. Cell. Noto. spp.

,dris I

Axis 2

Nerila

A. conc.

A. cons-

Lit. u.

Bemb,

Lep

Cell.

Noto spp

0.000

- I .000

l.000

1.000

1.000

1.000

l 000

1.000

l 000

1.000

0.000

-1.000

-l 000

-1 000

-1.000

-l 000

- r.000

-r 000

-0 s99

0.000

-r 000

I 000

1.000

-1.000

- 1.000

- l .000

- 1.000

0.000

- r.000

l.000

1.000

r.000

1.000

0.062

0.000

-1.000

-1.000

1.000

1.000

-1 000

0.000

I 000

- l .000

1.000

r.000

0.000

- 1.000

-1.000

r.000

0.000

0.000

- r .000

0.000

1.000 0.000

7.5.4.2 Effects on Summary Statistics

All assessed summary statistics decreased following trampling but the changes

occurred irrespective of treatment (Fig. 7.Il). The number of taxa (Fig. 1.lIa),

Spe.cies Richness (Fig. 7.11b), Shannon-'Wiener Diversity (Fig. 7.11c) and Pielou's

Evenness (Fig. 7.11d) all declined between the pre-impact and the immediate post-

trampling times. All changes were definitive (as indicated by the non-overlapping

standard error bars) apart from Pielou's Evenness where the error bars overlapped

between the two sampling times in the lightly trampled treatment (Fig. 7.11d). No

pre-impact differences in the assessed summary statistics were apparent between

trampling categories and no differences between treatments were evident post-impact

(Fig. 7.1 1). Therefore, statistical analyses of treatment effects were not performed.
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Fig.7.l1 Summary statistics were calculated from assemblage data and generated fromthe'weekend'
trampling experiment. Assessed parameters are: a) number of taxa, b) Species Richness, c)

Shannon-Wiener Diversity and d) Pielou's Evenness. The trampling treaünents are shown on the.r-
axis and are; control (no trampling), light (2 trampling passages), and heavy (20 trampling
passages). Data are compared prior to trampling (Tl) and one day after compl€tion of trampling
(T2). Enor bars represent the standard error associated with sampling.
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7.5.4.3 Effects 0n B. nanum

The Total Abundance ofB. nanum

The total abundance of B. nanum had decreased in all treatments by the first post-

impact trampling time (T2), a trend which was most ma¡ked in the heavily trampled

treatment (F|g. 7.12). The decrease in abundance occurring in the control treatment

suggested that this trend was (in part) independent of trampling. There was no

evidence of a retum to pre-impact B. nqnum numbers after the recovery period (T3)

had elapsed, and identical trends were observed whether quadrats used in each

treatment plot were summed (Fig.7.l2a) or averaged (Fig. 7.12b).

All statistical analyses were performed on data that were averaged for the three plot

'replicates'for each of the three census times. The total abundances of B. nanumin

treatments were norrnally distributed and displayed homoscedastic variances pre-

impact so a randomised block ANOVA was performed using "SYSTAT,,, Version 5.0

(Wilkinson 1990) to assess if treatments (the fixed factor) differed by chance. No

significant differences in the total abundance of B. nanum were found between plots

or treatments at the start of the experiment (Table 7.8).

Total ^8. nanum abundance data collected at the other two times of interest

(immediately post-impact (T2) and post-recovery (T3) displayed non-normal

distributions even after logls(x+l) transformations and were analysed using the

Friedman's Test (Freidman 1937) as described in zar (1984, pg 229), again using

"SYSTAT", Version 5.0. No signihcant differences were found between treatments

either immediately post-impact or after a 6 day recovery period (Friedman's test

statistic:0.333, P:0.846). The statistical results were identical at both post-impact

sampling times (T2 & T3) due to identical within-plot treatment rankings.
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Fig.7.l2 Comparison of the abundance of B. nanum (a) per 0.75m2 and (b) per 0.25m2 in the

'weekend' trampling experiment. The trampling treatrnents investigated are shown on the .r-axis

and are; control (no trampling), light (2 trampling passages) and heavy (20 trampling passages).

Abundances were averaged across the six experimental plots (n:6) and are shown on the y-axis as

the number of animals per speciflred surface area of the shore. The three census times shown in the

legend are; pre-impact (Tl), one day after tramplin g (T2) and six days after trampling (T3). Enor
bars represent the standard error associated with sampling.
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Table 7.8 A pre-impact randomised Block ANOVA was used to compare the average abundance of ^8.

nanuml\.2ímt lincorporating all size classes) between trampling treatments in the 'weekend'
trampling experiment. 'Plots' were the random factor and 'trampling' treaünents werc the fxed
factor in the analysis. Data were normal and homoscedastic and did not require transformation prior
to analysis. The resultant analysis probabilities (P) are shown in the last column of the table.
**=significant at the 0.05 level.

Source Sum-of-squares df Mean-Square F-Ratio P

Plot

Treatment

Eror

3 I 18.083

357.501

3 858.321

623.617

178.75t

385.832

1.616

0.463

0.242

0.642

5

2

l0

'Large' B. nanum were rare at Kingston Park and the censused animals were

categorised into two size classes ('medium-large', and 'small') and subjected to

separate size-specific analyses. The sizes are as specified in Chapter 3, with the

'medium-large' size class consisting of both'medium' and'large' animals.

The Abundance of 'Medium-Large' B. nanum

No pre-trampling treatment differences in the average abundance of 'medium-large'

B. nanum were apparent (Fig. 7.l3a & Table 7.9). The Friedman's test was used to

analyse treatment differences following trampling. No significant differences could

be found between treatments immediately following trampling or after the recovery

phase (Friedman's test statistic:2.33, P=0.311). Slight decreases in the abundance of

'medium-large' B. nanum were appffent under 'light' and 'heavy' trampling but these

were more pronounced in the latter and persisting through the recovery phase of the

experiment (Fig. 7. I 3a).
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Table 7.9 A pre-impact randomised Block ANOVA was used to compare the average abundance of
'medium-large' B. nanuml0.25m2 between trampling treatrnents in the 'weekend' trampling
experiment. 'Plots' were the random factor and 'trampling' treatrnents were the fixed factor in the

analysis. Data were normal and homoscedastic and did not require transformation prior to analysis.

The resultant analysis probabilities (P) are shown in the last column of the table. **:significant at

the 0.05 level.

Source F-Ratio P

Plot
Treatment
Error

3856.248
t I1.302

2833.990

771.250
55.651

283.399

2.721
0.1 96

0.084
0.825

df
5

2
l0

The Abundance of 'Small' B. nanum

Data pertaining to the abundance of 'small' B. nanum in 'trampling' treatments were

not normally distributed even after transformation and Friedman's tests were used to

analyse for treatment differences. The abundances of 'small' animals were observed

to decline in all treatments after trampling commenced but clear decreases (supported

by non-overlapping standard error bars) were only evident under 'heavy' trampling

(Fig. 7.13b). The statistical analyses revealed no significant differences between

treatments prior to trampling (Friedman's test statistic: .75, P:0.093), but significant

post-trampling effects (Friedman's test statistic:7.583, P:0.023). As explained

previously, due to the within plot ranking used in the Friedman's test the probability

values obtained for the two post-trampling times were identical. A post hoc multiple

non-parametric comparison established that the 'control' and 'heavy' trampled

treatments were different following trampling (at both post-trampling times), with the

latter treatment supporting lower densities of 'small' B. nanum (Table 7.10 & Fig.

7.1 3b).
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Fig.7.13 Comparison of the abundance of a)'medium/laÍge' B. nanum and b)'small' B. nanumper
0.25m2 in the 'weekend' trampling experiment. The hampling treatments (shown on the x-axis) and
the sampling times (depicted in the legend) are as described for Fig. 7.12. Abundances were
averaged across the six experimental plots (n=6) and are shown on the y-axis as the number of
animals per 0.25m2. Error bars represent the standard error associated with sampling.
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Table 7.10 A Post åoc multiple comparison following the Friedman's analysis of the average

abundance of 'small' B. nanum per 0.25m2 one day after completion of trampling in the 'weekend'
trampling experiment. The trampling intensities investigated were; C='control' (0 trampling
passages), L:'light' (2 trampling passages), H:'heavy' (20 trampling passages). The multiple
comparison was performed as describedby Zar (1984, pp.230-231) using the rank sums (rR¡) for
treatments. The standard enor (SE) used in the calculations was 2.45, and the differences between

rank sums are represented in the table by Ra-rRe (where R¡ is the ranked sum calculated for
treaûnent A, and Rs is the ranked sum calculated for treatment B). An unbroken line links treatment
groups if no posf hoc differences could be determined. Note that the probability of a type I error is

less than the stated alpha, actually 0.017 (see Bernhardson 1975); in which case the adjusted critical
value of q is estimated to be 3.79, which does not alter the outcome of the analysis.

Samples ranked by rank sums

Rank sums (iR¡)

Difference SE
(Ão-Re)

q

LC
I1.5 17.0

Ço.os,to,z Conclusion

H

7.5

Comparison
(B vs A)

c
C,

ys

vs

H
L

9.5
5,5

2.45
?.,45

3.8 87
?..?.4

3.314
i.il4

Reject He: rRç:ì?¡¡

Accept H6: Rç:rÎ¡

7.5.5 The'School-Holidayr Trampling Experiment

The 'school-holiday' trampling data were analysed and graphed in the same way as

the 'weekend' trampling data set but data pertaining to all three sampling times have

been included in all analyses and graphs. The sampling times have been abbreviated

as;'B' (before trampling commenced), '41' (1 day after trampling was completed)

and 'A2' (the recovery phase, two weeks after trampling was completed). The

trampling treatments are abbreviated as; 'C' (control, untrampled), 'L' (light, 2

trampling passages) and 'M' (medium, 5 trampling passages).

7.5.5.L Effects on the Intertidal Assemblage

The dendrogram generated from hierarchical clustering of 'school-holiday'

assemblage data could be subdivided into 7 dendrogram groups (Fig. 7.14 & Table

7,11). All dendrogram groups shared greater than 55Yo taxa simila¡ity apart from

group 7 (with only one member) which was 10olo less similar (Fig. 7.14). Group 4

contained 23 members and accounted for 50Yo of all 'BC' and 'BL' plots and 33Yo of

the other 'B' treatment (Table 7.lI). The remaining 'B' treatments were found in
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groups 1,2 and 5. Dendrogram group 4 accounted for 50% of the 'AlC' plots and

50%o or more of all'A2' treatment plots (Table 7.11). 'Al' treatment plots were

generally widely dispersed between dendrogram groups, apart from the 'AlC' plots

which were equally divided between groups 2 and 4. However, dendrogram goups 2

and 6 jointly accounted for 66.67Yo of all 'AlL' plots, while group 2 also contained

50% of all'AlM'plots (TableT.ll).

" School-Holiday" Trampling

k
cl

(n

L

O
Ix

ftlke
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:

I.
I

I

30

40

50

60

70

80

90
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Fig.7,l4 The dendrogram generated from the 'school-holiday' hampling experiment. Bray-Curtis
similarities were computed for double square root transformed taxa abundances per 0.75m2 for each
of 6 plots which had been subjected to three trampling intensities over a two-week period. The
trampling intensities used were; 'control' (no trampling), 'light' (2 trampling passages) and
'medium' (5 trampling passages). The plots were censused prior to trampling ('B'), one day after
trampling was completed ('Al') and two weeks after trampling had ceased ('42'). The dendrogram
groups are numbered 1-7 and their members can be found in Table 7.1 I .
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Table 7.11 A breakdown of the members of dendrogram goups l-7 (see Fig.7.l4), identified by
hierarchical clustering, in the 'school-holiday' trampling experiment. The dendrogram groups have
been classified according to the percentage ofthe total 'before' (not yet treated) and 'after' (treated)
plots they account for, the trampling intensities plots were subjected to, and the three census times.
Treatments were: 'C' : control (no trampling),'L' : light (2 trampling passages), and 'M': medium
(5 trampling passages). Census times were as described for Fig. 7.14,'B' : before trampling, 'Al'
: first sampling time after trampling commenced and'A2' : second sampling time after trampling
commenced.

Treatment 2

00.00%
00.00%
3333%
50.00%
3333%
50.00%
16.67%
r6.67%
50.00%

3
16.67%
00.00%
00.00%
00.00%
00.00%
16.67%
00.00%
00.00%
00.00%

4

50.00%
50.00%
3333%
50.00%
16.67%
16.67%
66.67%
50.00o/v
50.00%

6

00.00%
16.67%
00.00%
00.00%
33.33%
16.67%
00.00%
t6.67%
00.00%

7

00.00%
00.00%
00.00%
00.00%
00.00%
00.00%
16.67%
00.00%
00.00%

I 5

BC
BL
BM
Alc
AIL
AIM

^2CA2L
A2ly4

33.330/0

33.33Yo

16.67%
00.00%
l6.67Yo
00.00%
00.00%
16.67%
00.00%

00.00%
16.67%
16.67%
00.00%
00.00%
00.00%
00.00%
00.00%
00.00%

No. in rou 7 15 ) 23 ', 4 I

The SSH MDS Ordination was perfonned on the raw abundances of taxa which were

summed across 'replicates' within plots to generate the taxa abundance per 0.75m2 for

each of the three sampling times. The stress of the ordination was high (0.18) but a

three dimensional ordination did not yield a clearer picture and so the two

dimensional ordination was retained and graphed (Fig. 7.15a). When the spread of

treatments was examined within the two dimensional ordination it was difficult to

determine any definite trends due to wide data scatter within treatments and between

sampling times (Fig. 7.15a).

A PCC multiple regression of taxa against ordination scores revealed significant

relationships in seven cases (after alpha had been adjusted for the number of multiple

regressions). N. atramentose, Littorina unifasciata, B. nanum, C. antennatus and

Notoacmea spp. all scored signif,rcant probability values of less than 0.001, while ,4.

constricta and A. concamerqla scored slightly higher probabilities (Fig. 7.l5a). The

majority of significant taxa regressions were found in Quadrat 4 of the ordination plot,

a trend which also occurred in the 'weekend' trampling ordination (Fig. 7.9).

However, more taxa made significant contributions to the placement of treatments
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within 'school-holiday' ordination space than in the equivalent 'weekend' trampling

ordination.

As an adjunct to the multiple regressions of species against ordination scores a

Pearson Correlation (with Bonferroni correction) was performed on taxa v¿rszs axes

scores (Table 7.I2). Three species (N. atramentosa, A. constricta and B. nanum) were

significantly correlated with Axis 1, no species were coffelated with Axis 2, and .¡{

atramentosa showed significant positive correlations with the presence of A.

constricta and C. antennatus.

Averaging the ordination positions of the three treatments in an attempt to simplif;

the ordination picture did not reveal any obvious trends associated with treatments

(Fig. 7.15b). All treatments changed during the experiment but clear patterns between

treatments and times were not readily apparent. The only similar trajectories of

change were found with the 'control' treatment vector (between the pre-impact

sampling and the first post-impact sampling) and the 'medium' trampling treatment

(between the two post-impact sampling times) (Fig. 7.15b).

The overall conclusion from the MDS ordination was that plots showed a high degree

of ordination separation and that the low trampling intensities investigated in the

'school-lioliday' trampling experiment did not appear to trigger any treatment driven

assemblage based trends.
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(next two pages)

Fig. 7.15 SSH MDS Ordination based on double square root transformed taxa abundance per 0.75m2

in the 'school-holiday' trampling experiment at Port Stanvac. The stress associated with this two-
dimensional ordination was 0.18 (S=0.18). (a) The firll ordination plot revealing the spread of data

points for each treatment at each of the three sampling times. The plotted area has been divided into
four quadrats (Ql-a) defined by the two axes. The taxa which regress sigrrificantly with the

ordination are; Nerita (Nerita atramentosa), A. conc. (Austrocochlea concamerata), A. cons.

(Austrocochlea constrictø), Lit. (Littorina unifasciata), Bemb. (Bembicium nanum), ¡foto. spp.

(Notoacmea spp.) and Chth. (Chthamalus antennatus). The associated regression probabilities (P)

are shown on the plot. (b) The average treatment positions for each of the three sampling times

were calculated and joined by arrows to indicate the trajectories of change under the three trampling
intensities. Trampling occurred once a day over a two week period when access to the six
experimental plots was possible. Plots were censused prior to trampling, one day after trampling
was completed and two weeks after trampling had ceased. Trampling levels shown in both (a) and

(b) are; 'C'=control (no trampling), 'L':light (2 trampling passages) and 'M':medium (5 trampling
passages). The sampling times have been abbreviated ur cp'=pre-impact, 'l':hrst post-impact
sampling, and' 2' :second post-impact sampling
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Table7.l2 Pearson matrix of Bonferroni Probabilities; MDS axes vs dominant taxa for the'school-
holiday' trampling experiment data set. Bartlett's chi-squared statistic: 206.71, P : 0.000. Bold
numbers represent signihcant probabilities at the 0.05 level and negative values indicate a negative
correlation. Species abbreviations are: NeritæNerita atramentosa, A. conc.=Austrocochlea
concamerata, A. cons.:Austrocochlea constricta, Lit. u.=Littorina unifasciata, Bemb.:Bembicium
nanum, Cell.:Cellana tramosericø, Noto. spp.=Notoacmea spp., Chth.=Chthamalus antennalus.

Va¡iable

Axis I

Axis 2

Nerila

A. conc.

A, cons.

Lit u

Bemb,

Noto spp

Chth.

0.000

-l.000

0.015

L000

0.014

1.000

0.000

-t 000

l 000

1.000

0.000

1.000

1.000

-l.000

-0.244

- 1.000

-l 000

1.000

- 1.000

0.000

0.000

0.008

- 1 .000

0,076

-r 000

1.000

0.042

0.000

0.22',1

-L000

1.000

-t 000

l.000

0.325

0.000

- l .000

0.280

-l 000

1.000

0.000

0.000

1.000

I.000

-1.000

1.000

0.000

- l .000

0.074

0.000

0.000

-1.000

-1.000

0.000

0.414 0.000

Axis I Axis 2 Nerita A. conc. A. cons. Lil. u. Bemb. Cell. ¡y'ofo. spp. Chth.

7.5.5.2 Effects on Summary Statistics

The lack of clear trampling driven patterns in the 'school-holiday' ordination and

dendrogram was matched by the lack of treatment related changes in summary

statistics. Summary statistics generated from community data (as shown in Fig. 7.I I

for the 'weekend' trampling experiment) were not informative and have not been

included in this thesis. However, an examination of B. nanum abundance under the

three trampling intensities was used to test for treatment related trends.

7.5.5.3 Effects on the Abundance of B. nanum

The Total Abundance ofB. nanum

B. nanum was the most abundant gastropod found in the mid-eulittoral zone at Port

Stanvac, showed less variability in its distribution than other common intertidal

species and was the only animal suitable for use in a univariate analysis.

Consideration of the total abundance of B. nanun (combining all three size classes)

revealed differences before trampling commenced and trampling did not result in any

treatment driven changes (Fig. 7.16). Results were consistent whether the data were

summed within treatments prior to averaging across plots (Fig. 7.16a) or were
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averaged within treatment plots (to generate an abundance per 0.25m2) prior to being

averaged across plots (Fig. 7.16b).
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Fig. 7.f6 Comparison of the abundance of B. nanum per 0.75m2 (a) and per 0.25m2 (b) in the 'school-

holiday' trampling experiment. The trampling treaûnents investigated are shown on the x-axis and

are; control (no trampling), light (2 trampling passages) and medium (5 trampling passages).

Abundances were averaged across the six experimental plots (n=6) and are shown on the y-axis as

the number of animals per specified surface area of the shore. The th¡ee census times shown in the

legend are; pre-impact (Tl), one day after trampling was completed (T2) and two weeks after

trampling had ceased (T3). Enor bars represent the standard error associated with sampling.

Light

Trampling Intensiry
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Statistical analyses were pert'ormed as described for the 'weekend' trampling

experiment. A randomised block ANOVA was used to test for treatment effects

where data was normally distributed and displayed homogeneous variances, and the

Friedman's test was substituted if data violated these assumptions. The pre-impact

total abundance data were found to satisfi the basic assumptions of ANOVA and were

subjected to a randomised block ANOVA which revealed significant pre-existing

differences between plots and between treatments (Table 7.13).

Table 7.13 Randomised Block ANOVA comparing the abundance of ,8. nanum/0.25m2 prior to
cornmencement of the 'school-holiday' trampling regime. The average abundance of all B. nanum
(combining size classes) was used as the dependent variable and abundances were averaged across
the three quadrats deployed in each treatment plot. Data were normal and homoscedastic and did
not require transformation. Signihcant F-ratios are marked T** if signifîcant at the 0.01 probability
(P) Ieveland ** if signiflrcant at the 0.05 probability level.

Source Sum-of-squares df Mean-Square F-Ratio P
Plot
Treatment
Error

3920.7 51

532.t30
93.709

784.1 50

266.065
9.37 |

83.678r.'i. *

28.393 ***
0.000
0.000

5

2

l0

All post-impact data sets violated the assumptions of ANOVA þarticularly equal

variances between treatment groups), even after a logle(x+1) transformation.

Therefore, Friedman's tests were used to examine data for treatment effects one day

after the conipletion of trauipiing anti again after the two week recovery period. At

both these times significant treatment effects were found to exist (Friedman's test

statistic=9.33, P:0.009 immediately post-impact, and Friedman's test statistic:6.33,

P:0.042 after the recovery period). The pre-existing treatment effect negated the

significance of these results and to adjust for this the differences between the pre-

impact and post-impact treatment abundances and the pre-impact and post-recovery

treatment abundances were calculated and analysed as previously described. The

differences were not normally distributed and a Friedman's test revealed non-

significant treatment effects immediately after trampling (Friedman's test

statistic:2.58, P:0.275) and after the recovery period had elapsed (Friedman's test

statistic:4.33, P:0. 1 1 5).
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As with the 'weekend' trampling experiment, I was interested in determining the

effect of trampling on different sized B. nanum. Two size classes ('small' and a

combined 'medium-large' class) were considered statistically and graphically (Fig.

7.I7). The data violated the underlying assumptions of ANOVA necessitating the use

of Friedman's analyses as described for the combined size class data.

The Abundance of 'medium-large' B. nanum

The average abundance of 'medium-large' B. nanum within treatments did not appear

to differ prior to commencement of trampling (Fig. 7.I7a). This graphical finding was

supported by the results of the Friedman's analysis which returned a non-significant

treatment effect (Friedman's test statistic:2.33, P:0.311). The abundance of

'medium-large' B. nanum was not significantly altered by the trampling intensities

investigated (Fig. 7.17a) and non-significant treatment effects were detected post-

impact (Fricdman's test statistic-3.?5, P:0.I97) and follorving the recovery period

(Friedman's test statistic:2.33, P:0.31 1).

The Abundance of 'small' B. nanum

Non-significant treatment differences (Friedman's test statistic:5.33, P:0.069) in the

average abundance of 'small' B. nanum were found prior to commencement of

trampling (Fig. 7.17b), Therefore, the statistical results obtained from direct analyses

of post-impact and post-recovery 'school-holiday' data could be regarded with

confidence. A treatment effect was detected immediately after trampling (Friedman's

test statistic:6.33, P:0.042) but this was not apparent after the recovery period had

elapsed (Friedman's test statistic:5.25, P:0.072). A post hoc multiple comparison

failed to establish a significant treatment effect one day after trampling was completed

(Table 7.14).
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Fig.7.l7 Comparisonof the abundance of a)'medium/large'B. nanum andb)'small' B. nanumper
0.25m2 in the 'school-hotiday' trampling experiment. The trampling treatments (shown on the x-
axis) and the sampling times (depicted in the legend) are as described for Fig. 7.16. Abundances
were averaged across the six experimental plots (n:6) and are shown on the y-axis as the number of
animals per 0.25m2. Error bars represent the standa¡d error associated with sampling.
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Table 7.14 A Post åoc multiple comparison following the Friedman's analysis of the average

abundance of 'small' B. nanum one day after completion of trampling in the 'school-holiday'
trampling experiment. The kampling intensities investigated were; C:'control' (0 trampling
passages), L:'light' (2 trampling passages), M='medium' (5 trampling passages). The rank

sums (R¡ ) calculated for treatments (ranked from low to high) were used to locate where

treat¡rient differences occurred. The multiple comparison was performed as describedby Zar
(1984, pp. 230-231). The standard enor (SE) used in the calculations was 2.45 and the

differences between rank sums are represented in the table by Re- Re (where Ra is the ranked

sum calculated for featment A and Rs is the ranked sum calculated for treatment B).

Treatment groups C, L and M are linked by an unbroken line, meaning that no post hoc

differences could be determined. Note that the probability of a type I error is less than the

stated alpha, actually 0.017 (see Bernhardson 1975), inwhich case the adjusted critical value

of q is estimated to be 3.79.

Samples ranked by rank sums

Rank sums (ì?¡)

Difference SE q Qo.os,to,t Conclusion

ML c

Comparison
(B vs A) (Rn- R*)

CvsM
CvsL

3.27
0.40

3.3t4
3.3t4

8.0
1.0

245
245

Accept H6: rRç:R¡1

Accept Hs: Rç:R¡

The univariate results of the 'school-holiday' trampling experiment were consistent

with the 'weekend' trampling experiment with 'smalI' B. nanum proving more

susceptible to a trampling perturbation than larger animals. The numbers of 'small' -8.

nqnum increased for the duration of the experiment in 'C' plots but decreased slightly

in'L' and'H' plots immediately following completion of trampling (Fig. 7.I7b). At

the first post-impact sampling time (41) 'C' plots supported an average increase in

'small' B. nanum abundance of about 18% while the abundance declinedby 7% under

'light' trampling and by approximately l\Yo under 'medium' trampling (Fig. 7.17b).

However, a post-hoc compadson of the trialed intensities of trampling failed to

determine where the treatment differences lay. Following the recovery period the

decline in B. nanun abundance was reversed, vvith the 'lightly' trampled plots (L)

almost reaching their pre-impact level and the 'medium' plots (M) exceeding their

average pre-impact numbers of 'small' B. nanum. When the '41' abundance of

'small' B. nanum was used as a baseline the '42' numbers represented an average

increase of 7o/o in'C'plots, l6Yoin 'L'plots and60Vo in'M'plots (Fig.7.l7b).
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7.6 Discussion

7.6.1 Recreational Visitation

Trampling

The low visitation rates observed at GSV sites implied that the intensities of trampling

investigated in the 'trampling' experiments were likely to realistically simulate the

range of trampling pressure experienced by mid-eulittoral assemblages. Under

'favourable' weather conditions and 'favoured' times of the year (specihc to a

particular recreational activity) it is possible that large numbers of people may visit a

reef (see Underwood and Kennelly 1990, Kingsford et al. l99l) and greatly exceed

the numbers seen during this study. However, it is unlikely that they would all

trample a particular part of the reef. The exception to this would occur if natural

'paths' were followed as a consequence of the topography of an area in order to access

a particular point. This could result in heavily trampled tracts within sites otherwise

subjected to low or moderate visitation pressure. However, due to the relative

homogeneity of substrata within the designated sites it was predicted that the intensity

of trampling aL any one spot should be considerably less than the sum of people

visiting a reef durin g a day.

The 'light' and 'medium' trampling intensities used experimentally were thought to

closely reflect the 'real' trampling pressure at work within the intertidal zone at GSV

study sites. The 'heavy' trampling treatment would equate to a very large number of

recreational users but was considered the upper extreme of a 'realistic' trampling

intensity under favourable conditions in a recreationally attractive section of a popular

reef. Hallett Cove and Kingston Park were the most frequently visited study sites

(Fig. 7.1) and it is possible that on a weekend þarticularly during summer) they could

sustain a trampling load equivalent to the 'heavy' trampling pressure investigated in

the'weekend' trampling experiment.
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Collection of Intertidal Animals

Underwood (1993b) found that human harvesting of rocþ intertidal species resulted

in significant population level changes to targeted species and flow-on community

effects at high harvesting intensities (refer to Durán et al. 1987). A possible

population level effect arising as a consequence of collection of intertidal animals is a

change in their size distribution. This would have been interesting to examine but was

not directly tested during the course of this project. However, some coÍrments on the

size distribution of gastropods at study sites in GSV and the observed activity of

fossickers can be made.

In 1995 and 1996 fossickers were observed collecting gastropods, mainly N.

atramentosa and A. constricta, ftom Hallett Cove and Kingston Park. This practice

would presumably occur at some of the other study sites and could affect the

abundance ancl size st¡uutulc uf thcsc spcuies. hr the 'uppet' rnid-eulittoral region at

Hallett Cove N. atramentosa and A. constricta were rarely found but if present tended

to be very small, while at the Port Stanvac sites (where animal collection was

prohibited) N. atramentosa and A. constricta tended to be larger and more abundant.

This could reflect the opporlunity for large animals to become established at Port

Stanvac where collection pressure is not a primary structuring force. However, ,4.

constricta animals were abundant and large at the Port Noarlunga South and Robinson

Point sites which suggests that factors other than animal collection could be operating

on their population dynamics. These factors could well be interacting and are likely to

include the availability of algae, intra- and inter-specific competition, the degree and

extent of exposure of the reef and seasonal criteria (see Underwood 1975a & b, 1978a

& b and I984a, b & c). Port Noarlunga South and Robinson Point were low-lying,

sheltered sites with stable substrata. This scenario is likely to enhance the availability

of epilithon and increase the ability of these sites to support high herbivore loads. It is

also postulated to enable individuals within a species to potentially attain greater sizes

than they would achieve under more physically 'stressed' conditions.
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7.6.2 The Small-Scale Experiments

Gaslropods

The results of the small-scale trampling experiments agreed with the ñndings of

Povey and Keough (1991), namely that a single 'footstep' had very little impact on

animals inhabiting 'bare' intertidal rock. B. nanum was the only gastropod found to

be susceptible to crushing (3%) and it was also observed to be chipped by a 'footstep'

in2.5% of cases. Povey and Keough (1991) reported similarly low levels of crushing

(4%) and even lower levels of chipping (1.5%) when B. nanum animals were exposed

to a single 'footstep'. N. qtramentosa and A. constricta were not physically damaged

by a single 'footstep' possibly because they were generally larger and had thicker

-l-^11- ¿1-^-- ¿l- ^ ,--^l^-,lt-- ^f n -- -.,,- ,- :,- J:--:l- -1- ¡- 1 :rl ' 11 ' . IòrrçrrJ Llróur Llrç urnJUrrLJ vL 1), ftuttutl, rrrulvlLluaLl5 lururu wlLlr.lll tuç çÅIJçrulrtrIltill ¿lIça.

Despite the low levels of damage observed in response to a 'footstep' it is predicted

that newly recruited gastropods and species which are small at maturity would be

most susceptible to crushing or chipping, However, physical factors such as substrata

complexity could affect the levels of damage occurring in response to a 'footstep'.

For example, a small animal may find a refuge and physical protection from 'footstep'

damage if it inhabits fissured, or in some other way complex, rock.

X. pulex

It was predicteci a priori that X. puiex would be damaged by a single 'footstep' but no

obvious damage to beds of this small mussel were observed in the 'footstep'

experiment. This could be due to the cushioning effect of retained sand within the

mussel beds and the ciose proximity of individual mussels, two factors that would

minimise and spread the trampling force being felt by individual mussels. It is also

possible that individual mussels may have sustained damage that was not evident

immediately after application of the 'footstep'. However, it is more likely that the

structure of the mussel bed (including the proximity of individual mussels and the

presence of retained sand) would explain the lack of visible damage. The apparent

lack of damage to mussel beds meant it was unlikely that the carnivore L. vinosa

would be 'attracted' to the 'footstep' quadrats. Therefore, the failure to detect a
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difference in the abundance of L. vinosa in experimental 'control' and 'trampled'

areas of mussel beds was not unexpected.

Despite the lack of 'footstep'-driven change to mussel beds it is predicted that

ongoing trampling of sufficient frequency, duration and force is likely to adversely

affect mussels. This prediction is supported by Brosnan and Crumrine (1994) who

reported severe, persistent and long-term degenerative changes in mussel beds in

response to prolonged trampling pressure.

The'Dislodgment' Experiments

Gastropods were observed to be prone to dislodgment (and overturning) when

exposed to recreational trampling. The effects of 'overturning' were experimentally

investigated and all overturned species were found to be displaced significantly

further ovet one tidal cycle than 'controi' animals. However, when Lhe numbers of

recovered animals were compared the outcome was dependent on the selected

experimental site. At Kingston Park significantly lower recovery rates of all tested

species were recorded in'overturned' treatments, while at Port Stanvac only B. nanum

matched this trend. This difference was postulated to be due to the substrata

composition. I hypothesised that the more complex substrata mix at Port Stanvac

would tend to physically prevent 'overturned' animals from being displaced long

distances by an incoming tide unlike the flat, architecturally simple bedrock at

Kingston Park. This hypothesis was supported by the fact that recovered animals at

Kingston Park tended to have travelled fuither than equivalent animals at Port

Stanvac. However, the distances involved were not extreme and may be a sampling

artefact or represent slight site-specific variations in gastropod foraging behaviours.

A similar experiment by Povey and Keough (1991) found low gastropod recovery

rates but no differences in the percentages of animals recovered in 'overturned' and

'control' treatments. They thought this was due to the rapidity with which overturned

animals righted themselves. However, a non-replicated experiment conducted at Port

Stanvac found that not all overtumed animals rapidly righted themselves. When

overtumed in shallow water, 40o/o of N. atramentosa and 70Yo of A. constrictq were

found to have righted themselves less than 20 minutes after being overturned, while
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these species rarely righted themselves when overturned on dry rock. The same

unreplicated experiment revealed that B. nanum animals did not right themselves after

30 minutes rcgardless of whether they were overturncd in shallow water or on dry

rock. If animals remain overturned until the incoming tide wets them they are more

likely to be displaced fuither than animals which are adherent to the rocks or rapidly

right themselves, and they will consequently be more difficult to recover. It should be

pointed out that the findings from the 'unreplicated overtuming experiment' were not

conclusive and may be little more than a sampling artefact.

As reported by Povey and Keough (1991) it was apparent that trampling did not

readily dislodge limpets. Therefore, it would have been unrealistic to overturn these

animals. Instead, it was decided to directly step on them and again assess any changes

over one tidal cycle. Following application of a 'step' and completion of one tidal

cycle all C. tramoserica animals were found in their 'home' positions. This outcome

was consistent with the work of Povey and Keough (1991) and implied that the

selected C. tramoserica individuals were not affected by being stepped on and that

they were probably homing. The animals were not observed for the duration of this

experiment and it is possible that the 'footstep' induced them to tightly clamp to the

rock and not to forage, However, foraging in another species of limpet (Patella

vulgata) has been reported to occur most frequently during nocturnal low tides

lSantina et o.l. 1994) and the exoeriment incomorated s'rch a tide. The animals used\----_--_--- '' '/ -'---- '--- -_-r

in this experiment were also relatively large (greater than 2.5cm in diameter) and

smaller animals may be more susceptible to 'footstep' damage.

7.6.3 The Trampling Experiments

The results of the trampling experiments performed on 'bare' habitat in the mid-

eulittoral zone revealed that, in general, the gastropods that dominated this area were

not very sensitive to trampling. Similar results were reported by Povey and Keough

(1991) who found that 'bare rock' habitat was less affected by trampling than

Coralline or Homosira algal mats (see also Keough and Quinn 1998). However, the

outcomes of trampling depend on the intensity and duration of the perturbation

(Underwood 1989), the topography and character of the site and substrata (Povey and
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Keough 1991) and the physical character of the species and assemblage which is

exposed to the clisturbance. It is also possible that the past history of disturbance

experienced by a site may influence the effect of a new disturbance (Keough and

Quinn 1998).

The'lYeekend' Tramping Experiment

A 'weekend' of high intensity trampling (20 passages per day) resulted in a different

direction of change in the intertidal assemblage (on average) than was seen in the

'control' and 'lightly' trampled treatments (Fig. 7.10). A PCC and MCAO multiple

regression illustrated that the changes in the 'control' and 'lightly' trampled

treatments were significantly linked to the abundance of B. nanum, A. constricta and

Notoacmea spp. (Fig. 7.10).

A statistical analysis of the effect of 'weekend' trampling t;n Lhe aburtdauce t¡f B.

nanum failed to find any significant treatment effects when size classes \ilere

combined but did find a significant result when 'small' animals were considered.

'Small' B. nanum were less abundant in the 'heavily' trampled treatment both

immediately after trampling and following the recovery period. This effect was

suggested by the outcomes of the small-scale experiments, which found low

incidences of damage to gastropods that had been exposed to a single 'footstep'.

However, as mentioned previously, the 'high' intensity trampling (heavy) used in the

'weekend' trampling experiment was extremely high compared to the observed rate of

visitation at ali GSV sites (including Kingston Park where this experiment was

conducted).

The summary statistics generated from the 'weekend' trampling experiment were

interesting, in that all treatments (apart from the 'light' treatment in relation to

Pielou's Evenness) showed consistent differences in the number of taxa, species

richness, Shannon-Wiener Diversity and Pielou's Evenness between the pre-impact

and the immediately post-impact sampling times. This occurred irrespective of

treatment and was uninformative in its own right. The failure of summary statistics to

detect trends associated with trampling supports the outcomes of a literature review by
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Keough and Quinn (1991) who found that population level effects can often more

reliably reflect trends occurring under trampling pressure than community measures.

The'School-Holiday' Trampling Experiment

The 'school-holiday' trampling experiment was carried out at Port Stanvac and the

more complex substrata may have provided a refuge for a proportion of the intertidal

assemblage. This may also account for the greater variability (resulting in signif,rcant

'treatment' effects purely by chance) in 'plots' before treatments were implemented.

No clear assemblage patterns were apparent at any of the sampling times and

community measures were not helpful in elucidating trampling effects at the

intensities (and duration) investigated. Univariate assessment revealed that'small' B

nanum decreased in abundance in response to 'light' and 'medium' level trampling

which was maintained for two weeks (on days when tidal access allowed), and that the

decrease was compffatively greater in response to a 'medium' trampling pressure.

However, when the recovery period had passed no significant effects persisted.

7.6.4 Implications for Ongoing Monitoring

Some of the investigations covered in this chapter have implications to an ongoing

monitoring program involving B. nanum (the bioindicator of choice for ongoing

monitoring (refer to Chapters a & Q). Firstly, the influence of topographic

complexity on B. nanum abundance has been illustrated or inferred. This means that

care should be taken in the ultimate choice of study sites for ongoing monitoring.

Perhaps more importantly, the susceptibility of 'small' B. nanum to prolonged (two-

week), 'medium' intensity trampling, and 'weekend' 'heavy' intensity trampling has

been established. This can be accommodated in an ongoing monitoring program

focusing on population level changes by monitoring the size distribution as well as the

abundance of B. nqnum.

The 'medium' experimental trampling level is likely to overestimate the trampling

associated with ongoing monitoring of study sites. Based on preliminary monitoring,

(Chapter 4) ongoing monitoring is expected to involve minimal disturbance and

equate to no more than two trampling passages to sections of study sites over a single
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day. Therefore, ongoing monitoring most closely approximates 'light' 'weekend'

trampling which did not result in significant population level treatment effects to B.

nanum.

The low recreational use of study sites in GSV reduces the possibility of recreation

confounding an ongoing monitoring program. Therefore, it is not necessary to adjust

the monitoring design to accommodate for changes occurring as a consequence of

recreational activities in GSV. The low incidence of overturned B. nanum in response

to a single 'footstep' is also a favourable outcome when ongoing monitoring is being

considered. Overturned gastropods are likely to be transported further over a tidal

cycle than non-disturbed gastropods but the risk of significant numbers of animals

being overturned during monitoring of study sites or recreational shore use is minimal

and is again unlikely to confound the outcomes of monitoring.

The dislodgment reported as a response by some gastropods to oil exposure (Denny ef

al. 1985, Suchanek 1993, Trussell et ql. 1993) and the results of the 'overtuming'

experiments, where experimentally 'overturned' animals were transported further than

undisturbed control animals, has implications to ongoing monitoring. These findings

suggest that population level decreases in gastropod abundance (including B. nanum)

may occur as a consequence of oil exposue. This enables some expectation of the

direction of change in B. nanum numbers likely to occur at an impacted site in the

acute phase of a'sufficiently' large oil spill.
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Chapter 8. Recommended Ongoing Monitoring
Design for Mobil, Poft Stanvac

8.1 Introduction
The ultimate aim of this study was to develop a monitoring program to quantiff the impact

of an operational oil spill from Mobil's Port Stanvac Oil Rehnery. In order to achieve this

aim it was necessary to work through a number of sequential steps.

These involved:

o gaining familiarity with Gulf St Vincent (GSV), refinery operation, past studies in

the region and which disturbances, in particular oil, are likely to affect the area

(Chapter 1 & Appendix A),

o gaining familiarity with the intertidal region and the properties of oil and how this

pollutant is likely to affect intertidal animals and plants (Chapters I &, 2;

Appendices C & D),

¡ determining the most appropriate monitoring design within an intertidal context

based on the literature (Chapter 2),

. optimising sampling protocols (Chapter 3),

o conducting a 15 month study to investigate spatial and temporal trends in

intertidal communities (Chapter 4),

. modelling an oil spill with a view to selection of the most likely 'impact' sites

(Chapter 5),

o selection of an appropriate bioindicator organism (Chapter 6) and

. investigating how trampling is likely to affect the study sites and ultimately the

monitoring program (Chapter 7).

A breakdown of the project into its 5 broad phases has been given previously (Chapter 1).

This chapter attempts to link and summarise the outcomes of the various investigative

phases of the project and produce a series of recommendations to Mobil concerning the

'best' monitoring program for their requirements.
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In addition to tailoring a monitoring design to suit Mobil's needs, the company required

completion of the first sampling run of the recommended monitoring program. Data

generated from this initial sampling were used to further refine the monitoring design, with

modifications being discussed in this chapter. A final report was presented to Mobil

detailed the optimal monitoring design, sampling recommendations and methodology

(Appendix V) and a two page suÍìmary of the project was also compiled for Mobil

(Appendix W).

8.2 Aims

The specific aims of this project were to:

1. Establish the baseline (existing) condition of the intertidal area at Port Stanvac and

determine spatial and temporal trends.

2. Select an appropriate bioindicator from the suite of organisms at GSV sites.

3. Design an ongoing monitoring program capable of detecting an oil spill impact and

differentiating this from effects associated with confounding factors.

8.3 The Best Monitoring Design for Poft Stanvac

A literature review of monitoring designs capable of detecting an environmental impact

(Chapter 2) advocated the use of a Beyond-BACI design for preliminary monitoring

(Chapter 4) as well as for ongoing monitoring (Underwood I991a, 1992 &. 1993a). This

design utilises at least a single 'impact' site and multiple 'control' sites which are sampled

many times before and after an impact occurs. The purpose of this design is to detect

whether there are changes at the 'impact' site that are greater than would be expected on

average at the 'control' sites. Data collected during sampling is then analysed using an

Analysis of Variance (ANOVA) to statistically partition variance due to such factors as

sampling times, locations, and the 'before versus after impact' categories (Chapter 4). The

basic Beyond-BACI design a.td the stages involved in using such a design will be

explained in section 8.4.4.
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8.4 Preliminary Monitoring of GSV Sites

8.4.1 GSV Background Information

Investigation of literature pertaining to the GSV region revealed the lack of long-term

ongoing data for the area (Chapter 1 & Appendix A). The health of the Port Stanvac

shoreline and adjacent shores in GSV has not been well documented and very few

ecological studies have been conducted inthe region (but see Paxinos and Clarke 1996 for

an overview).

'Womersley (1988) conducted intertidal surveys directly around the Port Stanvac Refinery

in 1979, 1980 and part of 1981 and this work is of direct relevance to the project. The

Womersley study aimed to establish the abundance and seasonal variation characteristic of

dominant biota at different tidal levels and to determine a biological baseline against which

future environmental changes could be assessed. The majority of this work occurred at two

sites, the boat ramp at Port Stanvac and a rock situated slightly offshore at Curlew Point.

The main conclusion was that the Port Stanvac biota was 'richer' than adjacent biota,

especially that to the north of the ref,rnery. This was attributed to the deeper water close to

the Port Stanvac shore and the private ownership of the refinery but was based on

assessment of a limited number of sites. An important finding arising from the Womersley

study was the high seasonal fluctuation in animal abundance coupled with extreme

variation between years. This resulted in a recommendation for detailed long term surveys

(up to 5 years duration) to establish seasonal trends against the high background variability.

The lack of detailed ecological studies in the vicinity of Port Stanvac is surprising as a

number of factors (besides an oil spill) potentially impact the region in and around Port

Stanvac (Chapter 1 & Appendix A). These include dredging (cunently being investigated

by the University of Adelaide), the Mitsubishi storm water outfall which gives an

intermittent, seasonal discharge of water runoff close to the northern boundary of the

refinery, and the E&WS secondary treated sewage discharge from Christies Beach

(cunently being investigated by M. Loo at the University of Adelaide). Mobil also

discharges treated refinery effluent towards its northern boundary and this could potentially

affect local biota. In addition, Christies Creek and the Onkaparinga River flow into the
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coastal waters to the south of Port Stanvac (contributing sediment, freshwater and

pollutants), while northward sand drift in winter and spring can impact on the coastline

(see Chapter 4). The final factor which may influence the health of the Port Stanvac

coastline arises from the private ownership of the area, which partially protects intertidal

biota from the trampling and collection pressure in similar, but publicly accessed, areas.

8.4.2 Mobil's Port Stanvac Oil Refinery

The Port Stanvac Oil Refinery receives crude oil for refinement and exports refined oil and

other products. One of the potential problems associated with refinery operation is

accicienLai reiease oi r,rii inlo Lhe marine environmenr. Aocidenrai oii spiiiage can occur

from the two mooring points, referred to as the "Deep Ocean Point" and the "Wharf Point",

or via the pipeline that feeds into the refinery (Appendix A, Fig. 4.3). Two cargoes of

100,000 tonnes and one cargo of 150,000 tonnes of crude oil are imported monthly via the

"Deep Ocean Point", while 25,000 tonnes of ref,rned fuel oil is exported from this point

twice a week. Wharf operation sees exports of 50,000 tonnes of rehned fuel oil and 15,000

tonnes of lube oil per month, while twice a year 35,000 tonnes of light oils and other

substances are sent from the refinery. In the event of oil entering the ocean as a result of

routine loading ancl unloacling it is likely that it will impact on the rocky intertidal region as

it is swept ashore by the action of wave, wind, tides and water cur¡ents (both tidal and non-

tidal).

Mobil is aware that a potential risk of their operation is release of oil into the marine

environment. To this end they want a monitoring program in place which will enable an

objective assessment of injury (if any) to the coast following an oil spill and its recovery

following such an event. In addition, a suitable monitoring program will allow Mobil to

have cliscussions with the Environmental Protection Authority (EPA) concerning the

consequences of an oil spill, mount a defence in response to any charges that may arise,

and minimise the cost impact of such charges. On a broader level Mobil want to be

environmentally aware of the effects of their activities. An ongoing Beyond-BACI

intertidal monitoring program should satisfactorily meet all these objectives.
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8.4.3 Phase 1: The Pilot Study

The rocþ intertidal region was most likely to be impacted by an operational oil spill

(Chapter 1) and presented some sampling advantages over other regions (such as subtidal)

(Chapter 2 &. Appendix C). Therefore, the pilot study focused on the intertidal region (see

Chapter 3). A Beyond-BACI design was advocated a priori for preliminary and ongoing

monitoring which made it necessary to select a number of spatially separate sites which

could serve as 'control' and 'impact' sites. These were chosen from a suite of suitable

sites; suitability being based on criteria such as ease of access and similarity in substrata

character and species assemblages (Underwood 1989 & 1991b).

The primary aims of phase 1 were to select suitable study sites, become familiar with

organisms inhabiting different intertidal zones and to determine the optimal sampling

strategies for use in the intertidal region. It must be noted that any study site could serve as

an'impact' site if a perturbation (of any type) intervened during preliminary sampling.

Site Selection

A number of 'rocky' sites extending to the north and south of the Port Stanvac Oil Refinery

and equivalent areas within the confines of the refinery were visited during the pilot study

phase. Nine sites extending from Kingston Park (to the north of Port Stanvac) to Robinson

Point (to the south) were chosen for ongoing monitoring during 1995 and 1996 (Chapter 3,

Fig. 3.i). The history of small þast) oil spills and pattems of circulation within GSV

allowed prediction of three potential impact sites within the boundaries of Port Stanvac

(designated PS1, PS2 & PS3).

Two 'zones' were recognisable within the mid-eulittoral section at study sites and these

were designated 'upper' (landward) and 'lower' (seaward). During this phase of the

monitoring program all sites and'zones' of interest were described (Chapter 3) so that they

could be relocated when preliminary monitoring commenced (Chapter 4),



Chapter 8 page 468

Optimal Sampling Protocols

During the pilot study all dominant animals visible to the naked eye (e.g. greater than 2mm

in diameter) were identified to species (apart from Notoacmea spp.). Plants were classified

to genus, apart from some small brown and red algal species and encrusting algae that were

given artificial groupings on the basis of their gross morphology. Two field master sheets

were compiled on which to enter dominant animals and plants and related physical

parameters (Appendices K & J), and a photographic record of animals was also amassed

(Appendix L). Plant life was sparse at selected study sites and it was evident that these

would make poor bioindicators. Therefore, the search for suitable biological variables

centred on intertidal animals.

Since it was not possible to choose a suitable bioindicator a priori it was decided during

the pilot study phase that all animals and plants visible within quadrats would be censused,

with animals being assigned to three broad size categories; 'small', 'medium' and 'large'

(see Chapter 3). Intertidal topography was deemed to be amenable to deployment of

quadrats rather than requiring transects, so the sampling strategy adopted was random

assignment of quadrats at sites. It was decided during this phase of the project that some

physical parameters needed to be recorded in conjunction with biota abundance for the

duration of the project. These included the presence of oil (subjectively scored on a scale

of 0 to 4), substrata composition, substrata elevation, topographic complexity and the

nercentase ol retainerl water (Chapters 3 & 4\, General details for each site includins airf_- 9 -- "_-- \----_r---- - -- 't'

temperature, water parameters (temperature, pH, conductivity, dissolved oxygen), wave

conditions and recreational use of the sites were also assessed. The latter was quantified by

the number and activity of people seen on a site over a one-hour period of observation (see

Chapter 7).

Sampling strategies requiring investigation were the number and size of quadrats to be used

and the method of animal census. Trials were carried out at a limited number of sites.

These established that deployment of the smaller quadrat (0.25m2) seven times within each

'zone' gave a satisfactory sampling precision and species capture, and that in situ census

was more accurate than either video or photographic assessment of animals (Chapter 3).
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8.4.4 Phase 2z The Preliminary Study

In an attempt to investigate spatial and temporal trends at selected study sites it was

necessary for ongoing intertidal assessment. This preliminary assessment involved

monitoring nine sites (selected during the pilot study) for a period of about 15 months. The

monitoring methods used for preliminary monitoring were judged (during phase 1 of this

project) to be time effective and achieve a satisfactory level of sampling precision (see

Chapter 3).

A Beyond-BACI design was used to ensure that if an oil spill or some other perturbation

occurred during preliminary monitoring its effects could be statistically investigated. This

design uses a univariate approach but as a suitable bioindicator was not identified a priori

and since community patterns within and between sites were of interest, assemblage census

was the focus of preliminary monitoring. Bembicium nanum was chosen as the biological

variable of interest for those perturbations that were investigated with Beyond-BACI

analyses during the preliminary study.

Preliminary monitoring involved using two specific time scales; 'Periods' which were two

to three months apart, within which 'Times', two to three weeks apart, were nested.

'Periods' and 'Times' were ultimately nested in 'Before/After' (Table 8.1). Examining

change over these temporal scales is useful as it allows a determination of short-tenn as

well as more persistent longer-term change at an impact site following a perturbation.

Within each of the temporal scales sampling times were randomly chosen from the days

when tidal conditions allowed site access. All sites at each time were sampled as close as

possible to the same day (actually ranging from 1-3 days) during low tide. Sampling

continued according to this regime for 15 months but when a disturbance occurred the

post-impact sampling commenced immediately and continued at the same intervals as the

pre-impact sampling.
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Table 8.1 The sampling schedule used for preliminary monitoring of selected study sites, In this instance
two sampling periods were completed before the 'sand perturbation' intervened. 'Periods' are 2 to 3 months
apart and 'Times' are 2 to 3 weeks apart.

Before Im ct After
Period 1 Period 4
Time I Time 2 Time I Time 2 Time I Time 2 Time I Time 2

Three main perturbations intervened dwing preliminary sampling; northward sand drift, a

ruptured efÍluent pipe at Port Stanvac (which discharged its contents intertidally), and an

oil spill. In addition, storm mobilisation of substrata differentially and intermittently

affected study sites (Chapter 4). A broad overview ofthe effects ofthese disturbances and

comments on spatial and temporal trends across study sites will be given in this section. In

addition, a description of a Beyond-BACI design and a worked example of its use will be

presented using data pertaining to the northward sand drift.

8.4.4.1 A Beyond-BACI Design

A Beyond-BACI monitoring design involves the use of multiple control sites that can be

compared to one or more impact sites over time (as a temporal sampling series). All sites

are monitored for some time before and after an impact occurs. Although biological

variables are expected to fluctuate at all sites over time, an impact is expected to cause a

temporal change in the disturbed location that will be different from the average change

occurring in the unimpacted control locations. The analysis used in such a design involves

a series of statistical tests to determine whether an unusual pattern of temporal change is

specific to the impact site(s) and coincident with the onset of the disturbance (Underwood

1993a). The stages involved in using a Beyond-BACI design and analysis are shown in

Fig.8.1.

(next two pages)

Fig. 8.f The stages involved in using a Beyond-BACI design to monitor for an oil spill perturbation using the
abundance of B. nanum as the univariate measure of interest. The sampling schedule (l) involves
comparing an 'impact' site with a number of 'control' sites and the processing and handling of data (2) is
fully described in Chapter 4 and the following section.

Period 3Period 2
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The stages involved in monitoring for
an oil-spill imPact
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The stages involved in monitoring for
an oil-spill impact

2. Processing and analysis of data

Data entered into 'ACCESS" database

Total abund anen of B e mbicium nanum is

entered into'GMAV5"

Yes

Test for serial correlatron

No

Transform

Rearalyse

Nonparametric analysis
or persevere with p arametric

analysis
No

Yes

Full analysis using
..BMDP'' V5

No

Consult with Statistics Department

Beyond-BACI Analysis as

per Underwood (1993a)

Data tested for equal variances (Cochran's Test)

and normal distribution (Sûrdent-Newman-Keuls Test)

Stâtistics Dept.
"BMDP" V5 Package

Yes
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8.4.4.2 Beyond-BACI Analysis of the 'Sand' Perturbation: A Worked Example

In June 1995 northward sand drift heavily cloaked the Hallett Cove site (HCA) but did not

appear to noticeably perturb the other study sites. The main change coincident with the

sand drift was a population crash of B. nanum at the 'affected' site while numbers

continued to fluctuate over a wide range in the remaining sites. A comparison of the

substrata composition at control sites and the Hallett Cove site during this time clearly

revealed an increase in sand at the impacted site of more than 95o/o immediately post-

impact (P3T1) and only slightly increased sand loads (on average) in the set of control sites

(Fig.8.2).
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Despite the early intervention of the 'sand perturbation' it was possible to test the

significance of alterations in B. nanum abundance using a Beyond-BACI analysis and two

pre-impact and two post-impact 'Periods'. To conduct this analysis Hallett Cove (HCA)

served as an 'impact' site and five other sites, which were consistently able to be accessed,

(namely Marino Rocks, Kingston Park, PS1, PS2 and PS3) were used as the Beyond-BACI

'controls'. The general design used for the Beyond-BACI 'sand perturbation' and the main

factors involved are shown in Table 8.2.

Table 8.2 The general design and main factors and levels used in the Beyond-BACI Design for the 'sand

perturbation' analysis. Refer also to Table 8.1 for the time intervals associated with the temporal scales of
'Periods' and 'Times'. 'Before' refers to pre-impact data and 'After' refers to post-impact data.

Factor General Design 'Sand-Impact'
Number of levels

Before vs After (B)
orthogonal and fixed

Periods (P)
nested in B, random

Times (T)
nested in B and P, random

Locations (L)
orthogonal and fixed

Data generated from the two pre-impact and two post-impact sampling periods were

entered into the "GMAV5" Program produced by Underwood (see Appendix N).

"GMAV5" is a five factor analysis of variance program capable of dealing with complex

models comprised of orthogonal or nested, fixed or random factors. It also tests

heterogeneity of variances using Cochran's test and compares means using Student-

Newman-Keuls tests.

The Beyond-BACI analysis proceeded as described by Underwood (1993a). To calculate

the appropriate ANOVA terms four separate analyses are performed (see Table 8.3). The

data are f,rrst analysed with all the locations considered as a set with no division of control

and impact sites (Analysis a). Data are then reanalysed without the 'impact' site (Analysis

b). Next, in order to manage the nested factor of 'Times' within 'Before/After', only the

data from 'Before' are analysed (Analysis c). The final analysis uses the 'Before' data, but

this time the 'impact' site is omitted (Analysis d). From these four analyses the final

2

2

2

6

I

2

3

4
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variances can be obtained using subtractions and additions of the variance components

generated (Table 8.3) as described in Underwood (1993a) and shown in Table 8.4.

The final variances obtained are then subjected to statistical tests (Table 8.5) to see if there

are significant differences between the impact and control sites at the temporal scales of

interest and if these differences are coincident with the impact in question (as described

fully in Underwood 1993a).

Table 8.3 The method involved in calculation of variance values in an asymmetrical Beyond-BACI design to
tease outthe relative contributions of the factors of interestfollowing an impact. Fourseparate analyses
are performed; a) incorporating all data, b) control data only, c) before data only and d) the control, before
data. 'Periods'and'Times'of sampling are as shown in Table 8.1, 'Locations'referto study sites and
'Before' and 'After' categories refer to pre-impact and post-impact data respectively. Bracketed letters in
the 'Source of Variation' column indicate a nested factor. SS:sum of squares, dÈdegrees of freedom
(After Underwood 1993a).

Analysis

Source of Variation

a
(all data)
SS&df

b
(controls)
SS&df

c
(before)
SS&df

d
(before controls)

SS&df
Before vs After: B
Periods: P(B)
Times: T(P*B)
Locations : L
BxL
P(B) x L
T(P*B) x L
Residual
Residual
Total

al
a2

a3

a4

bl
b2
b3

b4
cl
c2

dt
d2

a
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Table 8.4 The method by which final variances are calculated for a Beyond-BACI design following an

impact. Final values are calculated using preliminary analyses shown in Table 8.3 (After Underwood

1993a). SS=sum of squares, dFdegrees of freedom. See Table 8.3 and text for further details.

Source ofvariation SS df MS Calculated from
Before vs After = B
Periods (P) = P(B)
Times (B) = T(B)
Locations = L

Impact vs Controls : I
Among Controls = C

BxL
BxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

a

a

a

al
al-bl
bl
a2

a2-b2
b2

a3

cl
cl-dl

d1

a3-c I
a3-cl-b3+dl

b3-dl
a4
^a

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a

a



I page 478

Table 8.5 The sequence of statistical tests used in a Beyond-BACI analysis to test for significant
environmental impacts at a range of temporal scales. Final variance values (Table 8.4) are used as the
basis of these tests (After Underwood 1993a).

1a No short term interaction among controls; T(aft)xC/Res is not significant, T(aft)xC is
eliminated, go to lbl.
Short-term temporal interaction among controls; T(aft)xClRes is significant, go to
tb2.

1b l. T(aft)xVRes not signihcant: no short-term interaction, go to 2.
T(aft)xl/Res significant: go to lc.
2. T(aft)xl/T(aft)xC not signihcant: no short-term interaction: NO IMPACT
DETECTED; END.
T(aft)xl/T(aft)xC significant: go to 1c.

1c. Two{ailed tests: T(4ft)xI/T(Bef)xC is signifrcant and T(Aft)xC/T(Bef)xC is not.
Therefore effect is specif,rc to impact site and coincident with start of perturbation.
IMPACT DETECTED.
Two-tailed tests: either T(Aft)xVT(Bef)xC is not significant or T(Aft)xC/T(Bef)xC is
significant. Effect non-specific. NO IMPACT DETECTED; END.

2a No medium-term temporal interaction among controls: P(aft)xC/Res is not
significant, P(aft)xC is eliminated go to 2bl.
Medium-term temporal interaction among controls; P(aft)xC/Res is significant, go to
2b2.

2b 1. P(aft)xllRes not signif,rcant: no medium-term interaction, go to 3.
P(aft)xl/Res significant: go to 2c.

2b 2. P(aft)xl/P(aft)xC not significant: no medium-term interaction: NO IMPACT
DETECTED; END.
P(aft)xl/P(aft)xC significant: go to 2c.

2c Two-tailed tests: P(Aft)xVP(Bef)xC is significant and P(Aft)xC/ p(Bef)xC is not.
Therefore effect is specifrc to impact site and coincident with start of
perfurbation. IMPACT DETECTED.

Two-tailed tests: either P(Aft)xI/P(Bef)xC is not significant or P(Aft)xC/P(Bef)xC is
significant. Effect non-specihc. NO IMPACT DETECTED; END.

3a No Before/After interaction that differs between I and C locations; BxC/Res not
significant and is eliminated, go to 3al.
Before/After interaction among conhols; BxC/Res is signihcant, go to 3a2.

3¡ 1. BxVRes is significant: IMPACT DETECTED.
BxI/Res is not significant:NO IMPACT DETECTED.

3a 2. tsxI/BxC is significant: IMPACT DETECTED.
BxI/BxC is not signif,rcant:NO IMPACT DETECTED.
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The 'Sand' Impact Analysis

The Beyond-BACI analysis of the 'sand' perturbation used a subset of the data obtained

during preliminary monitoring (shown in Appendix V). Two sampling 'Periods' wete

completed before the perturbation intervened and the next two 'Periods' after this event

were used as post-impact data. Two sampling 'Times' were nested in each of the 'Periods'

(see Tables 8.1 & 8.2 for the sampling design and the temporal scales involved in the

analysis). A preliminary data analysis was performed using "GMAV5" (Appendix N).

This revealed that variances were heterogeneous even after a number of transformations

were tried (Cochran's C: 0.0991 P<0.05). In general the data were noÍnally distributed

(tested using the Anderson-Darling statistic and the Student-Newman-Keuls test).

However, all groupings were not normally distributed even after transformation. Despite

the fact that two assumptions of ANOVA were violated the analysis was undertaken using

logle(x+l) transformed data as sample sizes were equal, and extreme heterogeneity of

variances were not displayed. Data were initially entered into "Microsoft, Excel" and then

saved as a *.csv (comma-separated-value) hle for input into "GMAV5". The analyses

were conducted as described by Underwood (1993a) using Tables 8.3 and 8.4 and

"GMAV5". The raw results of the initial set of four analyses (Table 8.6) were then used to

generate the final ANOVA table (Table 8.7).

Table 8.6 Calculation of analyses of impact in an asymmetrical Beyond-BACI design using the 'sand'
perturbation data set (After Underwood 1993a). SS=sum of squares, dÈdegrees of freedom.

Analysis

Source of Variation

a
(all data)
SS df

b
(controls)

SS df

c
(before)

SS df

d
(before controls)

SS df
Before vs After: B

Periods: P(B)
Times: T(P*B)

Locations : L
BxL

P(B) x L
T(P*B) x L

Residual
Total

40.s3
7.4r
4.01

166.30
178,76
16.87

36.88
97.14

547.89

I
2
4
5

5

l0
20

288
335

0.73
7.10
3.96

153.7r
31.44
14.23

20.78
'73.24

305.1 8

6.9t
2.03
62.6s

I 1.00

t4.12
44.41

141.11

7.09
2.76

25.76

I
)
4
4
4

8

l6
240
279

I
2

3

5

10

t44
t67

10.58

10.64

37.45
94.28

I
2

4

4

8

120

139
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Table 8.7 Calculation of lmal variances in a Beyond-BACI desigr following the 'sand perturbation' at
Hallett Cove. Final values were calculated using preliminary analyses shown in Table 8.6. The details
shown in the final column of the table are clarified by reference to Table 8.4 (After Underwood 1993a).

SS: sum ofsquares, dF degrees offreedom.

Source ofvariation SS df MS Calculated from
Before vs After: B
Periods (P): P(B)
Times (B): T(B)
Locations = L

Impact vs Controls : I
Among Controls : C

BxL
Bxl
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(4ft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

40.53
7.41
4.01

r66.30
12.59
t53.71
178.76
147.32
3r.44
t6.87
I 1.00

0.42
10.58

5.88
2.23
3.65

36.88
l4.l I
3.47
r0.64
22.77
12.63

10.14
97.t4

547.89

40.53

3.',n
1.00

33.26
12.59
38.43
35.75
147.32
7.86
lI69
2.20
0.42
2.65
t.l8
2.23
0.91

1.84

1.41

1.74

l.33
2.28
6.32
1.27

0.34

a

a

a

al
al-bl

b1

a2

a,2-b2

b2
a3

cl
c l-dl

dt
a3-c 1

a3-c1-b3+dl
b3-dl

a4

c2

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a

a

I
')

4
5

I
4
5

I
4

l0
5

I
4

5

I
4

20
10

2

I
10

2

8

288
335
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The variances in Table 8.7 were then used to calculate the significance of the treatments of

interest as described in Underwood (1993a) and shown in Table 8.5. The results are shown

below;

l. Test for an interaction among 'Times' that differs betvveen impact and control

locations:

T(Aft) x C I Res = 3.76, Fç,¡11)0.05,8,2s8 : 1.97 (P<0.005). Significant short term

temporal interaction between controls.

T([ft) x I / T(Aft) x C :4.98, F..¡11¡)0.0s,2,s = 4.46 (0.025<P<0.05). Significant short

term interaction.

T(Aft) x I / T(BeÐ x I:3.64, Fcri(2)0.05,2,2:39, (0.20<P<0.50). Non-significant
effect, not specific to the 'impact' location. No impact detected at the temporal scale

of 'Times'.

2. Test for an interaction among 'Periods' that dffirs between impact and control

locations:

P(Aft) x C / Res : 2.70, Fcri(r)0.0s.a,2 gg : 2.40 (0.025<P<0.05)' Significant medium-

term temporal interaction among control sites.

P(Aft) x I / P(Aft) x C :2.44, Fcrit(r)0.05,r,4 :7.7I (0.10<P<0'25). Non-significant
difference. No medium-term imoact detected at the temporal scale of 'Periods'

3. Test for a longer term interaction that dffirs in control and impact locations

B x C / Res = 23.30, Fcri(r)0.05,4,2sg:2.40 (P<<<0.0005). Significant 'Before/After'
interaction among controls.

B x I / B x C: 18.74, F.,¡41)0.0s,r,4 :7.71 (0.025<P< 0.01). Significant effect

detected, indicating detection of a 'sand-impact' at the temporal scale of
'Before/After'. Tmnq¡f detected at the fcrnnntel qe¡'le nf tRefnre/After'
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The Beyond-BACI analysis failed to detect an impact at the temporal scale of 'Times' or

'Periods' but did reveal an effect at the longer temporal scale of 'Before/After'. In order to

consider the importance of the failure to detect an impact at the shorter temporal scales it

was necessary to determine the confidence, or predictive power of the analyses. Therefore,

a power analysis was performed as described in Underwood (1993a) using the formula;

F",¡l (I+nØ);

where I+nØ: MS T(Aft) x I / MS Res (or MS P(Aft) x I i MS Res) and F.,¡¡ is the critical

value of the F distribution.

An F distribution table (Zar 1984) was then used to convert the value obtained using this

formula to 'Power'. For fuither discussion of the theory behind the calculation of power

refer to Underwood (1993a). Calculations are shown below'

The power of the analysis to detect an impact at the temporal scale of 'Times';

Fcrir(r)0 0s,2,288 / G(Aft) x I / Res) :3,03118.73 :0.16, FdisQg.l6,2,2ss) : P : 0.85.

The power of the analysis to detect an impact at the temporal scale of 'Periods',

Fcri(r)0.05,r,28s/(P(4ft)xI/Res)=3.8716,61:0.59,Fdist1o.sr,r,zss):P:0.44

The power analysis revealed that the probability of the ANOVA detecting an impact at the

temporal scale of 'Times' was 0.85 but the equivalent test at the temporal scale of 'Periods'

yielded a very low power of 0.44. The low power in the latter case was primarily a result

of the early intervention of the 'sand' perturbation but the instability of some of the control

sites would also have been a contributing factor. The less stable control sites were

differentially subjected to boulder and cobble mobilisation under storm conditions, a

situation which was coincident with the sand influx (see Fig. 8.2 &. Chapter 4). The lower

than desired power to detect an impact at the temporal scale of 'Times' would also be due

in part to the instability of some of the 'control' sites as well as the early intervention of the

perturbation. To have any confidence in the statistical results at the temporal scales of
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'Times' and 'Periods' against the high degree of inherent vadability characteristic of the

study sites (see Chapter 4) a longer term data set than the one analysed would be needed

(especially in the consideration of 'Periods').

Serial conelation

The data used for the Beyond-BACI analysis involving the 'sand' perlurbation were

potentially serially correlated, meaning that samples were not independent over time. To

further explore this problem the data were taken to Phil Leppard at the Statistics

Department, University of Adelaide, and independently analysed. The analysis was

performed using an unbalanced repeated measures model with structured covariance

matrices in the "BMDP Statistical Software V5 Package" (1990). Results were generated

as a within subject correlation matrix. This analysis revealed that serial correlation was

only present at low levels (I%), suggesting that the results obtained using "GMAV5" and

Underrvood's Beyond-BACI analysis rvere informative (see Fig. 8.1).

8.4.4.3 Beyond-BACI and the Ruptured Effluent Pipe

The rupture of the effluent pipe at Port Stanvac occurred on the 29th of August 1995.

Although the pipe continued to discharge its contents intertidally after this time (see

Chapter 4) it appeared that the new site at Port Stanvac (PSIA) was primarily affected

during the first few days of this episode. The discharged water had no chemically

detectable hydrocarbons but emitted an odour of hydrocarbons, had an oily sheen, was

heated (with temperatures 150C above ambient water temperature), less saline (with a

conductivity reading 32 to 42mS lower than adjacent water) and showed fluctuating pH

levels (initially being more acidic than the 'controls').

The effect of the ruptured effluent pipe was analysed as described in the worked example

involving the 'sand' perturbation but the factor 'Times' involved three levels which were

two to three weeks apart rather than the two levels involved in the former analysis. It was

assumed that the 'effluent-impact' site (PS1A) supported the same densities of B. nanum as

the adjacent PSI site pre-impact although PS1A was not monitored prior to the pipe

rupturing. On the acceptance of this assumption the pre-impact data collected from PS1

was used as pre-impact data for the PSIA site. Full descriptions of the monitoring design,
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assumptions made, management of the data and analyses used were given in Chapter 4.

Beyond-BACI analyses failed to detect an impact at the temporal scale of 'Times'

(P:0,063), 'Periods' (P=0.256) or 'Before/After' (P:0.608), although the power to detect

an impact at the temporal scales of 'Times' and 'Periods' was lower than the desired a

priori power of 0.95.

The low power to detect effluent related changes in the abundance of B. nanum can be

attributed to the causes discussed in relation to the power of the Beyond-BACI 'sand'

perturbation analysis. An additional source of low power was likely to be the assumption

that the PS1 and adjacent PSlA sites supported the same densities of B. nanum pre-impact

despite obvious substrata differences and increased water retention at PSIA. This

assumption would have increased the post-impact variance associated with the analysis and

decreased the power of the appropriate analysis (e.g. an increase in the MS residual

variance will result in a lower power). Therefore, although the analysis itself was a useful

test of Beyond-BACI methodology the results were not truly informative due to the lack of

real pre-impact data for the PS1A site and the early intervention of the 'effluent'

perturbation during preliminary monitoring.

8.4.4.4 The Oil Spill

The release of Arabian light crude oil occurred from the 'Deep Ocean Point' on the 23rd of
Cl^..¡^--L^-. 1ôôZ ^¿ ^L^-.a 1,.}^^ L-.---- 

^ --^---l l:--l-^.-^- ---^- l -l:-. l ¿ I t ,Òtrprçrrruçl L>70 aL aluuuL rJUU uur-lls. ¡r sçuurlu UISçIIaIBç was ugllçveu L() nave Oocurrgo al

approximately 1630 hours (pers. comm. Pfennig). It was initially reported that 100L of oil

was spilt but this volume has since been upgraded to 10 000 litres (pers. comm. Pfennig)

although the exact details of the spill have not been released by the Environmental

Protection Authority. Tidal heights remained high during the day the spill occurred with

the majority of the oil believed to have grounded on the night of the spill.

I made two trips to affected and adjacent unaffected sites in GSV on the 24th and the 26th

of September 1996. The high tides that coincided with the initial trip meant that study sites

were not accessible to determine if any immediate short-term changes were evident.

However, this trip was used to assess the spread and extent of grounded oil. Oil was

present at the most affected site in the form of a chocolate 'mousse', Oil present in this
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form has been reported to smother intertidal animals (see Appendix D) but this was not

observed to occur with this oit spill. The lack of obvious acute effects were probably due

to the rapid removal of oil by both artificial and natural means and the relatively small

amounts of 'mousse' involved.

Spilt oil was found to have beached over quite a wide area extending from slightly north of

the beach behind the Witton Bluff Restaurant, into the mouth of the Onkaparinga River,

and finishing slightly to the south of the Port Noarlunga South site. Since Port Noarlunga

South had been exposed to oiling it was designated an 'impact' site, while all other study

sites served as control sites in reference to this perturbation.

The cleanup operation was observed on the initial visit to GSV. At this time oil-

contaminated sand and plant material were manually removed from the shore and affected

rocks were seen being scraped free of oil by rvorkers. A boom was usecl in the mouth of

the Onkaparinga River to contain oil and prevent it from travelling fuither into the river

system. This oil was then skimmed from the surface of the water. Another factor that

would have influenced the degree of oiling observed on the coast of GSV, was the use of

dispersants to force the oil into the water column. It had been reported that dispersant was

used close to the point of oil spillage (pers. comm. Pfennig) which would have prevented

some of the released oil from grounding.

The return visit to GSV sites on the 26th of September revealed that the cleanup operation

was progressing well. At this time five 'control' sites and the 'impact' site were able to be

assessed and their animals censused (see Chapters 4 & 6). The data obtained at this time

(post-impact data) was compared to pre-spill data for the set of 'controls' and the 'impact'

site. It was apparent during this visit that high tides had carried the oil across the Port

Noarlunga South site without leaving any obvious residue except on the landward edge of

the small cliff which marks the site (Chapter 3: Plate 3.13). Most of this oil was then

deposited higher on the shore (weil above the mid-eulittoral zone) where fewer animals and

plants were likely to be affected.

Post-oil spill sampling failed to reveal any obvious changes in animal presence or densities

at the 'impact' site which, coupled with the fact that oil had been carried across the mid-
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eulittoral zone rather than deposited on it, meant that a Beyond-BACI analysis was not

likely to be informative. Therefore, a (3D) SSH MDS ordination analysis, which placed

the sites (at each sampling time) in species defined space (as defined by the presence and

abundance of the animals recorded at a site), was performed (refer to Chapters 4 &, 6).

This failed to detect any differences between the 'impact' site and the selected 'control'

locations, with the average post-impact positions of the set of 'control' sites and the

'impact' site remaining within the pre-impact range of positions (Chapter 6:Fig.6.7).

The failure to detect any immediate effect of the oil spill on mid-eulittoral biota was

probably a combined function of a number of factors. These included the rough weather

(which broke up the slick), the rapid cleanup and the high tides, which are common in

spring and which ensured that the oil grounded high on the beach (where it could do

minimal damage). It is possible that some intertidal animals would have been exposed to

low volumes of the water-soluble fraction (WSF) of the crude oil, and the dispersant may

also have had some local effect on animals it contacted. This exposure could result in

delayed effects (such as reduced reproductive success) which were undetectable

immediately after the spill. However, in view of the initial findings and the relatively small

volumes of oil involved, delayed (chronic) effects were expected to be minimal.

8.4.4.5 General Spatial and Temporal Trends

Aii study sites fluctuated in terrns of the a'oundance of their ciominant animais and their

assemblage structure during the preliminary study. Minor seasonal patterns in variability

were seen with the SSH MDS Ordination but the variability in assemblage structure within

and between sites (Chapter 4: Figs 4.54 &,4.55) appeared to mask any clear seasonal trends

(Chapter 4: Fig. 4.56). To detect definitive seasonal patterns agaìnst this high background

variability a longer-term data set would be needed.

It was clear that physical parameters acting at study sites were affecting assemblage

patterns although these did not regress significantly with the ordination (Chapter 4: Table

4.I9). The lack of a signif,rcant relationship between the assessed physical parameters and

taxa ordination space was postulated to be due to the interaction of a number of these

factors (with each other and abiotic factors) and temporal fluctuations in the relative
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importance of these factors. This means that it is unlikely that a simple linear relationship

between the main physical characteristics of a site and taxa ordination space exists.

The more'stable' 'southern' sites separated strongly from the ordination positions of the

other sites indicating they had a slightly different assemblage structure. Witton Bluff was

markedly different to all other study sites and supported a completely different assemblage,

closer to that expected in a subtidal environment. The position of this site in ordination

space was found to regress strongly with Z undulatus and a range of other species (Chapter

4: Table 4.18). In view of its unique assemblage this site is not recommended for retention

as a study site for ongoing monitoring.

The need to select'stable' study sites comprised of embedded reef-rock (such as Robinson

Point) or immobile bedrock (such as the 'upper' zone at PSl, Hallett Cove and Port

Noarlunga South) rvas clearly indicated by the confounding effects of storm movement of

mobile substrata at sites such as Marino Rocks. Mobilisation of substrata resulted in

'unstable' assemblages and low numbers of species and individuals post-perturbations.

Similar effects have been reported in mobile boulder communities subjected to physical

disturbance (McGuiness 1987a & b).

The sand influxes to 'Northern' sites during 1995 and 1996 indicated that care needs to be

exercised in selecting 'Northern' sites for ongoing monitoring. It is important that the sites

selected for inclusion in the ongoing monitoring program have a minimal risk of being

exposed to a 'sand' perturbation or being affected by storm mobilisation of substrata, either

of which could confound an oil spill monitoring program. Therefore, all selected study

sites will need to be reassessed and possibly new 'upper' regions chosen before ongoing

monitoring commences.
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B. nanum abundance and Implications to the Ongoing Monitoring Program

Fluctuations in the abundance of B. nanum and other less common gastropods were

observed during preliminary monitoring. B. nanum was the most common species found in

the 'upper' section of the mid-eulittonl zone at the majority of study sites and was

recornmended as the a priorl bioindicator for the monitoring program. Large variations in

B. nanum abundance were observed during preliminary monitoring, both within and

between sites (Chapter 4). At certain times of the year these variations appeared to

coincide with major physical changes (e.g. substrata mobilisation at 'unstable' sites) while

at other times abundance fluctuations appeared to be linked to new recruitment or other

biotic variables such as competition and predation. The dominance of physical factors in

structuring a population at certain times of the year was demonstrated by the influx of sand

to the HCA site in July 1995 (Fig. 8.3). The sand thickly covered substrata at the site and

was followed by a rapid decline in the abundance of B. nanum. This change was not seen

in the set of control sites used in the Beyond-BACI analysis of the 'sand' perturbation. No

animals (including B. nanum) were able to exist at the sand affected site from the iOth of

September until the beginning of November 1995, and the abundance of B. nanumhadnot

recovered to its pre-impact levels before a second sand influx occurred in May 1996. This

highlights the importance of assessing the percentage of different substrata grades present

at a study site as well as the size distribution and absolute numbers of the species of

interest, in this case -8. nanum. In this way substrata disturbances which may confound an

investigated perturbation will be identihed and the timing of B. nanun settlement waves

will be known. This information can then be used to explain changes in the abundance of

B. nanum which are independent of an oil perturbation and may elucidate the mechanism

of post-oil spill recovery (e.g. recruitment versus local immigration).

Perhaps the most signif,rcant and overriding result generated from preliminary monitoring

was the high degree of inherent variability which is a feature of the intertidal assemblage in

general and in GSV in particular. This variability was also found by Womersley (1988)

and highlights the need for a long term, well designed and powerful monitoring program.
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Fig. 8.3 z\ comparison of the total abundance of ^8. nanum at the 'sand' perturbed Hallett Cove site (HCA)
and the set of control sites (designated 'C') used in the Beyond-BACI analysis of this event. A subset of
the data used to generate this graph was also used for the Beyond-BACI assessment of the impact of the

'sand' pernrrbation on B. nanum abundance. The 'control' abundance has been calculated as the average

abundance of B. nanum occurring at the five control sites (Marino Rocks, Kingston Park, PSl, PS2 &
PS3) at each sampling time. The timing of the sand influx is arrowed and the abundance of B. narum per

0.25m2 (shown on the y-axis) declines rapidly after this event. The sampling dates shown on the ¡-axis
represent the actual day of sampling + I day. HCA was not able to be sampled on the l5th of July 1995

due to high tides which restricted site access.

8.5 Phase 3: Modelling of an Oil Spill

Modelling an oil spill from the refinery under varying tidal and seasonal conditions

revealed the extreme variability in predicted grounding sites and volumes of oil arriving at

the shore (Chapter 5). This variability depended on the timing of oil release in relation to

wind and tidal conditions (the major factors affecting passage of oil), the point of spillage,

and the volume and type of oil spilt. Crude oil is expected to be more damaging and to

have a greater impact intertidally than petrol which, although more volatile tends to

weather more rapidly. Therefore, the modelling results predicting the seasonal grounding

sites of crude oil spilt from the rehnery were considered of most relevance to an ongoing

monitoring program.
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Some seasonal patterns in oil spill grounding were evident from the modelling work (see

Chapter 5). However, regardless of the type of oil released, the timing of that release

within the tidal cycle, and whether the oil was spilt from the 'Deep Ocean Point' or the

'Wharf Point' (Appendix A: Fig. 4.3), it would appeil that 'Northem' sites (particularly

Hallett Cove) and 'Central' study sites are most likely to be perturbed by an operational oil

spill from the ref,rnery.

The variability seen in the oil spill simulations over a range of temporal scales (e.g. hourly,

daily and seasonally) highlighted the need to retain a wide spatial distribution and a

relatively high number of study sites for the ongoing monitoring progam. This increases

the probability of at least one of the selected study sites being exposed to oil in the event of

a spill from the refinery. It also reduces the risk of all sites being significantly

contaminated in a large volume oil spill (thus effectively eliminating any 'control' sites

from the Beyond-BACI monitoring design). To this end it is recommended that all sites,

apart from Witton Blufl be retained for ongoing monitoring, although further assessment

of site suitability is required.

8.6 Phase 4: Selection of a Bioindicator

The small prosobranch gastropod Bembicium nanum (Lamarck) was the only species of

animal present in suffrcient numbers at the majority of study sites to be useful in a

statistical assessment of environmental impact. B. nanum was one of a number of common

herbivorous gastropods found in GSV but it tended to tolerate conditions high in the mid-

eulittoral zone where access was not as restricted and most other gastropods were sparsely

represented. It was also the only assessed species which did not display a 'preference' for

the undersurface of rocks, a behavioural strategy which would have made sampling more

difficult (refer to Chapter 6).

B. nanum adults generally only attain a maximum width of about 2cm (Quinn et al. 1992)

and their longevity has been estimated at between 4-8 years. Reproductive maturity in

some populations in New South Wales has been estimated to occur at an average shell

width of 11mm, l0-I2 months after settlement on the shore (Underwood 1975b). Females
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spawn yellow egg masses in spring from which larvae hatch and enter the plankton where

they are believed to spend a long time, possibly up to a year (Underwood 1975b).

The longevity of this species means that a local population can survive through several

consecutive years of sparse larval recruitment. However, due to the long planktonic stage

and thus wide dispersal of larvae, local adult population dynamics have no influence on the

number of new recruits arriving to an area (Underwood 1975b). If an oil spill decimates a

local population it is predicted that recovery should be relatively rapid as new recruits

arrive and mature animals migrate from unaffected areas. For successful recolonisation by

new recruits to occur they must first be transported to the affected area at an appropriate

stage of development and the shore conditions (modified by oil) need to be suitable for

settlement and ongoing survival. However, other species may be able to opportunistically

settle and claim the space vacated by the oil. These opportunists may then outcompete or

preclude B, nanum from the area and prevent or slow recovery of oil-impacted .8. nanum

populations.

Two experiments exposing B. nanum individuals to crude oil and refined product (petrol)

over one tidal cycle, revealed that it was not killed when exposed to low concentrations of

either product but did show behavioural changes (Chapter 6). The primary response noted

was closure of the operculum and subsequent dislodgment following exposure to small

volumes of either Arabian light crude oil or unleaded Mobil petroleum. This suggested a

cause-and-effect relationship between B. nanum and oil and implied this species would be

a useful bioindicator of oil pollution. The lack of acute experimental mortality when

exposed for a short time to realistic amounts of oil is favourable as it implies that B. nqnum

is not likely to respond to a 'trivial' oil spill.

Due to the adherent nature of crude oil and the rapid weathering of the more toxic refined

product, it is likely that exposure to crude oil would be more damaging to B. nanum

populations than exposure to petrol. A significant crude oil spill could result in an initial

decrease in B. nanum abundance due to dislodgment (noted experimentally and reported in

gastropods) and in severe cases smothering of the animals (refer to Chapters2 &,6). Either

of these responses would manifest as population level change (the a priori focus of the

monitoring program).
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The experiment involving exposure of small numbers of B. nanum to Arabian light crude

oil found that 8-36%o of animals lost adherence when exposed directly to crude oil or its

water soluble fraction (WSF) (Chapter 6: Fig. 6.2b & c). This experiment involved

exposure of animals to small volumes of oil and it is predicted that a greater percentage of

animals would be affected in a 'real' oil spill than were affected experimentally.

Therefore, a realistic 'effect size' in relation to an oil spill would be a50Yo greater change

in B, nanum abundance at the impact site(s) in comparison to the control sites following oil

exposure. The 'effect size' of interest in an ongoing monitoring program will be

considered in more detail later in this chapter. The results of the 'crude oil' experiment

suggest that the immediate short term response seen in a B. nanum population exposed to

suffrcient quantities of oil or its WSF would be an initial decrease in abundance.

B. nanum would be an appropriate indicator of oil induced change for a number of reasons.

It is abundant at study sites and the adults do not appear to travel as far as other animals

and so are unlikely to be able to avoid oil exposure (Chapter 7). Additionally, it shows

some response to oil contamination but is not extremely sensitive, it does not display

cryptic behaviour and it is herbivorous like the majority of other (non-sessile) gastropods

(Chapter 6). This last point means that it is likely to ingest and contact oil in a similar

manner to other less numerous herbivorous gastropods and be in some ways

'representative' of similar gastropod species. Another favourable feature is the lengthy

planktonic stage. This suggests that recovery of an oil affected population could be rapid

as new recruits are transported to the area, provided that local shore conditions are capable

of supporting the new animals and their arrival and/or establishment is not blocked by

opportunistic species which outcompete B. nanum for space or food.
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Taxonomically, Bembicium nanum (Larnarck) belongs to;

Phylum- Mollusca,

Class- Gastropoda,

Sub-Class- Prosobranchia,

Order- Mesogastropoda,

Superfamily- Littorinacea,

Genus- Bembicium Philippi,

Species- nanum (Lamarck).

8.7 Phase 5: Human Visitation and Recreational
Trampling

8.7.1 Human Recreational Visitation

An investigation of recreational use of GSV study sites revealed differential human

visitation to perform a range of recreational activities, but visitation pressure during 1995

and 1996 was assessed to be generally low (Chapter 7). High weighted impacts were

recorded at two of the 'Northern' sites on two occasions when fossickers were observed

collecting gastropods for consumption or bait. However, human predation of this type

should be minimal now that legislation prohibiting this activity at GSV sites has been

passed (Chapter 7). In general, even when visitation was relatively high, impact to

intertidal areas was judged to be minimal. However, the most commonly observed

recreational activity was expected to cause small levels of dislodgment of some intertidal

gastropods (including B. nonum).

Dislodgment and subsequent overturning of animals was a possible result of recreational

trampling but could also occur in response to oil exposure. An experimental investigation

to determine the effects of overturning common gastropods (8. nanum, A. constricta and N.

atramentosa) found that in general less animals were recovered in 'overturned' treatments

than in the equivalent controls (Chapter 7). However, substrata type was postulated to

have an influence on the number of 'overturned' animals that were recovered. For
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example, more animals were recovered at sites where the dominant substrata type was

considered more complex (e.g. Port Stanvac). A similar relationship appeared to exist

between substrata complexity and the distance travelled by recovered 'overturned' animals.

At the less topographically complex Hallett Cove site 'overtumed' animals which were

recovered were found to have travelled further than the equivalent animals at Port Stanvac.

Another interesting finding was that (on average) adult B. nanum animals (in both control

and 'overturned' treatments) were displaced shorter distances than recovered animals of the

other species at either study site. Assuming that B. nanum, A. constricta and N.

atramentosd were equally likely to be dislodged by an oil spill, B, nanum abundance

should be a conservative estimate of the effects of oil on the abundance of the other

gastropods. However, such an assumption overlooks the cryptic behaviour of A. constricta

occurring as a physical or a behavioural response to oil exposure. The cryptic behaviour in

question is the 'preference' these animals show for the undersurfaces (or sides) of mobile

rocks and their tendency to aggregate in crevices or rock pools (Underwood 1976a &b)
which may afford a refuge from direct oil contact. The above assumption also overlooks

effects related to size differences between the three species.

An unreplicated experiment in which B. nanum, A. constricta and N. atramentosq were

overturned found that these species were slow to right themselves . B. nanum animals were

particularly slow and remained overturned and clamped shut over a thiqv minute

observation period (Chapter 7). If this is a 'true' result and not a sampling artefact this

behaviour suggests that animals dislodged by oil exposure or recreational trampling are

more likely to be transported greater distances from a home site than undisturbed animals.

8.7.2 The Effects of Trampling

Two different trampling disturbances were investigated, one designed to simulate a

'weekend' trampling disturbance (representing the type of traffic experienced on a rocky

shore during a busy weekend) and the other designed to simulate a 'school-holiday'

trampling disturbance (representing the type of traffic experienced during a two-week

school holiday period). Full details of the experimental design and analyses were given in

Chapter 7.
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A'\tr/eekend' Tr ampling Dis turb ance

The 'weekend' trampling experiment used two trampling intensities; 'light' (two passages

per day) and 'heavy' (twenty passages per day); and an untrampled 'control'. An MDS

Ordination of animal taxa generated from the assemblage data collected found that the

'heavy' plots showed an average direction of change which was directed into a different

quadrat than the vectors of change for the 'control' and 'light' plots (Chapter 7: Fig. 7.10).

A randomised block analysis of the difference in 'small' B. nanum abundance indicated

significant treatment effects, with the differences existing between the 'heavy' trampled

treatment and the 'control' treatment (with the former having less 'small' animals). The

same trends were apparent after a one week recovery period. An analysis of the total

abundance of B. nanum in the three treatments revealed significant differences immediately

following trampling and after the recovery period. However, a post hoc analysis could not

detect any differences between the treatments, Despite this, it was apparent that trampling

at the higher intensity resulted in a lower average abundance of B. nanu,?4 compared to the

other treatments and that 'small' animals were most affected.

A'School-Holiday' Trampling Disturbance

The 'school-Holiday' trampling disturbance again investigated two trampling intensities;

'light' (two passages a day) and 'medium' (5 passages a day); and an untrampled 'control'.

The 'medium' intensity treatment was believed to be more realistic of the intensity of

trampling experienced by any small area of the shore during a school holiday period or a

weekend (based on the observed recreational use of GSV sites during 1995 and 1996).

The MDS Ordination did not reveal any clear patterns between treatments at any of the

sampling times (pre-impact, immediately post-impact and after a two week recovery

period). The treatment 'plots' showed a high degree of separation in terms of their

community composition which, coupled with considerable within plot variability, made

identifìcation of community based trends according to treatment effects very difficult

(Chapter 7:7.15a & b). No significant treatment effects could be found when either the

total abundance of B. nanum or the abundance of only 'small' B. nanum animals was

examined statistically.
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It was apparent that the low levels of trampling investigated in the 'school-holiday'

trampling experiment were not suffieient to cause significant treatment effects in terms of
the abundance of -8. nanum. The outcomes of this experiment are relevant to the

monitoring program as they support the likelihood of the low trampling intensities

associated with sampling intertidal biota having no significant impact on the abundance of
B. nanum or on community patterns in general.

8.8 Phase 6: The Ongoing Monitoring Design
Recommended for Poft Stanvac

uased on tne outcomes ot the ltterature revrews of relevant material (rocþ intertidal

characteristics, monitoring designs and oil characteristics and biota effects) and the results

of phases 1-5, it was possible to make final recommendations for the optimal design of an

ongoing monitoring program suited to the requirements of Mobil. The recommended

monitoring program needs to be ongoing and long-term due to the high degree of spatial

and temporal variability characterising GSV sites (see Chapter 4 and Womersley (19SS)).

In order to optimise the recommended monitoring design it was necessary to reassess the

sites chosen for preliminary monitoring. This reassessment focused on the assemblages

present at study sites (in particular whether B. nanum was present and how abundant it

was), the composition and stability of the substrata and the ease of access and location of
sites. The latter is important to consider as it determines the potential usefulness of sites as

potential 'control' or 'impact' locations in a Beyond-BACI monitoring program.

8.8.1 Site Redefinition

At the end of the preliminary monitoring phase of this project it was apparent that some of

the study sites were more suited to long term monitoring. Therefore, all sites were

reassessed and if needed redefined, for example if the original site appeared to be

especially susceptible to natural substrata perturbations, new, more stable sites, was

selected.

Of the nine preliminary study sites, 'Witton Bluff did not have a suitable suite of animals

and was not included as a final site for inclusion in the ongoing monitoring program. PS2,
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PS3, Marino Rocks and Hallett Cove were all redefined due to the potential for repeated

sand influx at the latter site, and mobilisation of adjacent boulder and cobble substrata at

the other sites. The new sites were believed to be more stable than the sites they replaced

while still being dominated by B. nanum. Itis recommended that one 'zone' (e.g. one level

within the mid-eulittoral region) is to be sampled within each of the designated study sites

and, except where otherwise specified, the substrata of interest is predominantly flat

bedrock. The sampled region at each of the redefined study sites is equivalent to the

'upper' zone previously described (see Chapter 3) and will be discussed in more detail

below. Where it is stated that a site is sampled in two directions, random numbers are used

to assign the quadrat position by moving the specified distance in the first direction

followed by the required distance in the second direction. A description of the selected

study sites are given below and their approximate location is shown in Chapter 3 (Fig. 3.1).

Kingston Park (Plates 8,1 & 8.2)

This site is as described in Chapter 3. It is situated at the end of a Service Road which is

tumed into from Esplanade Road (Appendix E: Map 152, Ref. E14.5 ). At the end of

the Service Road is a seawall with a cemented lower section. The site to be sampled

conìmences24m from the start of this seawall and extends a further 1lm. The area is

worked towards the south and the west.

The sampled section of the site is located to the south of a small boat ramp. The

substrata is predominantly flat bedrock with very little elevation, interspersed by areas

of rounded cobble, boulder and pebble that overlie some of the bedrock, and which

dominate close to the low tide mark.

Marino (Plates 8.3, 8.4 & 8.5)

This site replaces the previously described Marino Rocks site. The Marino site is

located to the south of Kingston Park and is further north than the original Marino

Rocks study site. It is accessed from a car park at the end of Jervois Road (Appendix F:

Map 164, Ref. D0.5). A large square rock formation in the cliff landward of the

sampled area is located 41.9m from the start of the concrete section of the boat ramp on
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the beach. From this rock a distance of 21.8m is measured to locate the start of the

sampled area which extends a fi¡rther 4.8m west. The area is worked to the west and the

south and sampling is in the lower, flatter bedrock interspersing the more upthrust grey

and slightly eroded rocks.

Hallett Cove (Plates 8.6 &,8.7)

This site was redefined following the preliminary study. The new site is situated beyond

the Surf Life Saving Club at Herron Way, adjacent to the car park that is entered from

Grand Central Ave. (Appendix G: Map 175, Ref. Ql). Sampling can commence 33m

from the base of the ramp allowing entry to the beach and can continue for a further

16m from this point. The sampled area is situated directly to the south of the original

Hallett Cove site and is predominantly a cobble and boulder field with entrapped sand.

It was formally referred to as HCB. The area is worked to the west and south of the

starting position.

Port Stanvac Study Sites

The refinery is entered via Refinery Road (Appendix G: Map 175, Ref. N15). All Port

Stanvac sites are accessed by car via the coastal track within the ref,rnery. A compulsory

Safety Test needs to be done prior to working at the refinery and a permit must be

obtained to allow vehicle entry into the plant.

The beach within the confines of the Port Stanvac Oil Refinery is predominantly rocky,

with flat bedrock interspersed by heavily upthrust bedrock and is overlaid in some areas

by large amounts of mobile substrata. Topographically this stretch of coast is the most

complex and varied of all the designated sections of coast.
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PSl (Plates 8.8, 8.9 & 8.10)

This site is as described in Chapter 3. It is reached at the end of the coastal refinery road

and is the most northem site within the refinery. The actual area to be sampled begins at

a point 30m to the south of the join on the effluent discharge pipe, and 7m to the west.

The sampled arca extends a further 15m west of this point and is worked in a west and

south direction. The substratum is predominantly flat bedrock with occasional upthrust

sections, and is overlaid in parts by areas ofcobble and boulder.

PS2 (Plates 8. 1 1 , 8. 12 & 8. 1 3)

This site is close to the previously described PS2 site but has been redefined. The new

PSZ site is accessed from the coastal refinery road and is reached before PSl. It is

located by measuring a distance of 48m to the west of survey peg no. 302 (the second

blue surveyor's peg to the north of a large rock column) to an area of obvious upthrust

rock. From this point a distance of 7m west is traveled (approximately 55m west of the

survey peg in total) to reach a flatter bedrock strata which extends for approximately

30m. Sampling continues in a southerly direction and is restricted to this stratum.

PS3 (Plates 8.14 & 8.15)

This site has been redefined and is situated to the north of the previously described PS3

site. The new site commences 71m south of the rocks at the base of the southern side of

the wharf and is directly in line with the third light pole on the wharf. It is also

approximately 56m west of a large, grey, man-made boulder situated at the edge of the

sand. The sampled region consists of a flat bedrock stratum that runs from north to

south and is wider in its southern dimension. The area is worked to the west and south

along the strata.
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Port Noarlunga South (Plates 8.16, 8.17 & 8.18)

This site is some distance from the Port Stanvac sites and is entered from Esplanade

Road beyond the Onkaparinga River. It is on the southern side of Onkaparinga Head, to

the north of a Trig Point that is located in a car park (Appendix I: Map 195, Ref. E12).

The site is reached via a path from the car park, and the reef to be sampled is the last one

north of the path immediately adjacent to deep water. Sampling begins 24mto the west

of an eroded hole in the centre of a small cliff landward of the intertidal reef and extends

a fuither 18m from this point. The centre of the reef is worked in a west and south

direction. This site consists of a stable substratum characterised by large eroded holes

that tend to retain water and form small rock pools.

Robinson Point (Plates 8.19 & 8.20)

This site is fuither south than the previous one and is again reached from Esplanade

Road. The car park adjacent to bus stop 84 is entered, and the site accessed via stairs to

the beach (Appendix I: Map 195, Ref. F15). The reef being sampled is the first to the

south of the stairs. Sampling begins 68.5m from the base of the cliff and extends for a

further 26m. Robinson Point consists of homogeneous substrata of embedded boulder

ancl eobble with entrapped- sand that stabilises and semi-cements the rocks in their

positions. As such it is a relatively stable site, made even more so by the sheltered

aspect of the reef. For these reasons it is considered to be equivalent to sites with

immobile bedrock substrata in terms of its stability. Robinson Point is low-lying and

difficult to access at times.



Chapter 8 page 501

Plates.l.TheKingstonParkstudysiteisreachedfromaServiceRoad'Atthe
man-made seawall used to locate the 'zone' lo be sampled'

base of the ramP is a

plate 8.2. The area sampled at the Kingston Park study site' The study region

the darker bedrock nï" foregrorrnd and stops before the cobble is reached.

extends from just beYond
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Ptate 8.3. The Marino study site is located to the north of the boat ramp from which this photo was taken.

of bedrock occurring amongst more

ofthe paler strata.
plate 8.4. At Marino the substrata sampled is the flatter regions

elevated bedrock. The sampled substrata lies to the seaward side
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Plate 8.5 The sampled zone atthe Marino site begins where the person is standing

Plate3'6.TheHallettCovesiteislocatedinthecobbleandboulder.field
the ramp seen in the background'

directly in fl'ont of the base of
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Platë 8.7. The tape marks thc beginning of the sampled region in the cobble and boulder field at Hallett

Cove. The original studY site used in Preliminary sampling (HCA) is shown to the right of the new

site and was Prone to sand influx. HCA served as the'impact' site in the Beyond-BACI analYsis of the

' sand' perturbation which intervened during preliminary sampling'

Plate 8.8. Location of the PSI site is via the coastal ttack at

southern end ofthe track, adjacent to PSl'
the refinery. The car is Parked at the
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plate g.g. The ref,nery cflluent pipe runs across the intertidal region sotrth of PS1' The pipe join

which measurements are made to locate the site is situated seaward of the cement box' The large

on the cliffin the background discharges runofffrom the Mitsubishi Manufacturing Plant'

Plate 8.10. The wooden 0'25m2 quadrat in position at

stable bedrock with fissures and small eroded holes'

the rock are mainlY B. nanum'

the PSl site. The substratum is predominantly

The small molluscs present as brown specks on
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Plate 8.11. This photo was takqr facing cast from PS2'

area to be sampled is located using the surveyor's peg
tho central study site within the refinery' The

which is to the right of the boulder positioned at

almost road level to the left of the car'

Plate 8.12. The samPled strata at PS2 is shown in the foreground of this plate where the quadrat is

positioned. Note the large amount of mobile boulder and cobble substrata close to the sampled area.
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Plates.l3.Thisplrotuwastakenfacingsouthalongthebedrockstratafh
at this site proceeds within the confines of the strata and is not carried

at is sampled at PS2. SamPling

out on adjacent mobile rock.

Plate 8.14. The PS3 site lies to the south of the

the foreground ofthis plate is positioned on

refinery wharf and ship-to-shore pipeline' The quadrat in

the bediock strata which is sampled at this site'
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PlateS.l5.ThisplateagainshowsthePS3studysite.Thistimethearea is viewed from the shore facing

the sea (west).

Plate 8.16. The landward natural seawall (or cliff) used to locate the area to be

Noarlunga South site'

sampled at the Port
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plate 8.17. A distant view of the seawall that lies to the east of the Port Noarlunga South site' The

sampled area is shown in the foreground'

iË;,.. -a. "
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plate 8.18. The Port Noarlunga South site is a low-lying reef which has formed from bedrock

G-Frte_ '.:1

constant wave action to form some quite deep holes'

eroded by
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Plate 8.19. The access path tu thc Robinson Point sitc is shown. Tho area to

to the south of the stairs. A stormwater outfall discharges runoffto the

rainfall conditions.

plate 8.20. sampling at the Robinson Point site begins where the P,erson is shown'

predominantty"mueaa"acobblewhichissecuredbysandandmusselsandis

be sampled is a reef thaf lies

north of this site under high

This site consists of
therefore relativelY

stable.
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8.8.2 Design Considerations

The spatial scale of interest in relation to an oil spill and the ongoing monitoring program

is at the level of the reef (or equivalent expanse of the rocþ shore). Minor localised

changes (at the spatial scale of the quadrat) would be tolerated within a perturbed reef but

significant changes at the larger scale would not be considered acceptable. The

recommended temporal scales of interest remain those chosen for the preliminary phase of

this project; namely 'Periods' and 'Times' (refer to Chapter 4).

The 'sand' perturbation occurred early in the preliminary monitoring program and this

reduced the power of the Beyond-BACI analysis to detect a 'true' sand driven impact even

if one did exist (refer to section 8.4.4.2). A long term monitoring program was

recommended a priori to detect an oil impact in GSV. However, the variability in B.

nanum populations during preliminary monitoring and the low power of the 'sand' analysis

to detect an impact (at the two temporal scales of interest) made it necessary to determine

how long the sampling should have been conducted in order to achieve the desired power

(see Chapter 4). This was tested as described by Underwood (1993a) using the 'sand'

impact data and analysis (Tables 8.6 & 8.7) and hypothetically increasing the number of

intervening 'Periods' and 'Times' before the perturbation occurred. To achieve the desired

power of 0.95 at the 0.05 probability level for the temporal scale of 'Times', pre-impact

sampling needed to continue for 7 'Periods', while 16 'Periods' of sampling were needed at

the longer temporal scale of 'Periods (Table 8.8).
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Table 8.8 A power analysis using the results shown in Table 8.7 which were generated from the 'sand'

impact data. The analysis involves an assessment of the power to detect an impact at the temporal scales

of ,Times' (T) and 'Periods' (P), as the number of 'Periods' before the perturbation intervenes are

manipulated. The original analysis is as described in Underwood (1993a) and variance components are as

shown in Table 8.7. Fcrit. : the critical F value associated with each variance component at the 0.05 level

of probability (see Zar 1984). l+nø nhe MS variance of the listed variance component/MS residual.

Calculations were made using values with 3 s.f. but table entries are only shown to 2 s.f.

P(aft)xl
T(aft)xl
residual

C

P(aft)xl
resldual

P(aft)xI
residual

P(aft)xI
residual

Plaft)xT

residual

P(aft)xI
residual

SS

2.23
12.63

97.14

SS

2.23
v l.I+

SS

2.23
97.14

SS

z.zJ
91.14

SS

2.23
97.14

2.23
97.t4

df MS

tPeriods' :7
l+nø
3.70
18.00

6

7

I

0.37
1.80

0.r0

0.57
0.11

Fcrit.
2.r2
2.01

Power

0.7 5

1.00

Power

0.95

00 I

MSdf
'Periods' :8

l+nø
3.85

tPeriodst = 9
7+ttø

3.72

tPeriodst : 10

1+nø

3.67

'Periodst : 15
l+nø
3.54

'Periodst : l6
1*tø

Fcrit. F Power

2.01 0.52 0.82

Fcrit. Power

1.94 0.s2 0.84

Fcrit. Fcrit l*nø Power

1.88 0.51 0.87

Fcrit. Power

1.7 | 0.48 0.94

I

df

7

ii52

8

r296

9

1440

0.32
U.Uõ

MS
0.28
0.08

0.2s
0.07

df MS

df MS
t4
2160

0. l6
0.05

0. 15

0.04

onents SS df MS
l5
2304

Fcrit. F I
3.52 |.69 048

The above power calculations were based on an immediate post-perturbation decrease in B.

nanum abundance at the sand 'impacted' site (HCA) of 680/0, if the average pre-impact

abundance of this animal at this site was used as a baseline (refer to Fig. 8.3). In contrast,

minimal change in B. nanum abundance occurred over the same time interval in the set of

'control' sites. Therefore, the power analysis was redone using the original 'sand' data set

which had been manipulated so that an average decrease in B. nanun abundance of 50%

was simulated at the 'impact' site immediately after the perturbation. It was postulated that
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a local decrease of 50o/o in a -8. nanum population exposed to a moderate oil spill was

realistic of a 'real' spill and would not represent a 'trivial' response. Therefore, the effect

size (ES) of interest in relation to the monitoring program twas a 50% change in .8. nanum

abundance and although the change could be in either direction it was predicted to be a

decrease.

To analyse the power of the 'sand' analysis using the new 50% ES the pre-impact average

abundance of B. nanum atHCA was calculated and the original post-impact abundance at

this site was then replaced with a value which was 50oá less than the calculated pre-impact

abundance. The immediate post-impact variance was not altered and no other data were

changed. An ANOVA using the manipulated log16(x+1) transformed means and variances

was then conducted with "GMAVS". This analysis was equivalent to the 'a' analysis

shown in Table 8.6 and gave the output shown in Table 8.9. Using the 'new' values and

the results of analyses 'b', 'c' & 'd' (which rvere not affected by the new ES) the 'Mean

Square' values associated with the temporal scales of interest could be calculated (Table

8.10). The relevant sources of variance associated with these temporal scales and detection

of an impact are; "P (aft) x I" and "T (aft) x I" (refer to Tables 8.3 &, 8.4 for further

details). The analysis based on an ES of 50% achieved the desired a priori power within

the sampling time discussed in relation to the unmanipulated 'sand' data (see Table 8,8).

This result shows the importance of a long term monitoring program to achieve the desired

power and detect any oil-related trends in a highly variable environment.
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Table 8.9 Calculation of analyses of impact in an asymmetrical Beyond-BACI design using the 'sand'
perturbation data set after the data had been manipulated as shown in Table 8.9. All results are unchanged
from those shown in Table 8.7 apart from analysis'a'(After Underwood 1993a). SS=sum of squares,
dÈdegrees of freedom.

Analysis

Source of Variation

a

(all data)
SS df

b
(controls)

SS df

c
(before)

SS df

d
(before controls)

SS df
Before vs After = B

Periods: P(B)
Times = T(P*B)
Locations: L

BxL
P(B) x L

T(P*B) x L
Residual

Total

39.64
7.56
4.39

t65.21
t74.99
17.59

39.00
9',7.r4

545.5

I
2

4

5

5

l0
20

288
335

0.73

7.10
3.96

153.71

3t.44
14.23

20.78
73.24

305.1 8

6.91
2.03

62.65

I 1.00

14.12

44.41

141.1I

7.09
2.76
2s,76

I
2

4

4

8

120
139

I
2

4

4

4

8

16

240
279

;
2

3

5

l0
144
t67

10.58

r0.64
37.45
94.28

Table 8.10 The 'new' "P (aft) x I" and "T(aft) x I" values were calculated using the 'sand' data shown in
Table 8.9 as described i¡ section 8.4.4.2 and Underwood (1993a). The values shown in the table were
calculated after the original 'sand' data had been adjusted to simulate a 50% post-perturbation decrease in
B. nanum abundance at the putatively impacted site. P (aft) x I refers to the post-impact variance which is
associated with the 'impact' site at the temporal scale of 'Periods', and T (aft) x I refers to the equivalent
variance which can be partitioned to the temporal scale of 'Times'. SS and MS values are shown to 2 s.f.

Source ofvariation SS df MS
P(aft)xI
T(aft)xI
Residual
Total

2.93
t4.75
97.t4
545.5

2.93
7.38
0.34

I
2

288
335

8.8.3 Recommendations for the Ongoing Monitoring Program

An ongoing, long-term monitoring program constantly assessing the condition of GSV sites

using the abundance of -8. nanum as an indicator is recommended due to the persistent risk

of an operational oil spill in the region. It must be pointed out that having such a program

in place can not guarantee that any of the selected sites will be perturbed in the event of an

oil spill (due to the variability discussed in Chapter 5 in reference to oil transport).

However, without an ongoing monitoring program no statistical conclusions as to the

consequences of an oil spill can be made. Based on the outcomes of phases 1-5 and a

literature review of relevant material, the following recommendations for the ongoing
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monitoring program at Port Stanvac (presented in point form as an executive summary)

have been made.

Executive Summary of the Planned Ongoing Monitoring Program

o The monitoring program should be ongoing and long-term (e.g. continuing for a

number of years). A Beyond-BACI design (Underwood 1993) is advocated for the

program, this uses many 'control' sites (and one or more 'impact' sites) sampled

many times before and after an oil spill occurs.

o 8 rocky sites situated within GSV from Kingston Park (north of Port Stanvac) to

Robinson Point (south of Port Stanvac), including three sites within the boundaries of

the Port Stanvac Oil Rehnery (refer to section 8.8.1 for full site descriptions), are

suitable for ongoing monitoring. The spatial positioning of these sites is such that it

is predicted that at least one will be exposed to some oil in the event of an

opcrational oil spill at the refinery.

. The designated areas at each study site should be sampled using a randomly located

0.25m2 quadrat, which is deployed 7 times.

. In the event of an oil spill the affected site(s) should serve as impact site(s) while the

remaining sites would act as controls.

. All sites should be sampled on the same day at low tide for each sampling time.

. The animal to be sampled is Bembicium nqnum and the number in each of four size

classes should be recorded. The smallest of these size classes will represent newly

settled animals which will not be used in the f,rnal analysis, but their numbers through

time may give an indication of the healthy dynamics of the system. The suggested

size classes are; newly recruited: 2mm or smaller in width, small: greater than 2mm

and up to 0.67cm wide, medium: greater than 0.67cm and up to 1.33cm wide, and

large: greater than 1.33cm in width.

. The pïesence of oil should be subjectively assessed (on a scale of 0-4). The

suggested oil categories are; 0: no oil, 1: old weathered oil present as'tar',2: fresh

oil present as a taint or sheen, 3: fresh oil present as an obvious thin film or small

globules, 4: fresh oil present in large amounts as a thick oil film. This scoring system

is mainly geared to assessing the presence of crude oil, but could still be used if a

petrol spill occurred.
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o General changes in substrata composition (in particular increased amounts of sand)

for each site at each sampling time should also be scored.

. All data should be recorded on field data sheets (Appendix X) and then entered into

the "MICROSOFT: ACCESS", Version 2.0 database entitled "PSdat.mdb" (set up

for Mobil's use and held by L. Piller).

. Sampling should be stratified to cover two temporal scales;

1. 'Times'- suggested to be two-three weeks apart (randomly assigned) and nested

in sampling periods, and

2. 'Periods'- two-three months apart, and again randomly assigned (see Chapter 4

and the worked example for details).

o The recommended effect size to be detected is a 50Yo greater change in B. nanum

numbers at the impact site than is seen on average at the control sites. "Effect size"

refers to a 'true' difference between the impact site(s) and the control sites. The term

"recommended effect size" refers to the magnitude of such a true difference that the

monitoring program is designed to have a statistically acceptable chance of detecting.

The "acceptable chance" is the designed statistical power of the monitoring program.

o Two errors that can occur in a monitoring program are the false detection of an

impact (a type I error) or the failure to detect an impact that does exist (a type II

enor). Both errors are considered equally undesirable and so it is proposed that the

study be designed so that their probabilities are set equally to 0.05. In other words,

the recommended statistical power for the monitoring program is 0.95.

o Thus, the recommended aim of the monitoring program is that if there were 'truly' a

50Yo greater change in B. nanum abundance occurring at the 'impact' site(s) in

comparison to the 'control' sites then the chance of the study detecting it as a

significant impact at the 5o/o level would be 95Yo.

. Once an impact has occurred and the appropriate sampling been completed, a

preliminary analysis using "BMDP" Statistical Software V5 (or a similar package)

(see Appendix O) needs to be run to test for serial correlation in the data set. It is

recommended that this be done through the Statistics Department, Universiry of

Adelaide. If serial correlation is present, a more extensive analysis needs to be

performed, but if this problem is insignificant, then a Beyond-BACI analysis can be
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performed using "GMAV5" (Appendix N). The stages to be \¡iorked through in

using a Beyond-BACI design are shown in Fig. 8.1.

A costing of various management options for the maintenance of this project have been

presented to Mobil but have not been included in this thesis to maintain client

confidentiality.

8.9 Initial Sampling for the Ongoing Monitoring
Program

The initial sampling of the study sites selected for ongoing monitoring was done on the

17th of October 1996 and again on the llth of November 1996. The next sampling

'Period' should commence in February 1997 if the recommended schedule of sampling is

to be maintained. However, sampling can coÍr,mence (leaving the first sampling run data

as pilot information) at any time. All study sites were censused on a single day and the

dataarc attached as Appendix Y: a)-d).

Support materials available to Mobil and held in the Zoology Department, University of

Adelaide include:

o a database file set up in "MICROSOFT: ACCESS" to store and handle the data,

c a macro to calculate average abundances entered as raw values in the database. This

can be altered to enable a calculation ofstandard error,

o a 0.25m2 sampling quadrat, a metre rule, a calliper (to determine animal size) and a

50m tape measure.

The "GMAV5" package used to perform the Beyond-BACI ANOVA's is owned by the

University of Adelaide and is available for use if the monitoring program is run through the

University of Adelaide.
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8.9.1 Initial Ongoing Sampling

B. nanum Abundance and Sampling Precision

The first sampling 'Period' was completed according to the recommendations given in

section 8.8.3. Substrata at study sites were not mobilised by storm action during this time

and no sand influx was observed at any of the sites. The most unstable site selected for

ongoing monitoring was Hallett Cove, which is susceptible to mobilisation of its boulder

and cobble substrata under certain weather conditions and is also prone to sand inundation.
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differences in the totai abundances of B. nanum at the monitored sites. Port Stanvac study

sites supported the highest number of this species. In contrast, Hallett Cove (the most

likely site to be influenced by substrata mobilisation) and Port Noarlunga South (a very

stable site) had low densities of B. nanum, with less than 30 animals (on average) per

0.25m2 being recorded at both sites (Fig. 8.4a). Temporal differences in B. nanum

abundance occurred within sites, but in general abundances were more similar within than

between sites. Trends apparent at the second sampling 'Timc' (compared to the first

sampling 'Time') were an increase in abundance at 'Northern' sites, the reverse trend at

'Centrai' sites and iittie change at 'Southem' study sites.

An examination of the sampling precision (refer to Chapter 3) associated with deployment

of seven quadrats revealed that all sites other than Port Noarlunga South and Marino Rocks

had a precision score below 0.19 at both sampling times, and that no site recorded a

precision higher than 0.24 (Fig. 8.ab). This was consistent with the precision values

associated with sampling the 'upper' zones of study sites during the pilot study phase of

this project (see Chapter 3). If Mobil adopts the recommended monitoring program and a

temporally large data set is obtained prior to an operational oil spill occurring, it may be

possible to reduce the number of study sites included in the analysis. This could be

achieved by eliminating those sites which exhibit the greatest background variability (e.g.

unrelated to the perturbation), namely Marino and/or Port Noarlunga South. However, the
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advantages of this manipulation would need to be weighed against power considerations. It

is recommended that all study sites identified for inclusion in the ongoing monitoring

program are monitored for as long as the program continues and are included in a Beyond-

BACI analysis of oil perturbation effects (unless severely perturbed by an unrelated event).

a) Total abundance of B. nanum
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Fig. 8.4 a) The total abundance of B. nanum is shown for each of the study sites selected for ongoing

monitoring. Total abundance has been calculated as the average number of B. nanum (combining size

classes) per 0.25m2 of substrata (8. nanum I 0.25rÊ) for each of the sampling times (Time I & Time 2).

Error bars represent the standard error associated with sampling. b) The precision associated with each

sampling time has also been shown for each of the study sites following deployment of seven 0.25m2

quadrats (see text for further details). The monitored study sites are shown on the x-axis for each of the

graphs and are; Kingston Park (KP), Marino (M), Hallett Cove (HC), the Port Stanvac sites (PSl, PS2 &
PS3), Port Noarlunga South (PN) and Robinson Point (RP).

KP
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Size Considerations

No recruitment was noted at the study sites during initial 'ongoing' sampling. If new

recruits had been found these would have been recorded but it is recommended that they

are not included in a future Beyond-BACI analysis. This is because animals less than 2mm

in diameter are difficult to accurately quantiff and their numbers can fluctuate markedly

over a short time as they attempt to become established as part of the existing population

against such pressures as predation, competition and desiccation. Their presence and

abundance provides information about the health of an area but their high inherent

variability and variable recruitment patterns between sites could confound a statistical

analysis (but see Chapter 4). It is therefore recommended that only B. nanum animals

greater than 2mm in diameter are used in a Beyond-BACI analysis of oil related change.

It was apparent during sampling that the study sites selected for analysis differed not only

in tlre abundance of B. nanum they supported but also in the size distribution of the animals

which were found (Fig. 8.5a & b). However, the population structure was consistent

within sites at both sampling 'Times'. In general, 'medium' sized animals dominated all

study sites apart from the 'Southern' study sites where the contribution of 'large' animals

was high; greater than 60Yo at Port Noarlunga South and almost 95Yo at Robinson Point

(Fig. 8.5a & b). The greater proportion of 'large' animals is probably due to the protected

aspect and greater water retention rates characteristic of these sites. This, in association

with a high degree of substrata stability (see Chapter 4) may encourage enhanced epilithon

growth and allow herbivores such as B. nanum to achieve higher growth rates and attain

their full size.

Herbivores at some of the more densely populated sites (e.g. PS1 & PS2) not only face

greater competition for available food but also may have lower amounts of epilithon to

graze due to shorter inundation times experienced by these sites and less favourable

conditions for epilithon growth (see Chapter 4). Either of these factors could result in

slower herbivore animal growth rates and generally smaller animals. Due to the clear size

differences between the selected study sites I recommend continuing to monitor B. nanum

abundance within size classes. Retention of this information during the ongoing

monitoring program will enable oil-induced differences in animal density and recovery of
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an area affected by oil to be attributed to new recruitment or a migratory influx of mature

animals.
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Fig. 8.5 The population structure of B. nanum is shown for each of the study sites selected for ongoing

monitoring. The recognised size classes are shown in the legend and are described in the text for the two

sampling times: 'Time' I (a) and'Time 2'(b). Population structure has been described as the percentage of
the total B. nanum animals censused which can be categorised into each of the size classes (y-axis). The

monitored study sites are shown on the x-axis for each of the graphs and are; Kingston Park (KP), Marino
(M), Hallett Cove (HC), the Port Stanvac sites (PSl, PS2 & PS3), Port Noarlunga South (PN) and

Robinson Point (RP).
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8,10 Conclusions

Based on the results of this project the best chance of detecting an oil spill in the vicinity of

Port Stanvac is to have an ongoing monitoring program in place. A Beyond-BACI design

(as detailed in section 8.8) is recommended with statistical analyses proceeding as

described by Underwood (1993a).

The results of the Beyond-BACI analysis of the 'sand' perhrbation revealed the need for

long-term monitoring to detect an 'oil' impact against the high degree of background

variability characteristic of the rocky intertidal area generally (Appendix C) and GSV

speciíicaiiy (Chapi.er 4). The iength of monitoring requireci to cietect rhe 'sanci'

perturbation at the longer temporal scale of 'Periods' (if it resulted in a 50-68% decrease in

B. nqnum abundance at the'impact' site) was calculated to be equivalent to 16'Periods'

(see section 8.8). This is equivalent to at least 37.5 months of pre-impact sampling and

corresponds to the recommendations made by'Womersley (1988) who advocated at least 5

years of sampling to be able to detect seasonal intertidal trends at Port Stanvac. However,

this calculation was based on monitoring of the original study sites, some of which were

subjected to the confounding influences of substrata mobilisation during the course of

plelirninary rnortitoring. The reclefinition of study sites (section 8.8.1) is expected to

decrease the variability arising from this quarter and thus increase the power of a Beyond-

BACI analysis, which may reduce the length of monitoring required if an oil spill occurs.

It must be pointed out that only 7 'Periods' were required to achieve the desired power and

detect the specified 'sand' impact at the temporal scale of 'Times', which is equivalent to

at least 15.5 months of pre-impact sampling.
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The seriousness of an oil spill event can be examined using a Beyond-BACI approach. For

example, a transient decrease in B. nanum abundance at the temporal scale of 'Times'

followed by a rapid recovery is likely to be 'acceptable' to environmental monitoring

bodies, but a persistent impact detectable at the temporal scale of 'Periods' is much, more

serious and is indicative of longer-term change. If the monitoring program is adopted by

Mobil, further discussion with their management board in conjunction with the EPA is

desirable. The aim of this meeting would be to clearly dehne a priori what degree of

change is acceptable in the event of an oil spill to both the EPA and Mobil.
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Appendix A: Background to the Project

4.1 The Study Area in Gulf St Vincent (GSV)

A.1.1 Overview of GSV

GSV lies within the Flindersian biogeographical province which extends westward from

southern New South Wales to approximately Geraldton in Western Australia (Womersley

1990). GSV is an inverse estuary with limited open ocean water exchange due to the

presence of Kangaroo Island at its mouth (Lewis 19S2). It is corurected with the Southern

Ocean via Investigator Strait (to the west) and Backstairs Passage (to the south-east) (Bye

r976).

Extensive studies of GSV are limited but it is considered to be of biological signihcance

due to its seagrass beds and the presence of Avicennia marina mangrove stands to the

north of Adelaide which are important fish nursery areas (Grzechnik 1995, Paxinos and

Clarke 1996). The Gulf supports a local fishing industry which targets Westem King

prawns, King George whiting, Snapper, garfish and blue-swimmer ctabs, many of which

breed on the north-eastern coast (Lewis 1982). An overview of current commercial and

recreational fishing in GSV is given by Paxinos and Clarke (1996).

Adelaide is situated on the eastern side of GSV and its population of greater than one

million people impact on the coast via such mechanisms as effluent, industrial and

stormwater discharges to its waters, and recreational activities on its shores.
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A.I.2 Physical Oceanography of GSV

South Australia's Coastal Waters

The coastal waters of South Australia are less than 200m deep and overlie the continental

shelf. Deeper water is found beyond this region, reaching depths of 5,000m at about

500km from the coast (Bye 1976). A region of water encompassing 100,000 km2 and

referred to as the South Australian Sea (Fig. A.1) stretches from the east of Cape Carnot

/^^ +l^ +:- ^f D-,-^ D^-:-^.,1^\ +^ +L^ I/i^+^-i^'^ L^-J^- ^-J :--^t--l^- ct---,----- ^ -rc ^drt\v¡l r¡lw rrp vr lJrv r vlurrùul4/ lv lr¡.v v lvlvrl4lr u\Jl\¡\,r clrr\l lllLluuçJ ùptrIIççr \JulI, \Jù v,

Investigator Strait and Encounter Bay (Bye 1976). GSV forms a shallow marine basin

with an average water depth of 27m, a maximum depth of about 40m and a surface area

of about 6,800km2 (Bye I976, Petrusevics 1990). It is roughly triangular in shape, 60km

wide at its entrance and approximately 150km wide from north to south.

Tides

Vy'atcr lcvcl fluctuations along the South Australian coast are rnainly astronomically

driven but are also influenced by meteorological tides (Bye 1976). Astronomical tides are

of two types; a <iiurnal ticie which traveis to the west, and a semi-diurnal tide which

travels to the east, but is almost normally incident on the coast (Irish & Snodgrass 1972).

Tides are primarily semi-diumally dominated but show a diumal inequality with the range

typically I m in the south of GSV and 3.3 m in the north under spring tidal conditions (de

Silva Samarasinghe and Lennon 1987). Semi-diurnal tidal energy enters GSV centrally

and then spreads to the coasts where it is strongly dissipated. Diurnal tidal energy is not

as strongly dispersed but spreads inwards in the south of Investigator Strait and

Backstairs Passage, and outwards in the north of Investigator Strait (Bye 1976).
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Fig. 4.1 The position of GSV and Port Stanvac in relation to Backstai¡s Passage, Investigator Strait and

Kangaroo Island. Inset:The position of GSV within the South Australian Sea (After Bye 1976).
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GSV has a large spring to neap tidal range. During neap regimes the diumal tide

dominates and the semidiumal tide is virtually absent, while at equinoxes the diumal tide

vanishes resulting in a 'dodge' tide (de Silva Samarasinghe and Lennon 1987,

Underwood and Chapman 1995). Apart from 'dodge' tidal conditions, two tidal cycles

(each including a high and a low tide) occw in a day, with the morning tide generally

having a greater amplitude than its afternoon counterpart from mid-October to mid-

February, while the reverse occrus for the rest of the year (Bye 1976). General seasonal

trends in GSV include higher mean sea levels in winter compared with summer, with

differences being as great as 15-20 cm (Womersley and Edmonds 1958).

Winds are known to influence tidal range and general water circulation. In GSV the

predominant wind directions range between south and west (but see Petrusevics 1990),

which tends to raise the sea level, but a change in general wind direction in summer can

result in a lower sea level (Womersley and Edmonds 1958). Tidal elevation produces

tidal currents which have been recorded at l-Zmls in Backstairs Passage (Shepherd and

Sprigg 1976) and 0.02-0.5mls (at a depth of 5m) at the crude marine berth at Port Stanvac

in February 1995 þers. comm. Cove).

In order to better understand the physical oceanography of GSV mathematical computer

models have been used to simulate tidal elevations and currents. Such work has

continued at Flinders University (through Dr Bye) and Adelaide University (through

Professor Noye and his student Marcus Grzechnik). An oceanographic model

('FLOV/M') for GSV, designed by Dr Bye, was used to model and predict likely sites

where oil spilt from the Port Stanvac Oil Refinery would ground (see Chapter 5).

Circulation

Patterns of non-tidal circulation in GSV rely on the combined effects of local wind, heat

and water exchange across the water-air interface as well as deep oceanic movement

adjacent to the South Australian Sea (Bye 1976). However, wind is believed to be the
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primary determinant of general water circulation, vvith \¡/sst to east moving synoptic

pressure systems, modulated in summer by sea breezes, being a major force in GSV' In

general, wind direction tends to be mainly south to south-east in srunmer and

predominantly south-west to north in winter (Petrusevics 1990).

Modelling of wind driven water circulation pattems in GSV (Fig. 4.2) has predicted

water inflow along the west coast, outflow in the central regions and an 'anti-cyclonic'

pattern of water movement (the Myponga Eddy) close to the Fleurieu Peninsula (Bye

1976). This pattern is most pronounced in summer (Fig A.2a) and is important in GSV as

it affects transportation processes along the metropolitan coast (Bye I976). Deep oceanic

water enters the Gulf along the coast of lower Yorke Peninsula before continuing north

along the western coast and then moving in a south-easterly direction along the opposing

coast. 'Water movement is an eastward outflow through Backstairs Passage or a counter-

current which returns via Investigator Strait (Bye 1976).

Seasonal comparisons of computer generated simulations of mean circulation due to wind

and density gradients are shown in Fig. 4.2. Based on these simulations a coastal

northerly horizontal velocity of 4 cm/s at Port Stanvac is predicted for January, while a

southerly horizontal velocity of 6 cm/s is predicted in the same region for July. In April

and October the Myponga Eddy has a more pronounced effect, but in general an inshore

northerly current and an offshore southerly current exist (Bye 1976).
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Vertical mixing within the water column tends to remove any marked gradients in

salinity, temperature and density which could occur with depth (Bye 1976). However, the

closed nature of GSV results in increasing horizontal salinity towards the head of the

Gulf, particularly in summer (Bye 1976, de Silva Samarasinghe and Lennon 1987). An

offshore increase in salinity is attributed to land based run-off, while the Myponga Eddy

is believed to be responsible for the salinity increase to the north (Bye 1976). 'Water

temperature similarly shows a horizontal gradient, increasing from Hallett Cove to Largs

Bay (in a northerly direction) by about 2 degrees Celcius in summer and 1 degree in

winter (at a depth of approximately lm) (Bye 1976). Overall, the salinity range in GSV

lies between 35.5Yoo-42o/oo while the temperature range is 12.0"C-25.9oC (de Silva

Samarasinghe and Lennon 1987).

The wave energy typical of the coast tends to promote supersaturated oxygen levels in

coastal waters. However, rock pools and shailow water on calm nights, especially in

combination with high organism densities and./or dodge tides, may result in reduced water

oxygenation.

Wave action

The eastern coast of GSV is relatively sheltered in the north and more exposed to the

south, with the region from Black Cliff to Port Stanvac being categorised as moderately

exposed ('Womersley and Clarke 1919). To the south of Port Stanvac the steeper coastal

gradient typically results in higher energy exposure and stronger current velocities,

particularly in winter ('Womersley and Clarke 1979, Coast Protection Board 1984).

However, coastal exposure can be modified by topograPhY, examples being the

breakwater and reef at Port Stanvac and offshore reefs at Port Noarlunga which decrease

the wave energy experienced by these shores (Womersley and Clarke 1979). It should be

noted that wind direction can be of greater importance than wind strength in determining

the local waveheld and in GSV the roughest conditions are experienced when the wind
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direction is between the southern and western quarters where the fetch is longest (Bye

1e76).

4.1.3 Sediment, Coastal Topography and Substrata Types

Sediment

A noteworthy feature of GSV is the accumulation of more than seven metres of sediment

o'.'er the bedrock bese at the mouth of the Onkaparu:,ga PJvcr (an accrcttonal area), w-hile

at Hallett Cove (where erosion dominates) the sediment layer is less than half a metre

thick (Coast Protection Board 1984). Sediments in GSV are mainly 'carbonate' of

biological origin (Shepherd and Sprigg 1976). However, some terrestrial erosional debris

in the form of quartz and clay enters coastal waters from hard rock cliffs and outwash.

GSV sediments tend to be fine grained and less than 0.1mm in diameter in the deeper

water of the central northern Gulf basin and at the eastern end of Investigator Strait, but

are coarser, ranging from 1-2 mm in diameter, in the southern headlands of thc Gulf,

across the western section of Investigator Strait, and in the sublittoral zone of the eastern

coastal 'oeaches (Siiepiierci and Sprigg i976). Factors controiiing ihe suppiy of coarse

sand and silt include tidal and wave action, and proximity to headlands or erosional rip

channels. Finer sediment is predominantly transported by tidal currents and enters the

Gulf from the south, tending to settle out into deeper, quieter water, or become entrapped

by seagrasses, mangrove roots or supratidal flats (Shepherd and Sprigg I976). However,

at Port Stanvac it is reported that coarser sands are associated with higher seagrass

densities and deeper waters (Cheshire and Kildea 1993). During winter the combined

effects of wind, strong wave activity and mixing within the water column interact to

increase sediment movement and water turbidity (Coast Protection Boa¡d 1984).
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Coastal TopograPhY and Substrata

GSV is characterised by a series of stranded cliffs, raised seashores, and prominent

erosional areas extending from western Kangaroo Island, via cape Jervis to Marino

(Shepherd and Sprigg 1976). Along the eastern coastline rocþ headlands are

interspersed by inegular wave cut platforms and sandy beaches, with a sloping platform

consisting of remnant layers of resistant rocks running parallel to the shore north of Black

Cliff and south of Hallett Cove and extending to Port Stanvac (Womersley and Clarke

197g). Landward of this platform are cliffs up to 75m high comprised of dark reddish-

purple quartzites and slates (Paxinos and Clarke 1996). The cliffs continue to the south

but are reduced in height by Christies Beach and are of more recent (Tertiary) origin

(Womersley ancl Clarke 1978)'

Submerged shorelines extend approximately I km offshore from Hallett Cove South and

a few kilometres off Marino. Extensive submarine Tertiary limestone outcrops extend

seaward for about 5 km from Port Noarlunga, while a limestone reef (called Horseshoe

Reef) is emergent at low tide and lies off Christies Beach (Shepherd and Sprigg 1916).

port Noarlunga also has another offshore reef which lies parallel to the shore, is

connected to Horseshoe Reef in the north, and is believed to be composed of consolidated

Pleistocene sand deposits (Womersley and Clarke 1978).

The southerly and south-easterly margins of GSV and its approaches consist primarily of

hard rock cliffs of consolidated Cambrian and Precambrian rocks, while the rest of the

coast typically consists of soft, sand and clay sediments of Permian, Tertiary or

euatemary Age (Shepherd and Sprigg 1976). Another feature of the coastline is the

presence of boulder and cobble littoral deposits at the bases of many of the cliffs at, or

above, modern beach level (Shepherd and Sprigg 1976). This type of substrata can

impact on intertidal community structure (McGuiness 1987a & b, Underwood and

Chapman 1995).
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4.1.4 Nutrient Status

South Australian waters have a relatively poor nutrient status due to limited inflow from

the nutrient rich waters of the sub-Antarctic and low rates of terrestrial input (Connell

1983, Bell and Andrew 1995, Brodie 1995). Terrestrial input is low due to sparse rainfall

and consequently low surface run-off combined with the paucity of phosphorous found

in South Australian soils (Connell 1983, Bell and Andrew 1995, Brodie 1995). Seasonal

variability in rainfall and run-off introduces a high degree of temporal variability to
nrrtrienr inprr¡ i¡1o GSV from point and diff:se nat';ral anC enthlopcgenic sourccs (l'{arch

ree6).

In 1981 coastal nutrient concentrations in the vicinity of Port Stanvac were examined

(Clarke 1986; cited by March 1996). This study found elevated levels of nitrogen in

winter, with trough levels occurring in summer, and peak levels of total phosphorous

occurring in winter and early spring. The main sources of nutrients into the Port Stanvac

region were from Christies Creek and the Onkaparinga River systems but the relative

contributions hy each were extremely temporally variable.

4.1.5 Marine Biology

The plant taxa occurring in GSV between Port Noarlunga and Hallett Cove are extensive

and are listed in Womersley and Clarke (1979), Womersley (19S8) and Clarke (1993).

Mobile epifauna found in the Gulf in association with seagrass have also been described

(Sergeev et al. 1988). However, it is the intertidal region (particularly the rocþ intertidal

area) and its associated fauna and flora which is of most relevance to this study. An

overview of the dominant species found in the rocky intertidal and sandy beach areas

within the region of interest in GSV is given by Paxinos and Clarke (1996) and broadly

examined in section A.2.4.
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A.2 History and Operation of the Port Stanvac Oil

Refinery

Mobil Petroleum Industries have a refining plant at Lonsdale, Port Stanvac, which is

situated within GSV, South Australia (34061'5 138027'N). This plant together with its

sister plant at Altona (Melbourne), jointly operate to manufacture ¿pproximately 25o/o of

Australia's petroleum product requirements (Mobil Career Pamphlet). The Port Stanvac

Oil Refinery began operation in 1963 and now has the capacity to meet almost all the

petroleum product needs of South Australia. The lube plant came into operation in 1975,

was expanded in 1981, and produces lubricating base stocks. Mobil's Port Stanvac Oil

Rehnery receives crude oil for refinement within the plant and exports refined oil and

other products, sttch as lllhricants.

One of the potential problems associated with refinery operation is accidental release of

oil into the marine environment. The primary points where this can occur are the two

mooring sites referred to as the 'Deep Ocean Point' (or crude marine berth) and the

'Wharf Point', and from the pipeline that feeds into the refinery Gig. 4.3). Two cargoes

of 100,000 tonnes and one cargo of 150,000 tonnes of crude oil are imported on a

monthly basis via the 'Deep Ocean Point', and 25,000 tonnes of refined fuel oil are

exported from this point twice a week. Wharf operation involves exports of 50,000

tonnes of refined fuel oil and 15,000 tonnes of lubricating oil per month, and twice ayear

35,000 tonnes of light oils and related products are sent from the refinery,

Without establishment of a monitoring program and a baseline assessment of existing

conditions it would not be possible to determine (except intuitively) the extent to which

an oil spill impacts the area. Advice from Mobil and the South Australian Environmental

Protection Authority (EPA) and a preliminary site assessment supports the likelihood of

oil accumulating intertidally if an oil spill occurs at Port Stanvac.



Appendix A page A.12

a¡

Dcep Ocçan Point

æoo mctres

35'¿'S

tdf,o'¡ir¿

r\

Wharf point
o o

o
o

o
o
o

o ro(þ

oL¡tt¡¡¡
ac¡.h

Port Stanvac

Oil Refinery

lt'

o sea mile

¡1'tL' r3t'21'E

Fig. 4.3 The position of the rwo mooring poins; the 'Wha¡f Point' and the 'Deep Ocean Point', within the
Port Stanvac Oil Refinery. These are the primary sites where oil enters and leaves the refinery and from
where an operational spillage could occur (After Navigational Map No. AUS 125, Pub. Hydrographic
Service, R.A.N. Wollongong, New South rù/ales, 1994).
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4.3 Disturbances in the Vicinity of Port Stanvac

4.3.1 Background

A number of other factors (besides an oil spill) potentially impact the Port Stanvac

coastline. These include natural northward sand drift in winter and spring, the E&WS

secondarily treated sewage discharge from Christies Beach, and the addition of pollutants

to the coastal waters south of Port Stanvac from Christies Creek and the Onkaparinga

River. Localised dredging within the refinery and the discharge of treated refinery

effluent towards the northern refinery boundary may also impact on the coastline within

or immediately adjacent to the refinery. Another potential effect of the refinery, arising

from its private ownership, is the partial prutection of intertidal animals from the

trampling and collection pressure experienced in similar, but publicly accessed, areas.

The Mitsubishi storm water outfall which gives an intermittent discharge of seasonal

water runoff at close proximity to the northern boundary of the refinery (Plate 4.1),

dredging (currently being investigated by the University of Adelaide) and beach

replenishment may also potentially impact the area. The positions of a number of

disturbances and point sources of pollution in GSV adjacent to Port Stanvac are shown in

Fig.4.4.

Plate 4.1 The position of the Mitsubishi stormwater outfall and Mobil's treated effluent outfall adjacent to

the northern refinery boundary (marked by the fence). The effluent pipe is in the foreground of the plate

and the stormwater outfall pipe can be seen on the rising edge of the cliffin the background.
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(section 4.3.4) are shown, with site 5 situated close to the l99l dredge site, and site 7 being 400m from
the Ch¡isties Beach tWastewater outfall (After March 1996).
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A.3.2 The Christies Beach'Wastewater Outfall

The Christies Beach Wastewater Treatment Plant was established in l97I and

continuously discharges treated wastewater from a pipe 200m offshore at a depth of

approx 7m (Steffensen 1985). The volume of effluent discharge has increased eight fold

in the 19 years from 1974 to 1993. The wastewater is subjected to secondary treatment

which leaves it high in nutrients but strips it of coarse particles and materials which are

toxic to humans (AEC 1987). March (1996) has compared point source discharges in the

Port Stanvac region (Table A.1). It is apparent that the major contribution of nutrients

and contaminants to the area is from the Christies Beach wastewater outfall which

exhibits elevated levels of nitrogen containing compounds, total phosphate and several

metals, but shows lower turbidity than Christies Creek water. However, analysis of the

quality of the wastewater involved assessment of only one water sample per month and

may not be representative of actual levels (Steffenson 1985).

A.3.3 River and Creek Discharges

Christies Creek has an annual flow of 4,900 megalitres and is a possible source of

sediment and pollutants to GSV. The Noarlunga City Council performs monthly

monitoring of the creek waters (see Table 4.1). This monitoring indicates that Ch¡isties

Creek contributes more dissolved solids to GSV than any other source (March 1996).

However, analysis is based on low replication and so data must be viewed with caution

(March 1996). The Onkaparinga River also contributes significant amounts of organic

and inorganic material to the Port Stanvac region. The relative contribution varies

significantly in response to release of water from the Mt. Bold Reservoir (Lewis 1975).

Chemical analysis of the Onkaparinga water indicates it contributes less nutrients but

more suspended solids than the Christies Beach wastewater outfall (Manning and

Associates 1985).
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L.3.4 The Port Stanvac Oil RefÏnery

The Oil Spill

A procedural oil spill occurred from the 'Deep Ocean Point' at the refinery on September

23rd L996. It was initially reported that about 10,000 litres of Arabian light crude oil was

spilt as it was being unloaded into the refinery (see Appendix B). Much of the oil

beached intertidally and contaminated a relatively large stretch of the coastline to the

south of the refinery. However, the manual cleanup was rapid and no obvious acute

effects on intertidal species were recorded at the time of the spill or in the week following

it (see Chapters 4,5 &,6 for details).

Sand Dredging

Sand dredging within the refinery conìmenced near the 'Wharf Point' (see Fig. 4.4) on

the 2nd of January 1996 and continued until the 23rd of January. Further dredging was

carried out on the 28th and2gth of January þers. comm. Cove). The aim of the dredging

was to increase the depth of the harbour to the west of the breakwater adjacent to the

wharf. The dredging spoil was discharged via a pipe onto the rocky shore to the north of

the wharf (Fig.4.5).
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{ Dredge Location

@ Dumping of dredge spoil
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^

Port Stanvac Oil Refinery

r0Ofn

Fig. 4.5 The dredge position adjacent to the wharf within the boundaries of the Port Stanvac Oil Refurery.
Dredging was carried out in January 1996 to increase the depth of the harbour. The dredged area is
marked with a cross and the speckled area signifies the dredging spoil dump site. The wharf juts out
into the harbou¡ and the dredge site is stightly north-west of its end. (Original figure supplied by the
EPA).
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Refinery Efiluent

Treated refinery effluent flows into a concrete junction box where it mixes with water

from the North Collection Basin and the Ballast Water Holding Pond before its final

discharge into the ocean at the northern boundary of the refinery (Plate 4.1) (Cove 1994).

Passage from the junction box is via a200 mm rubber pipe to the point of high tide and

then via a metal pipe for the final 120 metres to the point of discharge. The depth of the

ocean at this point is 7m and a deflector plate is used to facilitate dispersion of the

effluent (Cove 1994). All refinery effluent is monitored prior to discharge as described

by Cove (1994). The level of oil in water, suspended solids and furfural are measured

daily, and pH, biological oxygen demand (BOD), phenol, sulphides and chromium oxide

are measured weekly (Cove 1994).

A rupture in a section of the effluent pipe was noted by myself on the 29th of August

1995. This was reported to refinery staff who instigated repair work. The final repairs to

the pipe were completed on the 13th of September 1995. From the time the rupture was

noted until the final repair of the pipe, refinery effluent was discharged onto the mid-

eulittoral zone where it mixed with seawater at high tide. On the llth of September I

revisited the area and found that the original pipe had been connected to a flexible hose

through which refinery effluent was being discharged onto the beach. On the 13th of

September Transfield Company Staff were present on the beach and in the process of

connecting the current outlet pipe to the old pipe. This effectively bypassed the damaged

area of the old pipe and the effluent was once again discharged out to sea as previously

described. An assessment of the local effects of this event on intertidal fauna is given in

Chapter 4.
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4.3.5 Mitsubishi Stormwater Discharge

Mitsubishi Motors Australia Pty Ltd has a manufacturing site at Lonsdale adjacent to the

northern boundary of Port Stanvac. Runoff from the site is via a stormwater drain on the

cliff very close to the border of the refinery @late A.1). Discharge tends to be

intermittent and occurs in response to rainfall episodes. Monitoring by Mitsubishi during

1994 indicated that rain fell on99 days scattered over 11 months of the year. The total

annual rain for 1994 amounted to 307.6 mm þers. comm. Pfennig). The average daily

ciiscirauge irorn Lirç sionnwalcr pipu was 0.i53 megaiitres, anci rhe average monrhiy

discharge was 1.379 megalitres (using data from rainfall days only).

Monitoring by the Mitsubishi Plant compared the plant discharge (via the outfall pipe

shown in Plate 4.1) to water from a road drain. This enabled extraneous pollutant

sources to be discriminated from pollutants originating within the Mitsubishi plant. The

Mitsubishi outfall contained levels of suspended solids, copper, lead, mercury, nickel and

zinc which were above recommended limits (see Table 4.1), although the recorded levels

were similar to those obtained from the road drain. The generally low flow from

Mitsubishi implies that pollutant input to the coast from this source is likely to have little

impact to the region. However, Port Stanvac and areas to the north could be affected if
high rainfall events occurred in combination with calm conditions, resulting in retention

of the discharged water and its pollutant load close to shore.

4.3.6 Sand Dredging

It is known that Adelaide's beaches are eroding, a situation which can be counteracted by

sand replenishment. Dredging from a depth of 12m or more off Port Stanvac has been

used as an economical way to replenish sand to the southern end of the metropolitan

beach system (Cheshire et al. 1996). Dredging for this purpose was trialed in January and

May 1991 by the Coast Protection Board and was repeated in 1994 and late 1995. The



Appendix A page A.2l

replenishment dredging involved removing an estimated 40 cm of overlying sand from an

area about I km by 400 m. This disturbance is likely to cause environmental damage to

animals that live in and on the dredged sand and could also impact on adjacent sensitive

habitats, such as seagrass beds and associated fauna (Cheshire et al. 1996). Dredging

activities are liable to result in increased sand drift to some coastal sites in addition to the

natural sand drift which already occurs along the eastem shores of GSV.

A.4 Past Studies in the Vicinity of Port Stanvac

Port Noarlunga Reef and the Onkaparinga River Estuary

One of the first biological assessments in the vicinity of Port Stanvac was a survey

undertaken by the Department of Agriculture and Fisheries. This took place between

1974 arñ 1975 and focused on organisms on and around the southern section of the Port

Noarlunga Reef (Duyvennan 1976). The plan was to implement ongoing monitoring of

the reef and the conspicuous biota associated with it but repeat assessments were never

carried out (March 1996).

The OnkapaúngaRiver Estuary has been the subject of five reports covering the period

between l9l4 and 1985. The latest report investigated effects associated with

maintenance dredging of the estuary (see Manning &, Assoc. 1985)'

The Intertidal Work of Womersley

The work which most directly pertains to the monitoring program is the intertidal work of
'Womersley (1988) who surveyed organisms directly around the refinery in 1979, 1980

and part of 1981. The surveys aimed to establish intertidal abundance and seasonal

variation of dominant biota over two years and to provide baseline data against which

future environmental changes could be compared. Surveys were carried out at two sites;

the boat ramp at Port Stanvac, and a steeply sloping, slightly offshore rock at Curlew
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Point. Surveys of two other sites (O'Sullivan Beach and 'Witton Bluff) were begun but

were aborted for various reasons.

The supralittoral zone in rocþ coastal sections near Port Stanvac was found to be

dominated by Littorina spp., while the upper-eulittoral zone supported the barnacle

Chamaesipho, with another barnacle species; Chthamalus, occurring less commonly. The

mid-eulittoral zone was characterised by the appearance of a variety of molluscs

(including Nerita atrqmentosa, Austrocochlea spp., Bembicium nanum and Cellana

tramoserica), Galeolaria (tube worms), blue-green algae, and patchily distributed beds of

xenostrobus pulex mussels (womersley and Thomas 1976, Womersley 19Bs).

In general it was concluded that Port Stanvac was rich in marine plants and animals

compared to the adjacent coast, especially north of the refinery. This was attributed to the

deeper inshore water at Port Stanvac and the protection from recreational pressure

afforded by private ownership of the Port Stanvac site (Womersley 1938). It may also

reflect the great diversity of habitat (natural; sandflats, boulders and reefs, and artificial;

breakwater, jetf and moorings) and the variability in environmental conditions created

by the interaction of these varied habitats with regular natural perturbations which occur

in the area (Clarke 1993). It was also noted that biota tended to show high seasonal

fluctuations and that abundance was eenerall¡r greatest in winter. However, these

apparent trends occurred against a high variability in biota abundance between years. On

this basis, Womersley (1988) recommended that detailed long-term surveys (of perhaps

up to 5 years) would be needed to establish seasonal trends in the area.

Sand Dredging

Dredging in GSV represents an intense pulse disturbance and is capable of interacting

with press disturbances in the area (March 1996). The Botany Department at the

University of Adelaide was commissioned to investigate the effects of dredging against

background fluctuations which could arise due to other perturbations in the area.
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Between 1992 and 1994 Cheshire and Kildea developed protocols to assess and quantiff

the impact of dredging on susceptible organisms. This work was followed by a further

investigation of dredging which began in 1995 and is to continue over three years. This

more intensive investigation is jointly run by A. Cheshire and A. Butler and aims to

address local changes in sandy sections of the sea floor and concru:rent changes in

adjacent habitats (particularly seagrass) due to dredging (Cheshire et al. 1996). It will

also consider if any sensitive or endangered species are likely to be affected by dredging

activity, and attempt to establish a way of predicting likely effects at new dredging sites.

A major diffrculty with isolating dredge-related effects in the area is the high inherent

natural variation and the confounding influence of other anthropogenic disturbances.

The results to date indicate that the effects of dredging appear to be small, with no

apparent inulease in dissimilarity between control and drcdgcd arcas. Holvcvcr, there

does appear to be a short term increase in variability in patches of the sea floor within the

dredged area (Cheshfte et al. 1996). The study was made more diffrcult by large

differences between study sites due, in part, to different dominant vegetation covers (e.g.

seagrass versus algae).

Christies Beach Wastewater Treatment Plant

Chemical monitoring of the discharged Christies Beach wastewater is the primary

mechanism of quality control used by the Christies Beach wastewater treatment plant

(Gutteridge, Hastings & Davey Pty. Ltd. 1993). However, a concurent study of biota

close to the outfall to attempt to match chemical pollutant loads with biological changes

has not been done (March 1996).

The only biological study in the region was a one-off study on the 13th of April 1978

which focused on the area surounding the outfall and a small adjacent reef. This study

identified four habitat types (reef, bare sand, outfall pipe and outfall pad) and collections

were made of algae and sessile animals in each habitat (Steffensen 1985). The abundance
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of the main biota were subjectively ranked on a scale from 0 ("complete absent of a

species") to 5 ("vety abundant"). Vy'ater quality inclucling nitrogen (as nitrate and total

Kjeldahl nitrogen), total and soluble phosphorous, carbon, turbidity and suspended solids

at varying distances from the outfall were also measu¡ed on the same day. Total

phosphorous and total nitrogen levels were elevated, and remained so, within l00m of the

outfall, after which they rapidly attenuated (Steffensen 1985).. However, the levels still

remained above the maximum levels listed as acceptable for South Australian coastal

waters (Ofhce of the EPA 1993). This study reported a localised effect on water quality

but failed to detect differences in biological communities which could be attributed to the

wastewater discharge (Steffensen 1985). However. due to the limited extent of the studv

and a lack of pre-discharge monitoring the conclusions should be viewed with caution.

The only other survey of the area around the Christies Beach outfall was carried out by

Clarke between i980 and 1981 (March 1996). This study found elevated water nutrient

levels but no obvious effects on macro-algal communities in the vicinity. The later

survey by Cheshire and Kildea (1993) detected significant seagrass communities close to

the Christies Beach outfall point, an important finding in view of the sensitivity of

seagrass to this type of pollution. Clearly the need exists for more extensive, detailed and

continued monitoring of the area.

Changes to the Environmental Protection Act which required compilation of an

Environmental Improvement Plan for each sewage treatment plant, necessitated

investigation of strategies for the future management of the Christies Beach Wastewater

Treatment Plant. A report detailing such strategies was compiled by Gutteridge, Hastings

& Davey Pty. Ltd. (1993). It was noted that biological and chemical data pertaining to

the outfall area were sparse, but despite this no new monitoring was done prior to the

final recommendations being made. The report recognised the reefs in the region as

being important due to their high diversity compared with adjacent areas and

recommended that the outfall be extended to protect those reefs which were close to the
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outfall point. However, it should be noted that areas with a lower biotic diversity may

also be of biological significance (March 1996).

A recent study relating to the Christies Beach sewage outfall was conducted by March

(1996). She used infauna and epibenthic abundance data collected by Cheshire and

Kildea in1992 and 1993 from 9 sites off the coast of Port Stanvac to investigate for a

sewage related impact. The data she used was initially collected to address the effects of

dredging and had not been intended for an investigation of sewage related changes. The

sampling design involved using a 3 x 3 grid pattern of sites positioned parallel to the

shore and encompassing a depth profile. Dredging occurred in the vicinity of site 5,

while study site 7 was situated 400m from the sewage discharge point (refer to Fig. 4.4)

(March 1996). The study involved a temporal comparison of infaunal and epibenthic

assemblages at the scwagc pcrturbcd sitc with asscmblagcs in thc cight control sitcs, but

lacked pre-impact data (March 1996).

March (1996) found that most infauna taxa (particularly Crustacea and Echinodermata)

decreased in abundance with increasing proximþ to the wastewater outfall. This trend

could be a response to the wastewater perturbation but could also be driven by other

unknown environmental gradients (March 1996). In contrast to the trends seen with the

infauna, epibenthic communities failed to show any changes which could be related to

pollution and also displayed less response to the depth gradient than the infauna. In

general, the results failed to show a definitive response to the wastewater outfall, perhaps

because the sampling sites were too far from the outfall to detect effects. An ongoing

investigation of the effects of the wastewater outfall on infauna is currently being

performed by M. Loo at The University of Adelaide. Her work is still in its preliminary

stage but early results support evidence of pollution based trends in infauna.
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Sediment Transport Along the Coast

Several studies have looked at sediment transport along the Adelaide metropolitan

coastline as effort was directed towards managing this recreational resource. These

studies were not conclusive but generally indicated that sediment movement was

primarily influenced by wind direction and strength, storm activity, sediment grain size,

wave activity and off-shore topography (Coast Protection Board 1984). At Port Stanvac

it would appear that there is little near-shore sand movement, with only a small northward

drift and cyclic seasonal patterns of erosion from the beach in winter and deposition in

summer (see March 1996). At greater depth, sediment movement is believed to be

parallel to the shore and affected by wave transport and sea currents (Coast Protection

Board 1984). General trends along the eastern coast of GSV were mentioned previously

and will be discussed in Chapter 4.

Refinery Effluent D is char ge

Experimental work commenced during 1997 onthe effects of the discharged refinery

effluent on sublittoral animals þers. cornm. Bidwell). This project is likely to involve the

caging of animals (such as sea urchins) in the effluent stream, after which they will be

assessed for physiological changes associated with exposure and compared to caged

(unexposed) control animals. The results of this work are not known at this time.
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Appendix B: "Advertiser" Report, 30th
November 1996
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Appendix G: The Rocky lntertidal Region: A
General Review

C.1 Habitat Variability in the Rocky lntertidal Zone

The intertidal region is an extreme and dynamic habitat largely influenced by the action of

tides and waves (Carefoot and Simpson 1977, Menge and Farrell 1989, Underwood 1994,

Underwood and Chapman 1995). Tidal ebb and flow result in varied periods of

immersion and emersion and thus air exposure and desiccation for intertidal biota

(Womersley and Thomas 1976, Underwood and Chapman 1995, Chapman and

Underwood 1996). Tides and waves create temporal intertidal variability over a range of

scales (days, months and seasons) which, in turn, may be modified spatially on local

(micro and meso) and regional scales (Black 1979, Underwood and Chapman 1995).

Physical hard habitat types within the intertidal region are also variable. They include

natural substrata such as boulders (often interspersed with cobble, pebble or sand), reefs,

rocky extensions of land masses and tidal pools (Fairweather and Underwood 1991,

Metaxas and Scheibling 1993 &, 1994, Metaxas et al. 1994, van Tamelen 1996), and

artificial substrata; such as wharfs, breakwaters and boat ramps (Jan et al. 1994,

Underwood and Chapman 1995). Different geological rock types can also introduce

additional physical variability to intertidal habitats. For example, soft rock (such as

sandstone or shale) is readily eroded to form rock platforms that are typically broad and

steeply sloped at their seaward end and marked at their landward end by a cliff, while

basalt and granite rocks are subjected to less pronounced erosion, resulting in very steep

shores (Underwood and Chapman 1995).

Boulder shores are an important rocky intertidal habitat which occurs in GSV. These

form where ambient wave action is sufficiently strong to prevent formation of a sandy

beach but is not strong enough to displace the boulders (Underwood and Chapman 1995).
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Assemblages (particularly sessile assemblages) utilising them are less stable than those

occupying fixed substratum and are primarily structured by disturbance, which overrides

other factors such as competition and grazing (Sousa 1979a & b, Lieberman et al. 1984,

McGuiness 1987a & b). Three unique microhabitats can be identified within the larger

boulder habitat; the upper surfaces of boulders, the area beneath the boulders, and the

area between the boulders which may include entrapped sand (see Underwood and

Chapman 1995).

The rocky intertidal area is spatially extremely variable due to major differences in the

dominant substrata types on rocky shores and the percentage contribution of secondary

substrata. The degree of shelter afforded to a reef can also modifr physical conditions

faced by intertidal biota, while micro-scale topographic variations in substrata complexity

such as fissures and eroded holes, and the presence of rock pools can provide refuge to

biota and further modiff local conditions. Temporal variation in physical structuring

forces (wind, wave and tide) interacting at a range of scales with biotic processes and

spatial variability can stamp additional layers of complexity and variability on the rocky

intertidal zone.

C.2 Rocky Intertidal Flora and Fauna

The flora and fauna of the intertidal zone display intriguing '/ertical patterns cf
distribution. With the aim of enabling world-wide inter-shore comparisons Stephenson

and Stephenson (in 1949) divided the rocky shore into f,rve major biota-defined zones

(Russell 1991). This was later modified (see Lewis 196l &. 1964) and the scheme now

widely used, and which I have adopted, is that of Womersley and Thomas (1976), which

recognises four main zones;

1. Supralittoral zone ('splash'zone). This zone is situated above the average level of

high tide and receives salt water from splash or wind-driven spray. Littorinid snails,

various lichens and, in some cases, thin sheets of blue-green algae dominate this

region (Underwoo d 1972).
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2. Eulittoral zone ('littoral' or 'mid-littoral' zone). This is the largest zone, receiving

varying degrees of water coverage throughout the tidal cycle. In some regions three

distinct sub-zones can be identified: the upper eulittoral zone (often dominated by

small barnacles on rocþ coasts); the mid-eulittoral zone (generally dominated by

larger barnacles and.ior molluscs such as limpets, and often blue-green algae); and the

lower eulittoral zone (closest to low water mark and typified by an algal mat or turf

and, in South Australia, often the sea grape, Hormosira).

3. Sublittoral zone. This zone extends from the mean low tide mark and is always

covered with water except when exposed dwing extremely low tides or by interpeak

wave action at low tide. It is typified by the presence of large brown algae on its upper

boundary.

4. Sublittoral fringe zone. This can only be identified on coasts exposed to extremely

strong wave action and is emergent only as waves recede at low tide.

Although zonation is a simple way of looking at broad intertidal patterns a number of

quantitative studies have questioned the existence of true zonation (consisting of sets of

coexisting species with upper and lower boundaries of the same tidal height), instead

believing that it is the presence of overlappine patterns of large, dominant, or (in some

other way) conspicuous species which create the illusion of zonation (Underwood 1994).

However, species do tend to be restricted in their distribution by an upper and lower limit

which is defined by their physical ability to cope with the abiotic conditions rather than

the presence or absence of other species (Underwood 1972, 1973 &, I975a, Underwood

and Chapman 1995).

In general, five main floral elements occur on rocky shores; encrusting algae, foliose

algae, macroalgae, lichens and the plant component of biofilms. Encrusting (or crustose)

algae tends to be restricted in size and distribution at lower shore levels, and is typically

tightly adherent, calcareous and extensively distributed at upper shore levels (Underwood

i991). Foliose algae may provide a food source for herbivores and can modify local

conditions for smaller organisms by providing shelter from waves and protection from
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sun exposure (and desiccation) at low tide (Underwood 1980). It typically adopts one of

two functional forms; tough and wiry, or soft and flexible (Underwood and Chapman

1995). Lichen occurs in the supralittoral zone and can be a food source for littorinid

gastropods (Quinn et al. 1992). Canopy-forming macro-algal species can also occur on

rocky shores but are generally not extensive in southern Australia (Underwood 1994).

Biofilms are living films comprised of varying proportions of diatoms, bacteria,

protozoans, cyanobacteria, and macroalgal propagules (Anderson 1995). They provide a

food source for herbivores (Underwood 1975b) and their presence has been shown to

affect the settlement of marine larvae (Anderson 1995, Kennish er al. 1996).

Gastropods are frequently the most conspicuous and diverse group of animals seen on

rocky shores (Womersley and Edmonds 1958, Underwood I975a &. 1979, Underwood

and Chapman 1995). Typically, littorinids dominate at high levels due to their tolerance

of prolonged air exposure (Underwood 1972 &, 1979, Chapman 1994), while larger

herbivorous gastropods occur at lower levels where they may co-exist with crustose algal-

forms under sheltered conditions (Underwood 1991). The majority of intertidal

herbivores graze on biofilms and consequently can influence the settlement and

establishment of algae on bare rock (Underwood 1979 &.1984a, b & c). Predatory snails

(or whelks) are found at midshore levels (see Connell 1970, Black 1978 & Underwood

1979 for feeding and related details), as are limpets which may also be found higher on

the shore (Underwood 1979). Sessile animals such as bivalve mussels and barnacles

often form a conspicuous intertidal component and can be the chief occupiers of space on

rocky shores ('Womersley and Edmonds 1958, Underwood l9l9).

c.3 Natural Processes Affecting Patterns of Distribution

Zonation on rocky shores is influenced by an anay of physical factors. These include

tides, waves, curents, horizontal elevation and microtopography of rocks, shore slope,

dominant substrata type and size, the degree of protection afforded by seaward structures

such as rocky outcrops, and varying amounts of sun exposure and shade provision

(Stephenson and Stephenson 1949, Dakin 1950, 'Womersley and Edmonds 1958, Lewis
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1964, Stephenson and Stephenson 1972, Morton and Miller 1973, Underwood 1973,

Emson and Faller-Fritsch 1976, Carefoot and Simpson 1977, Underwood I978a e' b &'

1979, Underwood and Denley 1984, Underwood and Chapman 1989, Russell I99l,Ian et

al. 1994, Schoch and Dethier 1996). However, physical factors u." not the only

structuring forces influencing the patterns of occurrence and distribution extremes of a

particular species (Underwood 1985). The work of Connell (l96la & b and 1970) and

Paine (1966, 1971, 1974 S. l9S4) established the importance of biological factors (for

example, competition and predation) in the distribution patterns of rocþ intertidal biota.

Other studies have identified disturbance, recruitment limitation and the interaction of

these factors as important factors influencing the structure of intertidal assemblages

(Dayton 1971, Peterson 1979, Sousa 1979a & b, Paine 1984, Sousa 1984a, Gaines and

Roughgarden 1 985, Sutherland 1987).

Succession is an important process affecting the distribution of species in intertidal

communities which are frequently exposed to patchy disturbance at arunge of spatial and

temporal scales. This process can be defined as the non-seasonal, directional and

continuous pattern of colonisation and species replacement occurring as a direct or

indirect response to site disturbance (Connell and Slayter 1977, Fanell i991). Succession

can be influenced by season, predation, competition and mutualism, wave exposure,

nutrient and light availability, tidal height, recruitment and the individual growth rates of

organisms (Underwood 1981, Jara and Moreno 1984, Farrell 1991, Underwood and

Chapman 1995). Patchy disturbance creates a mosaic of habitats at different successional

stages, maintaining species diversity and providing colonisation opportunities for new

recruits (Sousa 1984b).

Most intertidal organisms reproduce by pelagic, planktonic dispersal of eggs, young,

spores or other immature lifestages (Underwood 1994, Richards et al. 1995). The

transport and dispersal of plankton is a passive process at large scales, and is primarily

influenced by ocean currents, tidal activity, wind and waves (Gaines and Roughgarden

1985, Underwood and Fairweather 1989, Underwood and Chapman 1995). However, at
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smaller spatial scales organisms aniving at a site may display active site selection in

response to a number of species-specific cues, such as shade, the presence of adult

conspecif,ics, and altered water flow (see Underwood 1994).

Time spent in the plankton varies widely between organisms. [n general, longer

planktonic time reflects greater dispersal opportunities and avoidance of local extinction

but introduces a higher risk of planktonic mortality (Underwood and Chapman 1995).

Planktonic dispersal is both spatially and temporally variable and unpredictable and the

number of new recruits aniving at a site is not influenced by conspecific adults or

juveniles already present, nor by competition, predation or physical disturbance on the .

shore (Underwood and Fairweather 1989, Underwood 1994, Underwood and Chapman

lees).

Recruitment is extremely variable and this reflects such factors as fertilisation success,

planktonic events, larval choice and post-sefflement mortality (Gaines and Roughgarden

1985, Underwood 1994). Planktonic dispersal, settlement and recruitment have major

effects on adult population dynamics (Butler 1987, Possingham and Roughgarden 1990,

Gaines and Bert¡ess 7992, Underwood 1994, Richards et al. 1995). Following

recruitment, post-settlement success is influenced by the availability of food, ambient

physical conditions and the densities of competing species (Underwood and Chapman

1995). Grazing is a significant structuring force within an intertidal community (see

Castenholz 196I,}lay et al. 1970, Nicotri 1977,Raffaelh 1979, Underwood 1980 &

1981, Underwood and Jernakoff 1981, Hawkins and Hartnoll 1983, Jernakoff 1985,

Petraitis 1987, Underwood 1991, Beovich and Quinn 1992) and it may alter the

settlement surface for larvae (see Slattery l992,Matthews and Cook 1995).

Competition for spacc also influences distribution pattems as sessile a¡rirnals and plants

require attachment sites and motile animals require grazing space (Underwood and

Chapman 1995). This often results in the domination of space by the superior competitor

(Menge l9T6,Lubchenco and Menge 1978, Peterson 1979). However, when the situation
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is modif,red by frequent disturbance or predators are present, less-effective competitors

are able to gain and hold space (Connell l96la & b, Paine 1966, 1974, 1984, Dayton

1971, Denley and Underwood 1979, Sousa 1984a & b). Thus, predation also influences

the observed distribution patterns of intertidal biota. A diverse array of predators occur

on rocþ shores including whelks, crabs, octopi, fish, birds and humans (Black 1978,

Parry 1982, Chilton and Bull 1984, Underwood and Chapman 1995). High densities of

organisms can be found coexisting with large numbers of their predators in situations

where high pulse recruitment of an alternative prey in previous years has lifted predation

pressure and allowed the original species to become established (Fairweather 1985). This

situation highlights the interactive nature of many processes (such as competition,

predation and herbivory) operating in communities and stresses the importance of

investigating a suite of structuring factors when attempting to f,rnd underlying

explanations for observed pattems of intertidal species abundance and distribution

(Petraitis 1987).

C.4 Anthropogenic Activities and the lntertidal Zone

Many human activities perturb coastal systems and influence the distribution pattems of

intertidal plants and animals (Ghazanshahi et al. 1983, Connell and Keough 1985, Sousa

1985, Liddle and Kay 1987, Castilla and Bustamante 1989, Underwood 1993, Grigg

l994,Kaly and Jones 1994). Activities such as selective foraging for bait and aquarium

specimens (Blake 1919, Fairweather 199lb, Kingsford et al. 1991, Wynberg and Branch

1994), commercial and recreational fishing, and food gathering all impact heavily on the

distribution and abundance of organisms in the intertidal zone (Durân et al. 1987,

Underwood and Kennelly 1990, Keough et al. 1993, Underwood 1993, Underwood

1995a & b).

Isolating human impacts from natural disturbances is diff,rcult. An experimental approach

involving manipulation of the human activity of interest, the use of controls, and adequate

replication is required to establish a causal relationship between an investigated activity

(such as recreational shore use) and the observed biological patterns (Stewart-Oaten et al.
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1986, Underwood and Peterson 1988, Keough and Quinn 1991). The lack of an

experimental focus has meant that although a number of studies have investigated

patterns of human activity along the coasts of NSW and Victoria (see Underwood and

Kennelly 1990, Kingsford er al. l99l), they were only able to identifu the species which

were favoured by collectors and the most frequent recreational activities carried out on

these shores, but not the relationship between these activities and any apparent trends (see

Underwood 1993 for areview).

Underwood and Kennelly (1990) essentially conducted a pilot study to determine the

optimal design appropriate to larger scale surveys investigating intertidal activities. They

reported that the predation impact by humans on rocky shores in coastal NSW was

affected by temporal factors including prevalent weather conditions. The study

highlighted the importance of variability in recreational activities due to the time of day,

the state of the tide, weather, and various spatial and temporal scales, and the need to

factor these variables into experimental or survey designs.

Human Predation (or Collection)

In South and Central America and South Africa human predation on intertidal biota

(particularly the collection of molluscs) can critically influence intertidal communities

(e.g. Moreno et al. 1984 & 1986, Castilla and Durán 1985, Hockey and Bosman 1986,

Olivia and Castilla 1986, Hockey et al. 1988, Durán and Castilla 1989). The link

between human predation and intertidal change is evident (Ghazanshahi et al. 1983,

Underwood 1993b) although many studies focusing on this topic suffer with inadequate

replication and/or a lack of control areas which makes establishment of a cause-and-effect

link between human predation and a perceived intertidal change difficult (but see Bosman

1986 &, Hockey et al. 1988).

Human exploitation of coastal species can directly result in loss of individuals and the

potential loss of breeding populations. Indirect effects arising from human predation in

the intertidal zone include a change in the ecological balance of predators, competitors
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and food supply, alteration or loss of habitat, or loss of optimal breeding conditions for

non-exploited species (Ghazanshahi et al. 1983, Underwood 1993). Predation (either

natural or anthopogenic) is important in controlling the abundance of dominant

competitors for primary space, an intertidal resource which is often limited (refer to Paine

l97l &,1974). For example, predation behaviours which tend to remove all animals from

arL area or target large animals are likely to have impacts on species diversity and general

space occupancy patterns (Underwood and Kennelly 1990, Keough et al. 1993). This

superimposes extra scales of patchiness on the natural patchiness which is a characteristic

of intertidal systems.

An indirect consequence of human predation upon and removal of herbivorous

gastropods is a lifting of grazing pressure, resulting in increased growth of the algae they

graze (lJnderwood 1980, Underwood and Jernakoff 1981, Hockey and Bosman 1986,

Durán et al. 1987, Godoy and Moreno 1989). This can result in changes in population

and ultimately community dynamics (Underwood and Jernakoff 1981, Underwood et al.

1983, Godoy and Moreno 1989).

Human Trampling

Human trampling has long been known to produce deleterious changes in terrestrial

systems (Liddle IgT5,Nickerson and Thibodeau 1983, Kuss 1986, Kay and Liddle 1989,

Liddle 1991). However, intertidal regions such as coral reefs (Woodland and Hooper

1977,Liddle and Kay 1987, Liddle 1991) and rocky shores (Beauchamp and Gowing

1982, Ghazanshahi et al. 1983, Cole et al. 1990, Kingsford er a/. 1991, Povey and

Keough 1991) are also prone to damage from recreational trampling. Trampling may

remove all or part of an individual through crushing and dislodgment, weaken the

attachments of organisms and increase their risk of dislodgment, or alter competition,

predation or habitat provision (Suchanek 1978, Brosnan and Crumrine 1994). The

differential survival of species under trampled conditions can be a function of their

position in the intertidal zone, the conditions they are exposed to, and their morphology

(Anderson et al. 1981, Kay and Liddle 1989, Liddle 1991, Brosnan and Crumrine 1994).
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Microtopography has also been reported as an important modifier of trampling effects

(Beauchamp and Gowing 1982, Brosnan and Crumrine 1994).

C.5 Overuiew of Processes

The observed biotic patterns on rocþ intertidal shores represent the interactions of a

number of processes. Chance elements such as recruitment, resource partitioning and

disturbance shape intertidal assemblages in combination with predation, grazing,

competition, and physical stresses, such as wave and tidal action and associated

challenges. Studies of intertidal communities have generated hypotheses that identify

natural disturbance (Connell 1978, Connell and Keough 1985), food web regulation,

competition for space (Paine 1984), recruitment limitation (Gaines and Roughgarden

1985, Sutherland 1987), or a combination of these factors, as being of prime importance

in structuring these communities. Although these factors may be of major importance to

the coexistence of organisms they may act differentially in time and space, and their

relative importance in shaping community structure and its complexity will similarly

fluctuate temporally and spatially.
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Appendix D: Oil

D.1 The Specific Physical and Ghemical Nature of O¡l

Oil is naturally formed from the decomposition of biogenic material (Overton et al.

lgg4). It consists of a complex mix of hydrocarbon molecules, each with different

molecular structures and therefore unique physical and chemical properties and toxicities,

which result in a similar variability in properties of the bulk oil (V/ard et al. 1980, Essaid

et at. 1993, Suchanek 1993, Overton et al. 1994). Such variability extends to crude oils

from different fields of origin, as well as oils from a single field harvested at different

times Q.{elson-Smith 1913, Baker 1983, Clark 1989, Gary and Handwerk 1994, Overton

et al. 1994).

Crude oils are used for the production of fuels and lubricants and for feedstocks in the

petrochemical industry (Overton et al. 1994). Refining the crude product involves

distillation to remove and separate the constituent products sequentially according to their

different boiling point ranges (or volatilities), and catalytic cracking processes which use

thermal energy to convert a large hydrocarbon into smaller molecules (Clark 1989, Chang

1991, Gary and Handwerk 1994, Overton et al. 1994). The refined products show the

same physical, chemical and toxicological variability as crude oil, and include light

gasoline (used as the basis of petrol), bunker fuels, naphtha and tars (Baker 1983, Clark

1989, Gary and Handwerk 1994).

The Chemical Structure of Oil

Hydrocarbons can be described as a mix of many organic compounds of natural origin

and low water solubility and are the most important constituents of oils, accounting for up

to 98Yo of some crude oils and as much as 100% of many oil products (Nelson-Smith

1973a, Overton et al. 1994). Other constituents present in crude oils are hydrocarbon

derivatives which contain elements such as oxygen, sulphur, nitrogen or vanadian. The
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additional elements can influence the properties exhibited by the oil (Clark 1989,

Suchanek 1993, Gary and Handwerk 1994, Overton et al. 1994).

Hydrocarbons contain hydrogen and carbon atoms ananged in straight, branching or

cyclic chains (lrtrelson-Smith 1973a, Clark 1989). They fall into four main classes;

paraffins, naphthenes, olefins and aromatics (Nelson-Smith 1973a, Chang I99I, Gary and

Handwerk 1994, Overton et al. 1994).

1. Paraffins (alkanes) are arranged in straight or branching chains and are stable

compounds with single, covalent, saturated bonds and the general formula CnHzn*z

where 'n' is a whole integer.

2. Naphthenes (cycloparaff,rns or cycloalkanes) are also saturated and differ from

paraffins in that two hydrogen atoms are eliminated which results in a ring structure.

In addition, some hydrogen atoms may be replaced by alþl groups. The general

formula of this compound is CnHzn where 'n' is a whole integer > 3.

3. Olefins (or alkenes) are unsaturated non-cyclic (branching or chain) structures with at

least one carbon-carbon double bond and no more than two hydrogen atoms per carbon

molecule. They occur in some petroleum products but never in crude oil and have the

same general formula as the naphthenes except that 'n' is a whole integer > 2.

4. Aromatics are unsaturated cyclic compouncls eonta-ining one or more benzene rings,

Within these compounds, some of the hydrogen atoms can be replaced by halogens

(e.g. chlorine, fluorine and iodine) and alþl groups which will confer different

properties to the hydrocarbon. V/hen benzene rings are fused together, the resultant

compounds are termed polycyclic aromatic hydrocarbons.

In addition to the four main groups, two other groups can be def,rned. The first of these

consists of asphaltenes and resins; colloidal aggregates found in crude oil which have the

highest individual molecular weight of all crude oil components, are generally solids at

'normal' temperatures and are structured as large cyclic and planar molecules (Overton ef

al. 1994). The second additional group of oil components are called porphyrins. These
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are complex cyclic carbon structures derived from chlorophyll which can contain a central

metal atom (Overtorl et ql. 1994).

Physical Properties of Oils

The physical characteristics of oil, such as density, specific gravity (sg), viscosity, pour

point and flash point (see Table D.1) will have a major impact on the transport and

ultimate fate of oil spilt at sea. For example, the density of an oil is a major factor

influencing whether it will float. Since crude oils and refined products (Table D.2), are

typicatly less dense than seawater (which has a density ranging from 1.0 to 1.03 x 10 kg

111-3¡, oil tends to float on the water surface unless other factors, such as wave agitation,

oppose this (Farmer and Li 1994).

Oil viscosity is a way of quantifiing its resistance to tlow (Gary and Handwerk 1994).

The more viscous the oil, the more force is required for it to move a specihed distance

and the greater its tendency to aggregate. In general, viscosity will decrease with

increasing API sg (see Table D.l) (Overton et al. 1994). Pour points for crude oils

generally lie between 70 to 430C (Overton et at. 1994). This parameter is important as an

oil with a pour point above the ambient environmental temperature will tend to aggregate

rather than spread as a liquid (Gary and Handwerk 1994, Overton et al. 1994). Another

important physical property of an oil is its flash point which is determined by the

composition of its more volatile components (Overton et al. 1994). If the compound has

volatile components of low molecular weight the flash points will be low, and vice versa

(Overton et al. 1994).
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Table D.l Important physical properties of oil. Degrees API sg is a scale for specific gravity established

by the American Petroleum Institute (API), where sg: 141.5/(131.5 + degrees API) (Afterovertonet a!. 1994).

Characteristic Definition Units
Density

Specific Gravity (sg)

weight per unit volume of a substance g crn' (liquids or solids)
g L t (gases)

degrees API

polse

Viscosþ

Absolute Viscosity

Kinematic Viscosity
Pour Point

Flash Point

relates the densþ ofa substance to the
densþ ofa standard substance such as

water (sg = 1.000)
Resistance to flow or intemal fiiction.
Force required to move a lcm2 planar
surface area over another planar surface
atarate of I cm s'l when the two
surfaces are separated by a layer offluid
lcm thick.
Ratio of absolute viscosity to density

Lowest temperature at which a liquid
can be poured. Recorded as 50F above
the solid phase temperature (when no
fluid movement occurs)
Temperature at which a liquid or volatile
solid gives offenough vapours to form
an ignitable mixture with air near its
surface or in a test vessel

stokes (St) or centistokes (cSt)
oc

oc

a
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Table D.2 Properties of some crude and refured oil products (t From Bobra 1989, cited in Overton et al.

1994,2 information from Mobil, Adelaide Refinery) (After Overton et al. 1994).

a) Crude Oil Properties

Crude Oil

Parameter California Prudhoe Bav A¡abian Lisht Crude

Physical Properties
API gravitY

Density (2ooc)
Pour Point (oC)

Flash Point (oC)

Composition (wt %o)

Saturates

Aromatics
Polars

Asphaltenes
Sulfru (%)

b) Refined Oil Properties

10.30
0.998

0.0
28.00

13.7
29.8
31.4
24.8
J.J

27
0.893

27
30

6r.2
35.6
2.9
t.2

0.82

J J.J

-51

-18

Refined Oil Types

Parameter Gasoline' Kerosene # 2 Fuel Oil ' # 6 Fuel Oil'

Physical Properties
API gravity

Density (200C)

Pour Point (oC)

Flash Point (oC)

Composition (wt %o)

Saturates

Aromatics
Polars

Asphaltenes
Sulñu (%)

39,6
46.2

85

l5

60
0.734
< -40
-40

N/A
0.07

37
0.83
-18.0
3 8.0

N/A
0.5

31.6
0.84
-20

10

0.966
6

80

24.4
54.6

14.9
6.2
2,0

55

61.8
38.2
0.0
0.0

0.32
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The physical characteristics displayed by oils provide information on their collective

molecular composition and vice versa (Table D.2). A 'light' crude oil, for example, will

have a high API sg, low viscosity and low pour point compared to other oils (Overton er

al. 1994). Such physical characteristics generally indicate the oil contains a higher

percentage of saturates in combination with lower percentages of asphaltene and polar

components (Overton et al. 1994). In contrast, oils with a high asphaltene content are

very viscous, have a high pour point and are non-volatile in nature (Gary and Handwerk

ree4).

The physical characteristics of the individual components within a particular oil can be

used to determine water solubility and vapour pressure, both of which have important

implications on the persistence of oil in the environment (Overton et al. 1994). Water

solubility is affected by the functional groups present in an oil e.g. phenol has an -OH

functional group and a solubility of 8.2 x 104 ng ¡rl-l while benzoic acid has a functional

group of -COOH and a lower solubility of 2.9 x 103 ng pl-r (Overton et al. I9g4). The

pressure exerted by a vapour in equilibrium with the liquid from which it was derived, at

a particular temperature (usually 200C), is termed the vapour pressure (Overton et al.

1994). Oils with a higher vapour pressure are the most volatile hydrocarbons, and if a

light petroleum product is subjected to increased temperature and pressure, its volatility

increases and it can form an explosive mix in the air (Overton et al. 1994).
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D.2 The Oil Types Handled at Mobil, Port Stanvac

The two major types of oil handled at Mobil's Port Stanvac Oil Refinery are gasoline

(petroleum) and Arabian light crude oil. Some of the properties exhibited by these two

oils are presented in Table D.3.

Table D.3 A comparison of properties of gasoline and Arabian light crude oil, the most conìmon crude oil

received ànd processed at the Port Stanvac Oil Refinery. Values provided by tOverton et al.

(lgg4) and 2Eilman (pers. comm.).

Oil Product
Arabian

API gravity
Pour Point (oC) <-40

J J.J
-51

-18

60

-40Flash Point

D.3 Oil as a Coastal Disturbance

Oil can enter the ocean from a range of sources (see Burns and Smith 1980, Gunkel and

Gassmann 1980, Clarke 1989, Volkman et al. 1992, Ehhardt and Burns 1993, Ritchie

I9g3), including coastal oil refineries, and result in a variety of effects on coastal areas

and their resident biota (1.{elson-Smith 1973a & b, Ward et al. 1980, Hayes et al. 1993,

Krupp and Jones 1993, Kureishy 1993, Literatþ 1993, Sauet et al. 1993, Suchanek

1993). Oil is a mixture of complex compounds with varying properties and toxicities

(Suchanek 1993), and its composition, in particular the ratio of carbon to hydrogen atoms,

will influence its physical properties and determine how it will behave when spilt at sea

(Gary and Handwerk1994, Overton et al. 1994).
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D.3.1 The Fate of Oil Spilt at Sea

Initially, oil tends to float and form a thin surface film or slick, but physical

environmental factors such as water turbulence can lead to the formation of smaller

globules or droplets (Farmer and Li 1994). Close to the water surface wind driven

counter-rotating concentric vortices (termed Langmuir circulation) can form producing

downwelling zones which disperse oil droplets beneath the surface (Farmer and Li 1994).

The spread of oil on a still sea is affected by gravity, inertia, surface tension and viscosity.

Initially gravity is the primary force promoting spreading of an oil slick and this is

opposed by inertia (Hoult 1972). However, once a critical thickness of approximately

8 mm is reached, surface tension becomes the major force affecting spread (Fay 1969,

cited by Hoult 1972). As the oil spreads it carries with it a thin layer of water, and when

the thickness of the two fluid layers are equal, viscosity becomes the dominant retarding

force and spreading slows (Hoult 1972). In a large volume oil spill it is expected that

viscosity would be the dominant force in as little as one hour. However, under 'real'

conditions, wind, wave, tide and currents (both tidal and non-tidal) will be the major

factors affecting the spread of oil and its transport as well as influencing the rate and way

in which it weathers.

Weathering

íï/eathering refers to the physical and chemical changes which oil undergoes as it

interacts with the environment. V/eathering processes are primarily influenced by

mechanical energy; such as wind, waves and currents, and thermal energy; such as oil,

water and air temperature (lrtrounou 1980, Baker 1983, Overton et al. 1994) (see Fig. D.1).

As the oil spreads, rapid evaporation of the light, low molecular weight components,

mixing of the more water soluble components with the water column, and emulsification

of the insoluble components to form droplets, occurs Q.trelson-Smith 1973a, Clark 1989,

Suchanek 1993, Overton et al. 1994, Douglas et al. 1996). These processes continue over

time scales ranging from hours to days and result in the formation of a surface layer
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containing lighter oil components and displaying different characteristics to the

underlying layer in which the oil has become dispersed within the water column (Nounou

1980). It has been estimated that during this phase around 70Yo of heavy oils or oil

products and up to 75o/o of light fuel oil will be lost via evaporation (l{ounou 1980). In

addition, aerosol formation can occur at the surface of an oil slick (Fig. D.1) and remove

more of the volatile components. As volatile components are lost and the slick spreads,

the oil becomes more viscous and its pour point increases, retarding fuither spreading

(Hoult 1972) and weathering (Overton et al. 1994).

In the open ocean an oil slick generally breaks up after a few days and oil can reach the

beach at varying stages of weathering (Gunkel and Gassmann 1980). Physical processes

such as high energy storms can act to increase the dispersion of oil and its surface area,

t[erefore decreasing thc pcrsistcncc of thc oil in the environment (Farmer and Li 1994,

Overton et al. 1994). Oil spread is a self retarding process, which can be further

complicated by the development of oil-water emulsions'

Emulsifìcation and Mouss e Formation

Oil emulsification occurs when the mechanical agitation of oil and water, which are each

insoluble in the other, produces a dispersed phase which becomes suspended as droplets

in the continuous phase Q.{elson-Smith 1973a, Suchanek 1993, Overton et al. 1994).

Two types of emulsions can form, an 'oil-in-water' emulsion and a 'water-in-oil'

emulsion, either of which can be induced by natural or added swfactants in the oil and

stabilised or destabilised by suspended particles in the sea Q'{ounou 1980). Aerated

'water-in-oil' emulsions form naturally with crude oils under agitated conditions and are

very stable. A 'water-in-oil' emulsion with a 30-50% water content will flow freely and

can appear to be pure oil, while a water content of 50-80% gives the emulsion the

consistency of pale chocolate coloured grease, termed a 'mousse' Q'{elson-Smith 1973a,

Baker 1933). In this form it can be stable for some months, depending on the

composition of the original oil, has an increased volume and viscosity which increases its

smothering capacity, but provides a reduced surface area for degradative activity (Overton
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et al. 1994). It can also form thick pancakes on the water and adherent sticþ masses on

shore which tend to be resistant to physical and chemical breakdown but are less able to

penetrate substrata (Baker 1983).

Tar Balls

Hydrocarbons which have not been degraded and which remain pelagic for an extended

time can form stabilised agglomerates of heavy oil residues (ranging from I mm-20 cm)

known as tar balls Q.trounou 1980, Baker 1983). These can accumulate in living

organisms or on mobile substrata and are slow to weather and degrade (Gunkel and

Gassmann 1980).

Deøradation

Degradation occurs as a consequence of chemical oxidation, primarily due to exposure to

ultra-violet light, and biological processes (Baker 1983, Sauer et al. 1993, Essaid et al.

1995). The rate at which these processes occur is determined by the oil composition and

its physical properties, exposure to physical processes, the presence and quantity ofpre-

existing hydrogen degrading microorganisms and exposure to abiotic environmental

factors, such as temperatur€, pH, nutrient and oxygen availability, and mineral salt

composition (lr{ounou 1980, Ward et al. 1980, Overton et al. 1994, Essaid et al. 1995).

Both chemical and biological degradation act over periods ranging from a few weeks to

several years, but can begin within days of an oil spill (Sauer et al. 1993).
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Adher enc e and S e diment ati on

Hydrocarbons can become attached to particles such as clay, organic matter, the remains

of plankton and living microbes. If this occurs they eventually settle to the bottom of the

ocean or accumulate in shore sediment, where degradation rates are then determined by

the interaction of local physical and chemical conditions with the type of hydrocarbons

involved (Baker 1983 & 1991).

I

I

I

I

I
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ZONE

EATHER

7

7

6
5

I

4
3

2

2

9
4

I
6

PHYSICAL CHARACTER OF SITE

RAI NY o,L, M ,H

DATA SHEET 1

NUMBER
ZONE

CLOUD

AIR
WATER

SITE
TEMP

CHAIN ROCK TYPE % ROCK TYPE

CLEAR

SHADE

FINE

DATE
COND

TIME

WINWIND DIRECTN

ELEVATN RETAINED WATER

htLWM

time L W
wAVJlo 4 NOTES

orL

-o
E
lD

Ê-
x

!
Þ

UA
(D

-

Þ
õ
õo
f
o-
x
f:
'o
J

9.
o
q)

T
q¡
-AI

3
o
.-ño
-

a
an
o
Ø
Ø
J
J
o
T
Jr+

Ø
J
oo+

BR=bedrock(orembeddedreefrock),8=Boulder,C=Cobble'
P=Pebble, G=Gravel, S=Sand
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õo
¿
CL

x
ã

ttr
o
F}
Ð
o
o
J
aê
Ø
CN
J
oor+

-o
Ð

qa
(D

õ

small
NO.
TIME
ZONE

med large

Sarqassum spp
Cvstoohora spp

bank.
Enteromoro. int.
Ulva sop

Chamaes¡oho tas
Chthamalus ant
Catomerus polym.
Xenostrobus pulex
Littorina praeterm.
Littorina unifasc.
Bembicium nanum
Nerita atrament.

rbo undulatus
o.

c.
diem.

Notoacmea spp
Patelloida latistrig.
Patelloida alticos
Cellana tramoser
Sculus antipodes
Galeolaria caesP.

small
NO.
TIME
ZONE

med

DATE

large

Saroassum spp
Cvstophora sPP

Homosera bank.
Enteromorp. int.
Ulva spp
Elminius spp
Chamaesipho tas.
Chthamalus ant
Catomerus polym
Xenostrobus Pulex
Littorina praeterm.
Littorina un¡fasc.
Bemb¡cium nanum
Nerita atrament.
Turbo undulatus
Austrocochlea o.
Austrocochlea c.
Siohonaria diem.
Notoacmea spp
Patelloida latistrig
Patelloida alticos.
Cellana tramoser
Scutus antipodes
Galeolaria caesP.

QUAD SIZE

SITE

NO.
small

TIME
ZONE

med

DATE

large

A SHEET 2. I NTERTIDAL ANIMALS PR

SIZE

eolaria
an

tramoser
alticos

diem.
c.
o.

undulalus
atrament.

nanum
ittorina unifasc.

ostrobus

las.
spp

bank.

ESENT AT SITE
SITEITE

Cystopho_ra

Sargassum

QUAD SIZE

ant

nt
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Appendix L: Photographic Handbook of
Common GSV lntertidal SPecies



Appendix L Ph Handbook of GSV animals

Appendix A selection of animal species found in GSV.

Chthamalus antennatus
Chamaesipho tasmanica

1cm

Catomerus polymerus

lcm

1cm

Bembicium nanum (1), Lepsiella vinosa (2),

Austrocochlea constricta (3) & Austrocochlea concamerata (4)'

L.l

lcm



Appendix L Photographic Handbook of GSV animals pageL.2

Appendix A selection of animal species found in GSV

Brachidontes rostratus (l), Mytilus edulis planulatus (2),

Xenostrobus pulex (3) &, Brachidontes erosus (4).

lcm

lcm
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Appendix A selection of animal species found in GSV

Nerita atramentosa

Turbo undulatus

Cellana tramoserica (l), Siphonaria diemenensis (2),

Austrocochlea constricta (3), Cominella lineolata (4),

Littorina unifusciata (5) & Bembicium nanum (6)'

1cm

lcm

1cm
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Appendix M: "Advertiser" Report, December 1995
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Appendix N: "GMAVS lnstructions"
l¡rstrr¡ctions for the t¡se of GlvfAVS

INSTRUCTIONS FOR RUNNING GM^AV5

November 3,t995

GNIAVS is a 5 Factor Analysis of Va¡iance program for any complex model of orthogonal or nested,
<ed or random factors. Heterogeneity of vaäances are tested using Coctrran's test a¡id meani compared using
udent-Newman-Keuls tesB.

Theré are a few restrictions on the models allowed-

1. baa must be balanced.

1

2. AIt hierardtical Êactors must b€ nested widrin those above them in the hierarchv.

:rst Steps

ln order to run this application, it is necessary to have the following progTams and files in the same
irectory. They can be on a floppy disk drive or on a ha¡d disk drive; but muit be accessed tfuough the same
rth.

GMAVs.EXE
Gl\¿SNK.EXE
BRLIN6lEREXE
COCH1TAB.SNK
COCF{sTAB.SNK
DATAFOR.SNK
Q1TABl.SNK
Q1TAB2.SNK
QSTABi.SNK
Q5TAB2.SNK

It is not necessary to run this program rvith a printer because the results of the analysis can be outpu! to
printer or the screen.

If you are printing the results to a printer, it must be plugged. into LPTI and it srust 6e h¡rned on. If the
rinter is not þlugged into LPT1 or not tumed on, you will get a "ããr'ice fault" or other erroneous message anci
ìe program rvill break- You rvill then need to start again.

You MUST answer Prompb from tfre keyboard using CAPIIAL LE-|TERS, or you ma\¡ ger a
onsensic¡l message and the Program witl break- To make thii easier, srvitch Caps Lockãn beforJ;,ou start.

You start the program by switching to if,.9 d.irectorycontaining rhe above files and ryping G\4AV5. you
a-n do this straight out of DOS or via another application such as WINóOWS. Do not chanç'th"".,o*", ol any
f dre above files or programs.

)ata Entry

The prograar rvill read dah filenames or header filenames up to 6 letters, but it does need. extensions on
rese. The defautt extensùns are "fi-lename.hed" for header files, "ñlename.d.ta" for data ñles of rarv clata and
Íilename.mva" for data files of means and variances or totals and variances lor each cell. [f you are using the-se
efault extensions, the program rvill add dr omaticalty- ThqrcÉ,ore, it ís ont1, necesíary for
'ou to fype the filename rvithout an extensi are ,r_.ed. yoir ãañ add your o,l," 

"*t"nrion,vhen you enter the filenames- These rvill o nsions.

The data and header informarion can be entered via the keyboard or via the disk drive. [f entered via
he disk drive, thel' ¿6 not have to have the'same path as each other nor the same path as the programs and files
isted above.



NorE' The path must be included in the fi.lename Éor the header and daba files, e.g. "a:filename,. if thdata come from the 'a" drive or "c:\data\file¡ame" if the data crcme'from a d.irectory called;data,. or, the ,.c,,

drive.

Header File :

The header fi'le supplies information abgut the design of the analysis. Thgse data can be entered via tlkeyboard in answer to PromPts,gr from a disk. 'Ihe progr:am a-Ilows a heáder to b'e saved once entered Írom thkeyboard, so that it can be used for futu¡e anatyses.
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If the header ñle is entered from the disk, it must be enterêd. as a sequential AscII file with the followinformation:

Dahrm 1

Level 1

Lerrel 2
Level 3

Last Level

Z Factors Factor I

Replicates 1........n, then
Rep licates 1........n, then
Rep licates 1.:..-...R,

Rep licates 1........n.

1 or 2 or 3 (1 = data being entered as raw daâ.,2 = data being entered. as mearìs and variances
= data being entered as totals and variances).

Number of factors, 1 - 5.Dahrm 2

Data 3 - For eadr Factor in turn:
i) name of the Factor
ii) dre number of levels of this factor
iii) "O" if the Éactor is orthogonal; otherwise the nurnber of the factor it is nested in, e.g. 

,.1,,

this hctor is nested in factor 1 or "13" if this Êactor is nested in the Factor 1 X Factor 3
interaction
iv) this is left blank or has the number of the factor which is nested. in it, e-g. 

,,3,, if Factor 3 i:
nested within this factor
v) "F" if this is a fi.xed facror; "R'' if it is a rand,om Êactor.

The number of repticates. This analysis only deals with bal.anced. se¡-c of data.
Final danrm

Data file

Data can be entered in tfuee different forms. Daûa can be entered Érom a disk as a sequentiat ascii fite.
They can also be entered from the keyboard in a¡srver to
the teyboard, one ca¡t srep back throigh ûresequence by äff"î;:äîi:i-tiî
series of data to correct the error. All data after-that poin gain.

/;\ Þ 
^ 

f^I lì 
^'r 

A ^-^ ^-L^-^ ) - -(ti i\¿ì'vv ir¿\i ¿\ aÍe enierûi' as a continuous set of numbers rvith no labets and no spaces. They mustentered in the foilowing orders:

1 Factor

Level 1

Level 1

Level 1

Level 2
Level 2
Level 2

Factor 2 Level 1

Level 2
. Level3

Level 1

Level 2
Level 3

Rep licates 1..-.,.-.n, then
Rep ticates 1.-....-.n, then
Replicates 1...-....n, rhen
Rep licates 1........n, then
Replicates 1......-.n, then
Replicates 1........n

Replicates 1-...-...n, then
Replicates l.-.-....n, then
Replicates 1......--n, then
Replicates l-.......n, dren
Replicates 1.-......n, theá

Factor 1 Level 1

Ler.el 1' 
Level 1

Level 1

Level 2

Factoc 2 Level 1

Leve[ 1

Level 2
Level 2
Level 1

Factor 3 Level 1

Level 2
Level 1

Level 2
Level 1

] Factors
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Level 2
t evel l

: :.:. .¡ '' .Lgvelz

I so on for 4 Facbr and 5 Factor arralyrses.
(ü) The data can also be entered as ä sequerttiat file of MEANS (or TOTAIS) and VARTANCES for eactr

t- When the data a¡e ente¡ed from the disk, all of the means (or totals) are entered, followed by dre variances.
us:

Level'2
t-evel2
Level 2

Level 1
Level 2
Level 2,

Replicates 1........n, then
Replicates 1..-.....n, then
Replicates 1....-.-.n

mean, then
mean, rhen
meart, therr
mean, theri
variartce, then
variance, then
varia¡rce, then
var]ance.

, 
actor

actor

Level 1

Level 2

ürt t"'r"t
Level 1

Level 2

Last level

Factor 1

mean, tlren
mean, then

mean, thert
variance, therr
variance, thert

vanzlnce

Level 1

Level 1

Level 2
Level 2
l.evel1
Levei 1

Level 2
Level 2

Factor 2 Iævel1
I-evel2
I-evel1
I-evel2
Level 1

I-evel2
[-evel1
Level 2

If means (or totals) and variances are entered from the keyboard, dre prompt asks lor the mean (or total)
then the variance Éor each cell in hrm.

NOTE- Data that are entered as means (or totals) obviously cannot be rra¡rsformed.. you rgould neeci to
ack to the raw dara.

imal Points

The default value is 4 decimal points. This can be altered in response to a screen prompt if desirecl

Lsforsration

The data can be hransforrned after Coclr-ran's test and before an analysis oc atter anall,sis and before the
are re-analysed, as required- Eight different transformations are availabie as indicatecl in the program.

ng data -

Before oc afrer the analysis, one has the foltowing options:

:n 1 sa'e daba to the disk if drey were entered via the keyboard.

:n 2 Print data on the screen or a printer

:n 3 Print means and variances on dre screen or printer.

tn 4 Save the means (or totals) and variances to the disk.

>n 5 Save the header file to a disk.
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Aralysis

Afær Ére analysis, one h¿s the option of printing the anaiysis on the screen and then to the printer or a
disk The analysis gives the Sums of Squares, Degrees of Freedom, Mean Squares, F-ratios and exact Probablities
for each term in *re model and prints out the model. If tlte F-ratio cannot þ calçs[¿6d for any term, then it
prints 'NO TEST". :

One ca¡t then transform the data and re-analyse them, do S.N.K. tests on thê existing data, run the
program again on a different set of data or finish-

One is also given the choice of printing out the algebraic rrariance comPonents Érom the linear model, as

estimated by each Mean Square value in the analysis so that it is easy to determine which terms can be pooted to
obtain appropriate or more powerful tests for higher order terrns.

S.N.K- tests

If you do S.N.K. tes6, then the program will automatically load and run GÌvÍSNK.EXE. This program
can¡rot run alone because the correct models and values are handed across trom GMAVS.EXE. All S.N.K. tests
must, therefore, be done at the time of analysis, or the data will need to be anal.ysed again.

The different sources of variation or terms in the model are listed and you can choose which one to do.
After you have finished, choos€ 0 to quit S.N.K. tests and retum to CMAV5 tor run another analysis or to ciuit
altogether.

The resulb of the S.N.K. tests are printed on the printer or tfie screen. This is determined bv 1,6¡1¡
selection when running CMAVS. NOTE - you cannot change from selecting no printer to selecting a prinier
berween doing the analvsis and doing dre S.N.K. tests. The format of these tests is as follorvs:

FACTOR 2 S.E. =2j1T5

MEANS
S.E.

RANKS
MEANS

FACTOR
LEVEL

MEANS
S.E.

RANKS
MEANS

12.1000

3.4496

3(1)

6.e000
r.879t

I
2

2

I
(i.e- Rank Order)
(i.e. Number of the trvo levels being comparecl)

7.2t2t
2.L21.1,

This shows that the means of all levels of Factor 2 rvere compared. The standard error used to calculat
Q was 2.71L5. There çvere ftr'o levels of Factor 2; Level t had a mean of 12.1 (S.E. 3.4); Level 2 had a mea¡r oÉ 6.f
(S.E. 1.9)- The largest mean was in Level 1, the smaliest mean rvas in l-evel 2, a.ncl the diÉference was significant i

P < 0.01 (hence, *').

i
S.E. =2.6169

18.3300
1.8791

53300
3.44,46

3-r
2-l

2-l
3-1

J-!

2-3

ln this example, 3(1) indicates that the means of the different levels of Factor 3 rvithin each level of
Factor 1 are going to be compared (because Factor 3 rvas nested in Factor 1). The "1" undemeath indicates tlìat
the means of Factor 3 in the first level of Factor I are being compared. The standard error used to calculate Q rv
2.6L69. Therewerethreelevelsof Factor3; inthefirstlevel of Factorl,Levet lolFactor3hadameano[5.3an,
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aS.E.of 3.4; Level2hadameanof 18.3andaS.E.of 1.9; Level3hadameanof 72andaS.E-of 2.1. The

difference between the largest and smallest means (I-evels 1 and 2) was.significant at P < 0.05 Qrence, 
*). The

diffierence betweert mearts f and 3 was not significant; the difference betweert means 2 and 3 was significant at P

< 0.01(hence, **)..

The above procedure would be repeated for Factor 3 within eadr level of Factor 1.

Whert analysing interactionsr /ou :uê asked if you wartt to proceed rytdt "Il 
comparisons of every level

of each factor in every level of the other factor(s) Érat with which it interacts. So, you cr1 choose to examine only
levels of Factor B in each levet of Factor A, levels of Factor A in each level of Factor B or both. Answer the

questiors when you a¡e asked'
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Appendix O: "BMDP" V 5; Analysis of the 'Effluent'
Data Set for Serial Correlation
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BMDPSV - T]NBALANCED REPEATEÐ MEASURES MODELS
VüITH STRUCTURED COVARIANCE MATRTCES

Copyright L971 , L979 , l-981, 7982, l_983, 1985, L9gj ,
by BMDP SÈatistical- Software, Inc.

1988, 1990

BMDP Statistical Software,
1440 Sepulveda Blvd
Los Angeles, CA 90025 USA

Phone (2L3) 479-7799
Fax (273') 3L2-0L6L
Telex 4972934 B¡dDP UI

BMDP Statistical Software
Cork Tectrnologry Park, Mode1 Farm Rd
Cork, Ireland

Phone +353 21- 542722
Fax +353 27 542822
Telex 75659 SShIL Er

Inc

1990 (SUN/UNIX) OaTE:Tue Dec 3 l_0:46:46 1996
BMDP Manual Vo1. l- and Vo1. 2 (1990) .

BMDP User's Digest. (1990).
state NElvs. in the PRINT paragraph for summary of new features

PROGRAM TNSTRUCTIONS ¿ Ç[luent l''' l. eÇÇ\.¡<nV \mpq ci

Version:
Manual:
Digest:

Updates:

/problem
/ rrì!/uL

/variables
/categories

/design

,/mode1

/print
/end

title='leanne pil1er test daEa,.
ii-1e= 'd¿La1 " .

format=' (9i8 / (24x, 6í8) )' -

variables=45.
ttat¡ss=group, period, time .

codes (group) =L,2.
names (group) =8, A.
codes (period) =L,2.
rrames (Period) =P1-,P2 .

codes (time)=l- to 3.
names ( time ) =T1 , T2 , T3 .

repeated=rep, loc.
level=7, 6.
dpname=y.
dpvar=4 Eo 45.
grouping=group, period, t ime .

y- ' group*periocl+group* t ime+group* 1oc+period* time+period*1oc
+time*loc'.
linesize=80.
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PROBLEM TITLE ]S
leanne piller test data

NT]MBER OF VARIABLES TO READ
NUMBER OF VARIABLES ADDED BY TRÄNSFORMATIONS.
TOTAL NUMBER OF VARIABLES
CASE FREQUENCY VARIABLE
CÀSE b'EIGHT VÀRIABLE.
CASE LABELING VARIABLES
NI'MBER OF CASES TO READ
MTSSING VALUES CHECKED BEFORE OR AFTER TRÄNS.
BLANKS IN THE DATA ARE TREATED AS
TNPUT FILE. .datal
REV\TTND INPUT UNIT PRIOR TO READING. DATA.
NI'MBER OF INTEGER I¡IORDS OF MEMORY FOR STORAGE

NUMBER OF CASES DESCRIBED BY INPUT FORMAT

45
0

45

TO END
NEITHER
MTSSING

YES
t21 999 I

1

VARIABLES TO BE USED
1- group 2 period 3 time x(4)

x(9)
x(14)
x(19)
x(24)
x(2e)

34 x(34)
39 x(39)
44 x(44)

4
9

L4
l-9
24
29

8

13
t_8

23
28
3l
38
43

s x(s)
10 x(]-0)
r-s x (1s )

20 x(20)

45 x(4s)

6 x(6)
1_l_ x(1_1)

x(16)
x(2L\
y(26)
x (31)
x(36)
x(41)

1

t2
(7)
(L2)
(17 )

(22\
(21)
(32)
(3r ¡

(42)

x(8)
x(1-3)
x(18)
x(23)
x(28)
x(33)
x(38)
¡(43)

X
x
x
x
X
X
x

t7
zz
)1
32
37
42

l-b
2L
26
31_

36
4t

2s x(25)
30 x(30)
35 x(35)
40 x(40)

DATA FORMAT:
(9i8/ (24x,6i8))

THE LONGEST RECORD MAY HAVE UP TO 72 CTARACTERS.

TNPUT VARIABLES
VARIABLE RECORD COLUMN INPUT

NO. NAME NO. BEG END FORMAT
VARIABLE RECORD COLUMN INPUT

NO. NAME NO. BEG END FORMAT

--;
z
3

4
5

6

7

8

9

F8
-t, a1

F8
F8
F8
F8
_rö

F8
F8
F8
F8
F8
F8

group
od

ame

1
l-
l-

L

1
1

L
1
L
2
I

)
)
)
2

3

3

3

1
9

L7
25
33
41-
,40

57
65
25
33
4L
49
57
65
25
33
41

ö

l-6
24
32
40
48
56
64
'Ì2
32
40
48
56
64
72
32
40
48

(20)
(2L)
(22)
(23)
(24)
(25)
(26)
(21)
(28)
(29 )

(30)
(31)
(32)
(33)
(34)
(3s¡
(36)

49
57
65
25
33
4t
49
57
65
25
33
4L
49
57
65
25
33
4L

56
64
1a

32
40
48
IC

64
1'

32
40
48
56
64
'7')

32
40
48

F8.
F8.
F8.
F8.
F8.
F8.

0

0
n

0

0

0

0

0

0

0

0
rì

0

0

0

0
U

0

19 x(19) ,
3

3

4
4
4
4
4

4

5

5

5

5

5

5

6

6

6

0

0

0

0

0

0

0

0

U

0

0

0

0
n

0

0
n

0

per l-

F8.
F8.
F8.
F8.
-Fö.
F8.
F8.
F8.
F8.
F8.
F8.
F8.

20x
2LX
22X
23y'
24)(
t( w

26f'
27X
28 X
29)(
30x
31 X
JZ ¿t

33 X
34X
35 X
36 X

t
x

X

x
X

4
5

6

7

I
9

10 x(10)
1_1 X (11)
12 x(Lz)

¡(13)
x(14)
¡(15)
x(r_6)

17 x (1-7 )

18 x (r-8 )

l-3
L4
t-5
16

F8.
F8.
F8
F8
F8
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rNPUT VARTABIJES
VARIABLE RECORD COLUMN INPUT

NO. NÀ}fE NO. BEG END FORMAT

37 x(37)
x(38)
x(39)
x(40)

41 x(41_)
ALGORITHM NAME.
MAXIMUM NI]MBER OF TTERÀTTONS.
MAXIMUM NUMBER OF STEP HALVTNGS
CONVERGENCE CRITERION
TOLERANCE FOR CO}üVERGENCE
TOLERÀNCE FOR PIVOTING.

DESIGN SPECTFICATTONS

GROUP = | 2
DEPEND = Q 5

L9 20
34 3s

LEVEL = J 6

RECORDS FOR EÀCH CASE: 7

49 56
57 64
65 72
25 32
33 40

F8.0
F8.0
F8.0
F8.0
F8.0

4T
49
57
65

48
56
64
72

VARIÀBLE RECORD COLUMN INPUT
NO. NAME NO. BEG END FORMAT

42 x(42],
43 x(43)
44 x(44)
45 x(4s)

NR
1_5

1_0

LOG
0. t_0000E-04
0.10000E-04

6
6
6

7
1

38
39
40

7

1
7
7

F8
F8
F8
F8

0

0

0

0

3

6

2L
36

7
22
37

8

23
38

10
25
40

1l-
¿ó
41,

1-3

28
43

15
30
45

L6
3l-

L]
32

9

24
39

L2

42

L4
29
44

18
33

VARTABLE
NO. NAME

STATED VALUES FOR
MÏNÏMUM MAXIMUM MISSING

GROUP CATEGORY
CODE INDEX NAME

INTERVALS
. GT. .IJE

L group

2 period

3 time

1.000
2.000

B

A

P1
P2

1- Tl_
2T2
3T3

L.000
2.000

t_

z

1-

2

1.000
2.000
3.000

GROUP srRUcruRE, cottNTrNG ALL cASEs vìIrrH posrrrvE usE-vALUE,
AND IGNORING CASE !\IEIGHT AND FREQUENCY, IF ANY

COUNToupgr
B
B
B

B
B

B

A

period
Pl_

P1
P1
P2
P2
P2
P1

time
TL
T2
T3
T1
12
T3
T1

1
t
1
1
L
l_

1
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A
A
A
A
A

P1
P1
P2
P2
P2

T2
T3
Tl_
T2
T3

1
L

t_

l_

1_

DECODED FORMUI,A

group + period + time + Ioc + group.period + group.t,ime + period.time +

group. loc + period. loc + t.ime. Ioc

INTERCEPT IS INCLUDED IN THE MODEL.

ANALYSIS FOR 1.ST DEPENDENT VARTABIJE

NUMBER OF CASES READ.
CASES CONTRIBUTING DATA TO THE ANALYSTS

CASES T^IITH COVAR. OR DEP.VAR. MTSSING OR BEYOND LTMTTS
COMPLETE CASES (CASES WITH NO MISSING DATA)

TOTAL NUMBER OF MEASUREMENTS

t2
L2

0

L2
504

ITER STEP LOG CHG IN LOG
NO HLVS LIKELIHOOD LIKELIHOOD

MAX CHG
IN COV. PAR

-2369.7L
-2294.83
-229 4 .83

MAXIMI]M LOG I,TKELIHOOD
CHANGE SINCE LAST STEP

APPROX. CONVERGENCE RÀTE
MIN. TOL. FOR COV. MATRIX

AIC

0
0

0

0

1

2

0.74881E+02
0.1_81_908-11-

0.'152778+03
0.235L18-L2

-229 4 .826
0.000000000

0.000000000
0 -996467891

AKAIKE'S ÍNFORMATION CRTTERION(AIC)

AIC MAY BE USED TO SELECT AN APPROPRIATE COVARIANCE
STRUCTURE BY RUNNING 5V WTTH DIFFERENT TYPES OF

STRUCTURES AND SELECTTNG THE ONE WITH MAXTMI'M ATC VALUE

-2296.826
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ESTTMATES OF COVARTANCE PARAMETERS

WITHIN-SUBJECT COVARIÄNCE MÀîRTX IS A FUNCTION
OF COVARTANCE PARAMETERS. 5V PROVTDES SEVERAL
BUILT-IN STRUCTURES YOU CAN CHOOSE FROM BY
SPECIFYÏNG THE TYPE IN THE STRUCTURE PARAGRÄPH

COV. STRUCTURE TYPE=COMPOUND SYMMETRY
UNDER THTS MODEL, THE RESPONSES HAVE A

VARIANCE=COV PAR 1 + COV PÀR 2
COMMON COVARTANCE=COV PAR 2

COV PAR ESTIMATE ASYMPTOTTC SE Z-SCORE

l_

z
522.87t
5.90280

33.3370
7 .534L4

r-s.684
0.783
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MODEL: VùITH]N-SUB,JECT COVARIANCE MATRIX

1
8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.77343
5.90280
s.90280
5.90280
5.90280
s.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.'17343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.7'7343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280

8.77343
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5 .90280
5.90280
5.90280
5.90280
5.90280
s.90280
5 .90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280

2 6543

52

1
2

3

4
5

6

7
o

9

1_0

1l_
L2
L3
L4
t-5
L6
L7
l-8
L9
20
2L
22
23
24
25
26
21
28
29
30
31-

32
33
34
35
36
37
5ö

39
40
4L
42

52
52

52
52

52
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7

8

9

10
1l_

1-2
13
L4
15
1,6

Ll
18
19
20
2L
2¿

24
25
26
27
28
29
30
31-
?,)

33
34
35
36
3t
38
39
40
4I
42

52
7

8.77343
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5. yuzSu
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.9028U
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280

L4

9

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
s.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280

1_5

t_0

28.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

L6

11

528.77343
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5 " 90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

t7

L2

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

18

52
52

5

52

l_3

74
15
16
L'7

18
L9
20
2t
22
23

13
-77343
.90280
-90280
. 902 80
.90280
.90280
.90280
.90280
.90280
.90280
.90280

.77343

.90280

.90280

.90280

. 902 80

. 902 80

.90280

.90280

.90280

.90280

.7'1343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.77343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.77343

.90280

.90280

.90280

. 902 80

.90280

.90280

.7'.?343

.90280

.90280

.90280

.90280

528
5

5

5

5

528
5

5

5
5

5
5

528
5
5

5

5

5
5
5

s28
5

5

5

5

5
5

5

5

528
5

5
5

5

5

5
5
5

5

528
5
5

5

5
5

5
5
5

5
5 5.90280
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24
25
26
)'7

28
29
30
3l_

32
33
34
35
36
37
38
39
40
4L
42

1-3

5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
s.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

T9
528.77343

5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

t4
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
s.90280
5.90280
5.90280

8.11343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

20 2L

16
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

22

L7
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280

23

18
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

24

15
s.90280
5.90280
5.90280
s.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
s.90280
s.90280
5.90280
5.90280
s.90280

19
20
21-
zz

24
25
¿6

28
29
30
31
32
33
34
35
36
3'7

38
39
40
4L
42

52
52 8.77343

5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5 .90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.77343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

8.17343
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

52
52

52
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25
z6
2l
28
29
30
31
32
33
34
35
36
37
38
39
4U
4L
42

528
5

5

5

5

5

5

528
5

5
5

5

5
5

5

5

5

5

5
5

5

528
5

5

5

5

5

5
5

528
5
5

5

5

5
5

5

5

s28
5

5

5

5
5

5

5

5

5
5

5

5
5

5

52
528

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

528
5
5

5

5

5

5

5

5

5
5

5

5

5

5

5

5

25
.77343
.90280
.90280
.90280
.90280
.90280
.90280
. 902 80
.90280
-90280
.90280
.90280
.90280
-90280
.90280
. tuzóu
.90280
. 902 80

26

.17343

.90280

. 902 80

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.>v2óu

.90280

. 902 80

27

8.77343
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.9U280
s.90280
5.90280

33

528 -17343
5.90.r90
5.90280
5.90280
s.90280
5.90280
5.90280
s.90280
5.90280
5.90280

39

28

.77343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

29

.77343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

30

528.77343
5.90280
5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280

31
32
33
34
35
36
37
.t rJ

39
40
47
42

3l_
528.77343

5.90280
5.90280
5.90280
s.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280
5.90280

.77343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.90280

77343
90280
90280
90280
90280
90280
90280
90280
90280

.77343

.90280

.90280

.90280

.90280

.90280

.90280

.90280

.77343

.90280

.90280

.90280

.90280

.90280

.90280

528
5

5

5

5

5

5

5

5

5

5

32

38

34 35

40

36

47 42

528.77343
5.90280 528.17343

31
38
39
40
47
42

31
528 -17343

5.90280
5.90280
5.90280
5.90280
5.90280

.77343

.90280

.90280

.90280

.90280

528.77343
5.90280
5.90280
5.90280

11343
90280
90280

528
5

5

5

5

528
5
5
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ALL-PATRS I¡IITHIN-SUBJECT COVA'RIANCE MÀTRIX

t-

576.6063
-L3r -9447

-6.0932
689.8237
30.91-78

-30.7160
292.2792

-L65.9824
!25.L29]-
305.9880
53.6906

-11_t-.3354
306.3520

-L2'7 .3637
r_09.9584
2s1.3300

4 -3L56
-163.0930

-7 4 -1-r99
-L78.21L4

98.2L27
-L23 -8499

-8.06s0
-r9 4 .991 8

346.0395
-L44 -5869
-25L -0796

37.L755
-45.2998

31_ . 67 81
308.7224

-221.8L47
-344.8382

l_82.81,05
-125.3858
-128.0014
210.8480

-r5L.5L'7 4
433 .7322
t36 .57 61
42.L354

-49 -8546

t46.L043
122.9666

-1,5r.464L
2L.8592
6r.9'72L

-L22.8025
59 .4029

L23.4983
-r_33.0329

L9.41L3
42 -rL16

-L63.2515
20.2L21
57.0945

-L1,5 -L602
22 -2054

2.1158
-25.3306
131.5801

49.443L
0.3057

-90 -2675
68.5673

-61.6494
92 .4690
L4.7807
13 .4L45

-20 -0925
23.7532

-28.2304
L L .4842
1,22.8039

L9.9919
-67 .L636

66 . 4l-8 8
-L2 .63L5
l_13. s117

-L76 .]-604
65 -97 64
23.0976
-8.8381

1_t_56.7509
-L2t .267 6

51.1706
85.7380

L52.3228
5r-.5033

660.3213
-189 .2680

-9.2332
40.9966

-347.5300
-28.3552
437 -1,824

-402 .601 6

7L.1023
-3.627L

-208 .807 4
L32 .6L60

-L51 .7964
-329.6158
-33.6981

63.0862
-32.0786
202 .6458

-332 .4002
-440.2094
-L22.L522

13.7869
3.7928

99.4239
t49 -5445
12.852t

-L1,2.1L73
I .644]-

L20.9730
99 .2926

202.0634
472.7L85
]-8.88'72
-2 .4055

864.281-2
24.7238

-52 .4L64
223.7804

-137.0316
-256.5424

398.0299
48.5998

-L2L.7739
283.6795

-L7 4 .6460
L04 -0260
427 .1210
-L7.L473
r-54.36s8

-t22 .17 05
-232 .60L3
ttL.L057

7 .L681-
-7 .967 4

-204.L853
39L .0992

-150.6886
54.8878
29 -3483

-56.34s0
52.3408

281 .]-828
-261 -2925
-482.0583
232.310t

-r29 -2048
-121.1056
210.8839

-L63.5626
365.0508
L59 .17 62
t8 -1469

-42.8625

4L.0788
26.3255
10.0451

-t4.982L
t4L .6369
23.82L1
44 .57 98

-L8 -2463
-28 .4625
-3 .3733
7.8313

-61. t_638
52.2594

-4L,2777
-88.1001-

L3.3'7L1
l_5r-.9537

-116 -20L8
-9.6054

-30.7L32
-L7.0022
t7 -04]-4

-65 .427 0

-r.3L62
-45 . 53 86

67 .L423
t2 -27 40

-3L.0228
-s5.6667

28.7929
-58.1008
-1_1.91-43

25.7L79
-3.5558

6.307s
7 .Lt47

22 -2L2L
-7.511_5

66 -917 8

-15.9895
-0.9287

704.4453
-60.4396

27 -7L7 4
25 -L679

-80.3066
-14 .5927
72 -5872

-LL} .3416
32 -5477

0.8478
-36.3202

51".20t9
-1,1,0 .8252
-4L.L228
-51.3656

40 -6871-
-33.4108

s7.3686
-79 -2633

4 .4265
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PAGE 18 5V leanne piller test data

ALL-PAIRS WITHIN-SUB,JECT CORRELATION MATRIX

1_

1_.0000
-0 .4L97
-0.0069
0.902L
0.1855

-0 -L443
0.3783

-0 -4822
0.1_099
0 .415L
0.2269

-0.3884
0.5711

-0.2525
0.2148
0.3L2'7
0.01-66

-0.51_04
-0.L462
-0.51_03

0.0633
-0.1635
-0 -0287
-0.5361_

0.6663
-0.4L34
-0 .2850

0.0521
-0 .L47 4

0.0955
0.7118

-0.5563
-0.3647
0.3199

-0.31"13
-0 .4847

0.4549
-0.3281

0 -5L2'7
0.2230
0.2228

-0 .2738

1-.0000
0.299t

-0 .4262
0.2822
0.6265

-0.3421
0.31L4
0.2335

-0 .4445
0.117L
0.3L62

-0.6549
0.0862
0.2400

-0.3084
0.1838
0 . 0144

-0.1075
0.8105
0.0686
0.0009

-0.691_8
0.4056

-0.2803
0. s690
0.0361
0.0405

-0.L401
0.l_540

-0.1401
0.7435
0.2'795
0.0753

-0.3589
0.54L2

-0.0586
0.5300

-0.4481-
0.231-8
0.2629

-0.l-044

1-.0000
-0.L2L3
0.2347
0.3080
0.1508
0.rt44
0 .4437

-0 -2248
-0.0298
0. r-094

-0.4955
-0.0430

0.6s31
-0.383r-

0.2109
-0.0087
-0.3149
0.2903

-0.0778
-0.3328
-0.0918
0.L326

-0.0472
0 - 4432

-0.2886
-0.471-8
-0.3040

0.03r.8
0.0067
0.1857
0 . l-210
^ ^ô?tr

-0.2I4L
0.0250
0.1996
0.1-648
0.L827
0.51_54
0.0164

-0.01-01

1.0000
0.L3L2

-0 .2L7 9

0.2563
-0.3522
-0 -1,99 4

0.5468
0.l_817

-0.3759
0.4679

-0.3064
0.1798
0.4709

-0.0583
-0.4275
-0 -2L42
-0.5891-

0.0651
0.0084

-0.0251-
-0 .496'7

0.6663
-0.381-3

0.0551
0.0364

-0.L622
0.1395
0. s859

-0 .577 5

-0.4511-
0.3598

-0.2839
-0.4057

0 .4026
-0.31-40

0.3818
0.2308
0.0877

-0.2083

1.0000
0.5019
0 - 0528

-0 .L166
0.5050
0.1_501
0 .7 646
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0.8r_56
0.5243
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0.l_553
0.3977

-0 -6226
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-0.]-329
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-0 . 3 0t_4
-0.0075
-0.60r_4

0.8211_
0 . 1149
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-0. r-831
0.2L99
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0 .41 61

-0 .L67 4

1.0000
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0.29L't
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0.279L
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-0 .47 0L
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-0.4364
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-0 -2211
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-0 -2272
-0 -L725
-0.5814

0.3ss5
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0.5214
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0.0L97
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0.3266
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PAGE l-9 5V leanne pi1ler test data

1

r-.0000
-0.3806
-0 -0272
0.6425
0.2772

-0.5623
0 - 402s

-0.4530
0.3294
0 - 4459
0.2501

-0 .48L4
-0.3075
-0 .4777
-0.1576
0.0846
0 -3219

-0.551_6
-0 .2549
-0.64r_0
-0 .229s
-0.0037
-0 -5717

0 .3642
0.4848

-0.51_53
0.0682
0 -2367

-0.01_76
-0.2985

0.0008
-0.6r_98
0.695s
0 .4022

-0.l_289
-o -L722

I

1.0000
-0.L624
-0.3287
-0 - 4738
0.3s81

-0.5953
0.3839

-0.0654
-0 .27 67
-0.2013
0.3824

-0.0644
0.5816

-0.240L
0.081_9
0.l_002
0.2738

-0.1619
0 .4409
0.2536

-0.1079
0.2275

-0.0413
-0 -2093

0 .6257
0 -2680

-0.0395
0.3668
0.6675

-0.0502
0.5806

-0.0057
-0.0583
-0.2018
0.390s

L4

-0.3107
0.1939

10

r..0000
0.4375

-0.7L82
0.5857

-0.2697
u.rt5t
0.5752
0.3166

-0.6309
-0.2628
-0 .7 027
-0.1533
-0.0541

0.4535
-0.8098

0 -77 84
-0.8134
0.L1L4

-0.0806
-0 .4264

0.4091_
0.6s26

-0.6885
-0 .2'7 99

0 - 4L44
0.11_34

-0.6108
0.3067

-0.8605
0.3733
0.2378

-0.0564
-0.3200

l_6

1l_ 729
7

8

9

1_0

1,L

T2
13
t4
15
16
77
18
19
20
21-
22
23
24
25
26
2l
28
29
30
31_

32
33
34
35
Jb
37
38
39
40
4T
42

1.0000
-0.4189

0 . 1_314
0.2588

-0.L794
0.2650

-0.0884
-0 .47 66

0.2492
-0.0056
-0.0917

0.3591_
0.5L47

-0.3802
-0 .1,07 4

0.1357
-0 -L237
0.3010

-0.7133
0.1641_
0.0225
0.1-061

-0.1_608
0.0392
0 . 3118

-0.1108
-0.2356
-0.0086

0.0053
0.3153
0.1080
0.1633
0.2110
0.1166

l_5

r-.0000
-0.6461

0.2011
-0.1701
0.L82L
0.0553
0.8798

-0.8074
-0.5968
-0.0520

0.2212
-0. s090
-0.221,7
-0.5725
-0.1522
-rì I tR<

-0.01-19
0.0123

-0.7238
0.7506
0.3377

-0.3735
-0.24L6
0.2999

-0.6498
-0.2854

0.083r_
-0 .4479
-0.1153

0.01-5r-
0.6686

-0.6221

L7

1_.0000
-0 - 4628
-0.0001_
-0.0883
-0.2945
-0.s380
0.8868
0.5604
0.3582

-0.0396
0.4]-s8

-0.1760
0 .87 52

-0.0013
0 -4894

-0.0898
0.2999
0.6043

-0 .46L2
-0.540r_

0. s436
0.L571

-0.L320
0.3070
0 .4299

-0.1837
0 .7 622

-0.L622
-0.1_1_78
-0.3212
0.7601

18
13
t4
15
L6
L7
l_8

L9
20
2L
22
23

t_3

.0000

.1078

.0833

.5978

.0104

.367 8

.2855

.6953

.0232
-0723
.3244

.0000

.5430

.3469

.0780

.0s66

. L034

.4385

.467 5

1.0000
0.0596
0 -2394

-0.21,04
-0.1760
-0.0088
-0.5684
-0.1009
-0.2457

1.0000
-0.L628
-0.2L77
0.0979

-0 - 6272
0.0480
0.6283
0. L513

1.0000
-0 .61't7
-0.7r82
0.0736
0.1088

-0 .67 6t
0.01_6r_

r_.0000
0 .62tr
0.1881

-0 . 131r_
0.5079
0.0895

1

-0
-n
-0

n

0

0

0

1

-0
-0

0

-0
-0

U

-0
-0

0

0
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4L
42

_ñ

0

-0
0

0
U

-0
0

-0
-0

0

0

-0
-0
-0

0

-0
0

t-

-U
-0

0
ñ

0

0

-U
U

ô

0

-0
-0

0
U

1_3

.5652

.3399

.7808

.0725

.32L0

.099s
-L349
-4163
.5601-
.0763
-¿tö6
-1"7 45
.5011
-0324
-6795
.221-3
-0724
.t496

L4
.0037
.0 4L6
.1969
.0253
.1836
.4933
.26L6
.251-8
.2872

0 . 4931_

-0 .427L
0.21L3
0.1076
0.0582
0 -7619

-0.362L
-0.0362
-0.0010
-0.1319

20

1-5

-0.0s69
0.1673
0.LL94
0.0687

-0.29L3
-0 .4544

0.0875
0 .461 5

0.L268
-0.2288
0.5179

-0 .2164
-0.0213

0.2234
-0. r-175

0.2437
0.3719
0.3230

-0.2085

L6
. 3 8t-9
.0021
.6993
.5584
.5033
.LL25
.0066
.t942
.3777
.L918
.5342
. t_735
.0952
.3115
.4983
.l_011-
- 4223
.2477
.1689

L]
-0.5489
-0 -327 0

0 -0444
-0.0489
-0.0782
-0.7685

0.8150
0 -1925

-0.3003
-0.L646
0.3480

-0 .47 60
-0. t-759

0.0034
-0.3347
-0.0136
-0.0280

0 .6292
-0 .4304

18
.857 L

.0695

.3736

.0504

.r409

.6901

.5871

.6429

.4400

.1589
-0.3461_

0. s215
0 -3925

-0 .2498
0.6066

-0.1156
-0.2466
-0.5L44

0.8042

24

0

-0
0

0

0

-U
-0

0

U

U

0

0

-0
-U

0

-0
-n

0

-0
-0
-0

0
U

-0
-0

0

-0
0

0

-0
-0
-0

0

0

-0
-0-0.3350

19
.0000
.0'Ì 64
.L82L
.5021-
.026L
.5254
.2995
.L652
. 011-4
.2386
.8402
.8380
.L328
.3255
.L7L2

1.0000
0.0846

-0. r-890
-0.5L33

0 .49L4
-0 -2814
0.77t8

-0.1335
-0.111-4

0.l-066
-0.001-6
-u.¿t5Þ
0.8499
0.3636

-0.2959
_^ 12.'1)

0 .7 01-4
-0.0604

0 -7328
-0.3379
-0.0804

0.301_6
0.0121

1_.0000
-0.0457
-0.0856
-0.0461
-0. t_694

0.0466
-0 . 1_07 0

0.2866
0.0695
0.l-401

-0.41_85
-0 .2L7 6

0 .4296
-0.2L47
-0.24L9
-0.0475
-0.22L0
0.0645

-0.3175
0.2833

-0.0500
-0.1-185

1.0000
-0.0601"

0.4r-83
-0.1718
-0 .257 8

0 -3777
0.51_23
0.3308

-0.311-7
-0 -2626

0.1803
0.3409
0.0603
0.3708
0.3515

-0.4s63
0.L415
0.0021
0 -241-4

-0 .6t02
0.4096

1-.0000
-0.3874
-0.0854
-0.5L27
0.0104

-0.0664
0.11_39
0 -0299

-0.0104
-0.5044

0.0778
0 .0257
0.'73'72

-0.3120
-0.0071-
-0.4640

0 .42L9
-0.0541
-0 .4499

0.3281_

l-.0000
0.7L29
0.6226
0.0600
0.0567
0.5309
0.51-00
0.6093
0.6666
0.]-492
0 .4344
0.1039
0.5032
0.1789
0.751-1-
0.3187
0 .L7 43
0.2520
0.5617

2L zz 23

t-9
20
2L

23
24
25
z6
zt
28
29
30
31
32
33
34
35
36
3'7

38
39
40
4t
42

-0.1-997
0 -5721-

-0.0258
-0.0599
0.rL92

-0.2L4L
-0.1682
-0.3108

0.3007
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25
.0000
.1038
.07 84
.2400
.3831
.3939
.5324
.L32L
.504s
.0895
.01_6r-
.444L
- 6843
.0758
.07 51
.0455
-1,462
.]-32]

26

1_.0000
-0.0422
-0.2302
0.0688

-0.0409
-0 .4675

0.6304
-0.0103
-0 -271.4
-0.3858

0.5841_
-0.0453

0.807s
-0.3451
-o .2L't 4

0.3175
0.1706

32

38

1.0000
0.L737

-0.0048
-0.0580
-0.2058

0.1_088
0.l_023
0.391_5
0.1596
0.2808

-0 .4311
-0.L234
-0.4573
0.0590

-0.0185
-0.L620

33

39

.0000

.]-4L3

.0653

.207L
-0421-
.3476
.4296
.0985
.3057

-0 .6528
0.t644

-0.0191
0.0017

-0.01_32
0.2568

1.0000
-0.8r_88
-0.2865
0.3648
0 -2336

-0.3928
0. s846
0 . t_085
0.01_97
0.3638

-0.23L7
-0.24L6
-0.3356
0.4010

35

4L

1.0000
-0. s698

30

1.0000
0.L944

-0.3853
-0.232L
0.3086

-0.4563
-0 -0272
0.0246

-0.l_914
0 .2414
0.0115
0.31_98

-0 .L27 6

36

42

l_.0000

27 28 29
25
z6
27
28
29
30
3l_

32
33
34
35
36
31
38
39
4U
4L
42

L
-0
-0
-0

0

-0
0

-0
-0

0

-0
-0

0

-0

-U
0

-0

l_

-0
0

0

-0
0

-n
0

-0
U

L
0

-0
0

0

-U
0

-0
-0

0

0

l-

-0
-0

0

-0
-0

0

-0
0

0

0

-0

L
0
0

-U
-0

0
0

0

0

3t-
32
33
34
35
36
37
38
39
40
4L
42

.0000

.3795

.1899

.0480

.t 368

.t27 4

.7 061

.3850

.0443

.1002

.1068

0000
0469
3 071
4s06
5715
L622
r625
4804
2502
0053

1.0000
-0.0394
-0.0394
-0.1887
-0.2458

0.1_353
0 .357 4
0.2519

-0.1444

l-.0000
-0.0580
-0. r_100
-0.1,L12
0.1303

-0.0356
-0 .6527

0. sr-08

l_.0000
-0.5218
0.1544

-0 -1-233
-0.0832
0.0759
0.2680

3t_

.0000

.2426

.3857

.3622

.1,625

.4006

.6259

.4585

.4986

.1-380

.3354
- 4227

34

40
37
38
39
40
4t
42

37
l_.0000

-0.7492
0.2548

-0.0044
0.0734

-0.11r_0

1.0000
-0.1430
-0.1968
0.0163
0.5043

1.0000
0.0943

-0.1694
0.3245

1

-0
-0

0000
2932
1996



PAGE 22 5V leanne Piller test data

ESTIMATES OF REGRESSION PARÀMETERS

IN THE TÀBLE BELOW EACH FIXED EFFECT PART OF THE MODEL IS
DECOMPOSED INTO SINGLE DEGREE OF FREEDOM REGRESSION TERMS

AND COVARIATES

PARAMETER

z-
ESTTMATE ASYMPTOTIC SE SCORE

TIVO-SIDED
P-VALUE

l_

2

3

4
5

6
7
a

9

1_0

11
L2
l_3

I4
15
I6
L7
18
1_9

20
2L
aa

23
24
25
26
27
28
29
30
3l-
J.¿,

33
?L
35

coNsT.
groupl
periodl
timel
time2
1oc1
Loc2
l-oc3

T2.LL
T2.L2
T2.L3
T2.L4

38.08333
-L .40079

L.39286
0.66071-

-2 . 49 405
2.32L43

-rL.45238
29.00000
28.01190

-22.601L4
1.99603

-2.8L944
-1.4861-1-
-0.61_3:l_0
-0 -94643
1,L.17032

8.72222
-19 . 3 01-59

-L7 -93254
1.51-984

-5.36905
8.09524

-9.66661
-2.05952

3 .36905
4.82738
4.24405

-l_1.9940s
0 .42262
1.07738

-4.80357
-3.02976
10.62500
-5.24405

2 .62500

t.23667
r.23667
L.23667
1.1489t
1".7 489]-
2.21754
2.27754
2.27754
a aaaE Az - ¿ I I J+

2.27154
L.23667
L -7 489r
t.7 489L
1.74891
L.7 489L
2.21'754
2.27154
2.27754
2.27754
2.21154
2.27754
2 .27'7 5 4
2.21154
2 .2'7154
2.27754
3 .22093
3.22093
3.22093
3.22093
3.22093
3.22093
3.22093
3 .22093
3.22093
3 .22093

30.795
-t-. r-33

1,.126
0.378

-r.426
t_.019

-5.028
L2.733
L2.299
-9.926

L .6L4
-L.6t2
-0.850
-0.351
-0.541-
5.L42
3.830

-8.4't5
-1 .87 4

3.302
-2.357

3.554
-4.244
-0.904
L.479
1, .499
1.318

-3.124
0.131
0.334

-r.49]-
-0.94L
3.299

-L .628
0.815

0.0000
0.2573
0.2600
0.7056
0.1s39
0.3081_
0.0000
0.0000
0.0000
0.0000
0.l_06s
0.1069
0.3955
0 .7259
0.5884
0.0000
0.0001_
0.0000
0.0000
0.001-0
0.0184
0.0004
0.0000
0.3659
0.1-391
0.1339
0.1876
0.0002
0.8956
0.7380
0 . t_359
0.3469
0.0010
0.1_035
0.41-5r_

1oc4
l-oc5
G1. P1
c1 . Tl_

Gl..T2
P1.T1
PL.T2
G1.L1
GL.L2
G1.L3
G1.L4
G1.L5
Pl-. Ll-
PT.L2
P1.L3
P1.L4
Pl_ . L5
Tl- . L1
T\.L2
Tl_ . L3
T1.L4
T1.L5

L5T2
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VüALD TESTS OF SIGNTFICANCE OF
FIXED EFFECTS AND COVARIATES

TEST DF CHT-SQUARE P-VALUE

1_

1_

z
5

1_

z
z
5

5
10

G.P
G.T
P.T
G.L
P.L
T.L

qroup
period
time
loc

0.257
0.260
0.336
0.000
0 . 1_07

0.044
0.668
0.000
0.000
0.01s

L.28
r.27
2.L8

467 -83
2.61
6.25
0.81

168.69
37 .77
2t.95

NT'MBER OF TNTEGER WORDS USED IN PRECEDTNG
CPU TIME USED 1-0.033 SECONDS

PROBLEM L09422
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Appendix P Animal Taxa Recorded at GSV Study Sites
During Preliminary Monitoring.

Phylum Class Scientific Name

Annelida

Cnidaria

Crustacea
Crustacea

Crustacea
Crustacea

Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca
Mollusca

Mollusca
Mollusca

Polychaeta

Anthozoa

Cinipedia
Cinipedia

Cinipedia
Cinipedia

Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda
Gastropoda

Bivalvia
Bivalvia

G al e ol aria c ae spito s a (SavignY)

Actinia t enebr o s a Farquhar

C at o merus p olymerus (Darwin)
Chamaeosipho tasmanicø Foster &
Anderson
Chthamalus antennatzs (Darwin)
Tetr aclitella purpur e s c ens W ood

Austrocochlea adelaidae
Austro c ochle a c onc amer at a W ood
Aus tr o c o chl e a c o n s t r i c t a Latrtar ck
Austrocochlea odontis (V/ood I 828)

B e mb i c ium nanum (Lamarck)
C ellana tr amo s er i ca (Sower)

C o minell a line o I at a (Lamarck)
Haliotis spp.
Lepsi ella vino s a (Lamarck)
Litt or ina pr ae t e rmi s s a }l4aY

Littorina unifas ciata Gray
Nerita atramentosa Reeve

Notoacmea spp.
P at ell o i da alt i c o s t at a (Angas)

P at e ll oida I ati s tr i gat a (Angas)

Siphonaria diemenensis Quoy & Gaimard

Siphonaria zelandica Quoy & Gaimard
Thais orbita (Gmelin)
Turbo undulatus Solander

Brachidontes erosus (Lamarck)
Xeno s tr obus pulex (Lamarck)
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Appendix Q: Pearson Matrix w¡th Bonferron¡
Corrections (Taxa vs SSH MDS Ordination Axes)

The Pearson correlation was performed in "SYSTAT", v 3.0, and values were

determined to 3 significant figures (s.f.) but are presented here to 2 s.f. Problems

associated with the use of this analysis have been mentioned in Chapter 4 (section

4.3.2).

Table Q.l Pearson Matrix of Bonferroni Probabilities: MDS Axis l, 2 &, 3 vs Dominant Taxa.

Bartlett's chi-squared statistic: 850.188 (df = 45), P:0.00 (Global test of whether the population

correlation matrix is an identity i.e. if the set of correlations is insignificant). Bold numbers

represent significant probabilities at the 0.05 level (based on 3 s.f.), negative values reveal a

negative correlation, and positive values a positive correlation.

Char Axis Axis Axis Ner A, A.

cc. 4s.

B. n. L. v. C. tr. S. di. Noto. X. p. Br. e C a.

32

Axis I
Axis 2
Axis 3

Ner.
A. cc.

A. cs.

B. rt.

L. v.

C. tr.
s. di.

Noto.
X. p.
Br. e.

C. a.

0.00

0.20

-0.05

-l.00
-1.00

0.00

0.00

0.00

L00

0.01

- 1.00

0.04

0.07

0.03

0.00

-0.00

0.00

0.0r

-0.02

1.00

-1.00

1.00

-0.05

L00

-0.05

1.00

-1.00

0.00

0.00

0.10

-1.00

-0.00

-1.00

0.00

0.00

0.00

0.00

-0.02

0.00

0.00

0.00

-0.02

- r.00

-r.00

0.00

-t.00
0.00

1.00

-1.00

1.00

0.00

-l.00
.1.00

-1.00

0.12

-1.00

0.00

1.00

1.00

1.00

0.00

1.00

-l.00
-1.00

0.00

r.00

-l.00

0.00

0.00

0.05

r.00

1.00

0.53

0.00

-1.00

1.00

1,00

0.00

0.00

1.00

1.00

1.00

0.00

-1.00

1.00

0.00

r00 0.00

0.00

0.00 0.00

0.00 0.00

1.00 -r.00

1.00 -1.00

1.00 -1.00

1.00 -1.00

1.00 -1.00

-1.00 I 00

N.B. Species Abbreviations; Ner. Q,terita atramentosa), A. cc. (Austrocochlea concamerata), A. cs,

(Austrocochlea constricta), B. n. (Bembicium nanum), L. v. (Lepsiella vinosa), C. tr. (Cellana

tramoserica), S. di. (Siphonaria diamenensis), Noto. Q'{otoacmea spp), X. p. (Xenostrobus pulex), Bt.

e. (Brachiodontes erosus), C. a. (Chthamalus antennatus)'

The global test revealed that the population correlation matrix was an identity, with

the set of correlations yielding a significant probability value of 0.00. MDS Axis 1

was significantly negatively correlated with ,4. constricta, Lepsiella vinosa, S.

diamenensis and Chthamalus antennatus, and positively correlated with B. nanum and

X. pulex. Axis 2 shared a significant positive relationship with N. atramentosa and A.

concamerata and a significant negative relationship with,4. constricta and X. pulex.

The two Austrocochlea spp. and L. vinosa did not have a significant relationship with
Axis 3, but B. nanum and .8. erosus had negative correlations with this axis and the

remaining species had significant positive correlations. Intercorrelations also existed

between four of the taxa used to generate the MDS axes' For example, N.

atramentosa had, significant positive correlations with l. concamerata, Cellana

tramoserica and Notoacmea spp., and a negative coffelation with l. constricta. B.

nanum had a positive correlation with I. vinosa, which in turn had a significant

positive correlation withX pulex.
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Appendix R: Pearson Matrix w¡th Bonferroni
Corrections (Environmental Variables ys SSH MDS

Ordination Axes)

The Pearson correlation was performed in "SYSTAT", v 3'0, and values were

determined to 3 significant figures (s.f.) but are presented here to 2 s.f. Problems

associated with the use of this analysis have been mentioned in Chapter 4 (section

4.3.2).

Tabte R.l Pearson Matrix of Bonferroni Probabilities: MDS Axes vs Environmental Variables.

Bartlett's chi-squared statistic: 1399.374 (df :45), P:0.00 (Globat test of whether the population

correlation ¡¡1utri* is an identity i.e. if the set of correlations is insignificant). Bold numbers

represent significant probabilities at the 0.05 level and negative signs reveal a negative correlation.

Cha¡ Axis .dris Axis BR B C P/G S RW El Ch Ol

12

Axis I

Axis 2

Axis 3

BR
B

C
P/G

S

RW
EI
Ch
ot

0.00
0.20
-0.05
0.00
-0.01
-0.98
-0.57
-r 00
-0.00
1.00
-0.02
-1.00

0.00
-0.00
0.00
0.01
-0.02
1.00
-1.00
1.00
-0.05
1.00
-l 00

0.00
0.00
0. l0
-1.00
-0.00
-1.00
0.00
0.00
0.00
0.00

0.00
-0.00
-0.00
-0.00
- r.00
-0.00
0.38
-0.00
-1.00

0.00
0.03
0. l0
-1.00
1.00
-0.44
0.00
r.00

0.00
0.00
0.04
-r.00
-t.00
0.00
-t.00

0.00
1.00
-1.00
1.00

0.00
-1.00

0.00
- 1.00
-1.00
1.00
1.00

0.00
-1.00
-l.00
1.00

0.00
- r.00
- 1.00

0.00
100 0.00

N.B. Envi¡onmental Abbreviations; BR (Bedrock or reef-rock; stable substrata), B (Boulder), C

(Cobbte), P/G (Pebble or Gravel), S (Sand or Shellgrit), RW (Retained Water), El (Maximum elevation

of substrata), Ch (Chain-to-Tape distance), Ol (Oil Score).

The Pearson Correlation revealed significant positive relationships between Axis 1

and stable substrata (bedrock and reeÊrock), and significant negative correlations with

boulder presence, retained water and the 'chain' measure of topographic complexity.

Axis 2 had significant positive correlations with stable substrata, and boulder

presence, and a significant negative conelation with cobble substrata and substrata

elevation. As was found with the other axes, Axis 3 had a positive correlation with

stable substrata, but significant negative correlations with pebble and gravel substrata,

the percentage of retained water, elevation, topographic complexity and oil presence.

Not surprisingly (because of the way the substrata scores were generated) the substrata

parameters showed a high degree of intercorrelation. This could have been

ãccomodated, but it was felt that the PCC analysis would be more appropriate in

elucidating environmentally (physically) driven ordination patterns.
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Appendix S: "The FLOWG Model"
(Bye and Ng 1994)
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Cha ¡1 lntroduction

1 INTRODUCTION

FLOWSPA is the name of the computer program developed by the school of

Earth Sciences for thallasso-modelling. The fundamental mathematics in

this program are the 'basic equations' and the 'transport equations' (see

theory in next section). FLOWSPA was relatively simple to use and it
contains a series of programs, hence it was very versatile. With minor

modifications to the program and appropriate input, it can be tailored to suit

many specific simulations. Since ¡t was developed in 1970, many

researchers have used FLOWSPA in assisting their works (Bye and

Harbison, 1991).

!n 199.3, the Cocle wa5 rrpclated ancl ertenclecl tO inClude a dispersive

advective model applicable to salinity, tracer concentration and temperature

anomaly, the mathematical equations of this extension are based on the

advection-diffusion scheme of Fiadeiro and Veronis (1977). The new
program was named FLOWC.

The purpose of this handbook is to explain some basic equations used by

the FLOWC program, and provide some examples on how to operate this
program.

I

a

-1-
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2 THEORY

2.1 The Equations

The Boussinesq Approximation states that the actual density of sea water (p)

may be replaced by the density of a standard ocean (ps) except in the

ärãíitat¡onal accelération term (eq. 2.1.3). The momentum equations under

i'his approximation are ;

Po +uâu

a 1*u9***-*l= -dxdydz)
âp

ðx
+poX.'*.? .t --... (2.1.1 )

,"[#*,#*"#**#*r,) = -#+p.Y.k.? .+ "' (2'1'2)

( ¡u aw ðw ðwl âp
o"I n *'¡*ur, **E)=-àr.-Pg+ ð"r,ðr.,

ðx
+ (2 13)

òzây

I

Where the Ox, Oy, Oz ¿xes are respeclively towards the East, North and

vertically upwards. The components of velocity along Ox, Oy, Oz are u, v and

w (ms-r). The body forces are the acceleration of gravity, g (ms-2), and the

horizontal forces X and Y that give rise to the tides. The density is p (kgm-s¡

and pe (kgm-s¡ is the density of the standard ocean. p (Nm-z)is pressure, and

f (s-r)is the Coriolis term, defined óy 2ùsinØ, in which Cl is the angular speed

of rotation of the Eadh, and Ø is latitude. f¡¡, T¡y, luv7,Îyx, xyy,lyz, "C.v, x^y, ^C77

(Nm-z¡ are components of the viscous stress tensor.

To the same approximation, the fluid is incompressible, and obeys the

continuity equation,

+

Ì
t
¡

ðu ðv ðw

-+_+- - uàx ðy àz

-(2.1.4)

-2-
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The transport momentum equations, derived from (2.1.1) to (2.1.4) for the

components of mean transport velocity,

lf= udz

-H

rl

I

rl

I

(2 15)

# = rv-gH*rn-()+ |o*zoo*.*-c ue (H.å+#)

# = -ru -s*ãT(n -0 +!o*2oofr.*-c ue (i å+*)
1

I'

!= vdz (2.1.6)
_H

where H (m) is the depth at sea bottom and r1 is the elevation above sea

surface (m), and the overbar denotes a spatial and/or temporal average.

(2.1 .8)

gHpo ðô

fðv
2

where 1

2

^11À-_--
PPo

tsx'rsy are the x and y component surface shear stress

ln (2.1.7) and (2.1.8) q is the surface elevation, and ( is the equilibrium

surface elevation, due to tidal forces and atmospheric pressure, (pa),

(=-9- Pa +constg gPo

in which Q is the tidal potential, and Uo = I is the bottom current, and C is-uH
the bottom drag coefficient, and lateral stresses and inertial accelerations
have been omitted.

(21 7)

)'.(i.å+*)

:

-3-
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The velocities at anY level are,

U,=F Hz+-
2

9Po
I

aõt (2.1.s)

(2.1.10)Vu=F* 9Po
t

Hz+-
2

aõ

âx

The transport continuity equation derived from (1.4) is'

an aU
ã-*ax *#=*-=.+ (2 1 11)

(2.1.12)

¡,HC .--.-.-.- ------- - - -(2.1 .1 3)

where R is the rainfall (ms-t) and E is the evaporation (ms-l) overthe sea

surface, and Q is the discharge (m35-1) over a specific atea, Ap (m2).

This system of equations is applicable to vertically well mixed water

columns, such as often approximately occur in coastal, tidally active seas.

The dispersion equation for a solute, also to the Boussinesq approximation

IS,

ac ac ac ac
ã-*uãX*5t**ãz=-

* *. . $ uc .&u" *S r,t *$ rrt

âF* ?e òF.
ðx-ðy-ðz l.c

where C is the concentration of the solute, l" is the exponential decay

constant, and F¡, Fy and F¿ are the components of diffusive flux.

On integration over the water column, we obtain,

P

poAp

Where F, = -K*, Fy = *f are the component of lateral ditfusive flux, in

which K is adiffusion coefficient. The terms on the right hand side of (2.1.13)

take account of possible non conservative behaviour of the solute, and a
pollution flux.
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An alternate form oÍ (2.1 .13) obtained by substituting the diffusive fluxes, and
using (2.1 .1 1) is

+H
ac
at

+Uac
at '#-*(-'#)-*(--#)=,=-R)c tr.Uft-ÀHc

(21 14)

in which, for a source of undissolved solute e = 0, and for a source of
dissolved solute

P = peOpQ .-
(2 1 1s)

where cp is the concentration of the inflowing dissolved solute.
C^.,Aa:^- l,'t 11 < ¡\ :- -t-- _ _ r.¡-gua.rv¡t \c--.-. ¡+/ rÐ ärsu afJpilcaore Io neat oy senlng p = (ì = 

^ = 0, and thg
net rainfall (R - E) to be equal to the Newtonian piston velocity, ¡r (ms-l), ie.

E-R=-F (2.1 .16)

such that C is the sea temperature anomaly relative to a constant zero air
temperature.

We note that the anomaly (ô) is specified so that the momentum equations
are not coupled with the solute equations, but the solute equations are (of
course) coupled with the momentum equations.

2.2 The method of solution

The set of equations (2.1.7), (2.1.8), (2.1.11)and (2.1.14) is sorved byfinite-
difference algorithms. The momentum and continuity equations ((2.1.11) and
(2'1.7), (2.1.8)) are solved by an explicit staggered forward-difference
scheme as described in Bye (1988), which has the Courant limit on the time
step,

Âtr < --(2.2.1)

where as is the grid interval of the staggered mesh, and Hm.x is the
maximum depth.

-5-



2: Theo

The solute equation (2.1.14) is represented using the advective-diffusive

scheme of Fiadeiro and Veronis (1977) for the spatial derivative and the

solutes forecast is made usíng the implicit difference scheme of Johnson

and Kowal¡k (1986), which is unconditionally stable, so that the time step 
^tc

is arbitrary.

ln practice, it is often sutficient for solution accuracy that

At6 = cr Àt¡¡

where cr >>1

ln many applications in which a steady solution is sought, eg. due to

constant wind stress driving, the (uncoupled) momentum solution will

. achieve steady-state much more rapidly than the solute solution, so that for

computation speed the solution can be obtained in two phases. ln the first

phase both the momentum and solute equations are iterated with their

respective time steps At¡ and Âtç, and in the second phase, a constant

momentum field is assumed, while the solute field continues to evolve to a
steady state with the time step (^tc).

2.3 lntegral properties

ln order to monitor the evolving properties of the solutions, a series of

integral properlies of the mass and solute fields are calculated. These are of

three types, firstly line fluxes of the mass and solute across specified
sections often along the open boundaries of the simulation, secondly area
fluxes of the mass and solute across the sea surface and for the specified
discharges, and thirdly volume integrals of mass, energy and solute.

ln the steady state pleasing balances occur between this appropriate fluxes
indicating the conservative properlies of the simulation.

-6-



ln the steady-state the integral balances are :

t¡ss

Junos = J{n-E)dA*Io' ""' (2 3 1)

3 A

where n is normal (inwards) and g is tangential to the sea boundary, and

J denotes an íntegral along the sea boundary and un is the normal
tt

component of transport, f denotes an areal integral, and I is a summationAi
over all the discharges, Q¡. All the terms in (2.3.1) are directly represented in
the f¡nite-difference sim ulation.

Solute

ac
ds

Pi

Po
J ¡,HCdA.. (232)KHnc

{(,

HdAI
A

PoM

HCdA6=ooJ
A

ân
A

where H ,. the normal gradient of solute, and P¡ is the pollution source (i).

All the terms in (2.3.2) are also directly represented in the finite difference
simulation.

The mass of water and of solute are respectively

(233)

and

(2.3.4)
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Chapter 2: Theory

2.4 Exchange, Flushing and Renewal times

These expressions enable, exchange (r), flushing (rr) and renewal (tp)

times to be defined, where exchange refers to the mass balance, flushing

refers to the solute balance where the mean concentration in the simulated

region is greater than in the adiacent open sea, and renewal refers to the

Solute balance where the mean concentration in the simulated region is less

than in the adiacent oPen sea.

For mass, the exchange time,

M

'- Pol

where

t=Ju;os, erCo

t=Juf,os, õ.Co

in which + and' denote respectively +ve and -ve transport, ie. the total inflow;
and the total outflow, into the simulated region, and C and Co are

respectively the mean concentration of solute in the simulated region, and in
the adjacent open sea.

Similarly for solute, the flushing time,

(2.4.2)

(243)

where', = 
{(r".-^#)-ds, 

e > c6,

and the renewal time,

tp=Â
Poln

-8-



2z

;.rrhere lg = UnC ds, C < Co,

ì (P, - poQÇo )
I

ân

tt ! ?L- êa-..aa-- ¡!-- ¡¡¡¡t--r3.4 | ¡rrÈt itlr r¡¡rvrr lilrNr vvtrÐ[.¡til

t(
ac +

K

in wl'rich + and ' denote respectively total influx and total outflux of solute.

These expressions are generally applicable in semi-encfosed regions in

which net imbalances of mass and solute exist, and which are of most

. interest in coastal applications. ln enclosed regions steady-state batances
would only exist when the sources and sinks are in balanced, in which case
the flushing and renewal times become the residence time.

Accurate field evaluation of rp and tg however is a very demanding task,
and accordingly a much simpler time constant (rs) which can be used to
est¡mate rF ü rp, and is easily computed from field data, is also catculated,
by application of a method developed by Strutton (1992).

The Strutton time constant is determined by considering the mass and solute
balances in a well mixed region, subject to evaporation, rainfall and
pollution, in the presence of advective/díffusive exchange across the open
sea boundary. ln this idealised situation the time variation of the solute
concentration would be controlled by the equation

dc - 9 .,.'
dt - - Ts 

r r\t/ """'(2.5.1 )

in which f(t) is an arbitrary forcing function, and ts is a constant if the
advective/diffusive exchange across the boundary is a steady process. The
transient solution of (2.5.1)then has the forr "-* where t" is the Strutton
time constant, which can be expressed exactly in terms of the mean
concentration (0) due to steady forcing as follows,

C-Co

J
A

bs-

co Po (E-R)dA-i"M +

-9-
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lsthe ratio of the excess solute ("(e -C")) in the region, divided by the

urce of solute, integrated over the region' due to pollution and

withtheopensea,cf.,thetermsontherighthandside of (2.1 .1 4)

salinity, (2.5.2) reduces to the simple expression

.(2.5.3)

where ñ is tfre mean depth, and FR- is the mean net evaporation which

ån Oe readily evaluated from field data, and is equal to the corresponding

flushing t¡me (tp)/renewal time (tn) by advection, with an outflow

concentration equal to the mean concentration, and an inflow concentration

l'equal to the open sea concentration (Ng, 1993)'

ln a simulation of Gulf St. Vincent and lnvestigator Strait (Ng, 1993) it was

lound that fs (2.5.3) was representative of the flushing time (tr) for a

conservative tracer with a source well within the region.

Two interesting limiting results are :

(l) For an undissolved conservative pollution source (Q = 0) discharging into

a purê ocean, the flushing times and the Strutton time constant are equal,

t̂rfF=fs=F- --(2.5.4)

(li) For salinity variations with small gradients, the flushing, renewal and

exchange times are equal,

MtF=TR="= 
po I

-(2.5.s)
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3: ln t Data for FLOWC

'INPUT DATA FOR FLOWC

Position

21
26

Data Set 2 :

11

Dala
Name.
lndicator : 0 if data to follow, 1 if no data.
Ma¡<imum dimension to East
(ie. allowable no. of columns).
Dimension - 75, if not set.
Maximum dimension to North
(ie. allowable no. of rows).
Dimension = 75, if not set.

T 2L 26 1_

.¡

3v

Format
2A.10
l1

t5

t5
!:

1*

ï
1

Posltion
1

Format
F5.0
F5.0
F10.5
F10.5
F10.5
8PF10.5
8PF10.5
F5.1
F5.0

6
11

21
31
41
51
66
71

Data
Latitude (+ve if oS). lDeqreesl
Latitude (+ve if ,S¡'. 

¡ivtinites¡'
coefficient of bottom stress (rf -ve, incrusion of o,)
X-component of wínd stress. [Nme1 Crvo rth ) ''
Y-component of wind stress. irumzj íc_=.ri Fl

)x (AB)3.
(Be)3.

111

internary to the standard o,ïiit 
depth are set

cunent fluctuation is a constant current speed which is added to thecurrent gB to take account of u nresolved currents, eg. if the tidecitly it would be a root mean square tidal current.

521t2F 39q1APsolwLrl lrtlto tr

50021_505
,1z00U0053 lr ItlI

02tl500021rlrt¡ t¡r¡l

calculated

- 11-
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3: ln Data for FLOWCut

2L

Data
õ-imens¡on to East (ie. no. of columns, M)'

Dimension to North (ie. no. of rows, N).

Time step (^t)2. [s]

1

I
me step.

Standard dePth. [m]
(any depth greater than the standard depth will be
internally set equal to the standard depth)
Maximum elevation/current speed indicator.

t_6 3t-

Format

0.5
0.5
0.5
0.5

r5
t5
F1
F1
F1
F1
t5

l1

t

51
06

80

F10.5

/+

+79
_r:'

if 1, maximum elevation
if 2, maximum current speed (with direction) are output.s
Expanded resolution indicator. 11

if 0, M' = 2(Ml2)+1 , N* = 2(N/2)+1
¡f1,M'=2M+1,N*=2N+1
Dimension of internal model grid to East =M*
Dimension of internal model grid to North = N*
M*, N' may vary from M and N due to the staggered
grid.
Bathymetry indicator. 11

if 0, depths in fathoms (13.0) and feet (11.0)
if 1, depths in m (14.0)
if 2, depths in cm. (14.0)

,ó$ i

{É'::,

8..
2^t<atr-

3

where, Att¡ is maximum time step, As is grid interval, g is gravitational
acceleration and H is the maximum depth.

(*) --Asinf [#) ,=-scosT
-A -B

(T*0)

(T=0)

a rìie,rs(t)= ce.o.f -(t', -io)Ae sinf +(je -t)Be..rf)ls [ * 0)

= cB + ((i. - io )Aa + (ja - j" )Bs )as (T = 0)
(For more detail refer to Bye (1988) - page 43,49.)

s Facility can be used with utility program to obtain cophase and cotidal
charts.
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3: ln ut Data for FLOWC

ll

5l- 7L

ri

Data
Number of time steps (how long the model is run for).
Number of time steps between displays of model sea.
Number of time steps between recordíngs of
instruments in model sea.
lnitial conditions indicator.

0 if initially u=V=¡¡=Q

1 if initially U=V=O, and r¡ for the standard ocean,
applied at all elevation points.
Time oÍ stari oí experiment. [sj

Gradient of static level along OX (A)3.
Gradient of static level along OY 1A¡s.
Time at which first display of model sea occurs.
lf -ve a steady circulation is assumed to occur after this
time, cf. Section 2.2.

Format
110
t6
l5

l4

110

l-5.r
t5
t5
8PF10.5
8PF10.5
t10

1

I
1

1

¡;

s.

*.

..','

- 13 -
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3: ln Data for FLOWC

Aaþ
Background Concentration (C6). Scaled units.
Scaling of background concentration6.
ie. for a background concentration of 355 with scaling
of 4, background concentration = 355E-4, = 3S.S ppt.
Rainfall [mm/month]
(-ve if evaporatíon greater than rainfall).
Diffusion coefficient. [m25-1 ¡
Time constant for tracer 11-t ). [days]
Time steps between calculation of concentration.
løin 2.2, ¡f 0,ct = 1l

Lqþ p..rh io .¡¡Gv¿S

2L

F10.5

F10.5
F10.5

t5

Format
t5
t5
t5
t5
F10.5
F10.5

i.v
{- Bathymetry data according to Data Set 3, positíon 90, by rows

starting from bottom óf model sea. Format code in data set 3 can
be amended by user.

1

E
1

1

2

1

I
1

1

Data
Location of instrument (column)
Location of instrument (row)

Volume flux (Q) [m3s-t¡uoncentration of inout lC^).
Pollution ftux (p). tkgs-r) 

ut (a*0)
(a*0)

Data Set g :

Set points/sections indicator.
if 0, -+ Data Set 10,

!f ], time series input,T
if 2, time series inþut and sections,
if, -1, sections. 1Dàta SetS). 

-- - -'

uses internally c.g.s. units and scaled concentrations

U01-001205I5I

Erll lgEEto lrl I Ãrlltr EEOI ottll tltoototlttl
trrnla Itrll t tltrrl I tlt rl¡ rrlltl Itl It rttlrrt

tl rrl¡rt

informatio n on time series input referto Bye (1ggg) - page 56-g



j022g125 71

922t 7253 2

Each section specified by sets of coordinate pairs based on thegrid after.dou.bling or expanded resorution häs beeÀ imptemän1eo.
Format 213. Maximum of 12 pairs, eg.

3: ln t Data for FLOWC

7

'lt.

{.

(2,7) & (2,9).
'f q t\ P. tô^ ã\, 'rbl s \êvr\r/,

lg
ls
le

line terminates the data set

¿

orx
An array of o1 [kgm-e¡ of the model sea (cf. Data set 2, position
100 values are entered on i odd, j odd nodes onry by rows starting

the bottom of the model sea. Array dimensions : M = 2 ,N-- 2

(M.-1) (N.-1)

those used in the simulation after doub ling or expanded resolution haslmplemented. Not valid with maxi mum indicator set unless ame ndeduser" Format 14.

See Data Set I

grids (i,j) of section 1 are (2,3),
grids of section 2 are (15 2,\, (1

even and j is odd, section is in the y-direction (to North),
odd and j is even, section is in the X-directión rtõ eã.t1,"
+ve, +ve flow is into model,
-ve, +ve flow is out of model.

(2,5),
7,2,t, 

1

- 15 -



ch 4: Sam e Simulation

4 SAMPLE SIMULATION - tracer distribution in Gulf St.
Vincent and lnvestigator Strait

The accompanying sample listing consist of three parts.

4.1 Data lnput
(UNIT = 10, FILE = 'F13PA.DAT')

(The bold numbers in bracket are the Data Set number)

(1)
(2t

FT-CI¡C 1993 0 81 99
35.0. -0.0025 .0512 .0058 -12.0 0.0

20.0 20.0
81 99 90. 0 2000. 0 0.0 0 . 2

60.0 I
L75200 43800 t-680 1 0.0 0 0 0.0 0 .0
-43800 L4400
0.0 6 -100. 0 l-00 .0 0.0 l-0
(81 coltnrns x 99 ro¡¡s of grrids not shs¡¡n)
69 65 2 L0 .0 l-00000.0
-1
232527 29

t_5 2 L7 2 L9 2-20 3
0
000 000 000 000 000 000 000 256625662563256L
2584257 8257 2 0 0 0 257 52577 2583258 625 6 625 6325 6r
25 8 6257 9 257 2257 5257 L257 7 25 89 25 89 2 6 0 9 2 6 0 I 0 0 0
26552613251 2257 525'7 82588260L260L26022 6 07 0 0 0

262225'7 225'7 2257 82584257 92592259225982 6 L9 00 0
25 89 25 L225 8 5 2 5 8 3 2 5 80251 525 88259 8259 9 2 6 I 5 0 0 0
000 000 260L2586257 r2590260326L826312 63 100 0

(3)

(4)

(10)

5
6
7
8
I

(
(
(
(
(

)

)
)
)
)

2
2
2
)
0
0

6L6263326442631000
64L265L26s52619000
63L264826912 655000

000 000 2590
000 000 000

000 000
000 000
000 000
000 000

000
000
000
000
000

00
00
00

0 000 000
0 000 000
0 000 000
0 000 000

000 000
000 000 000 00

66926-192735000 000
00 219L219r-000 000
00 000 000 000 000

1
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Chapter 4: Sample Simul ation

4.2 Ut¡l¡ty Output Fite
(uNlr = 13, F|LE = 'BroLpA.RES') for input into programs in which totar
inflow (l) into the model sea is required.

Line 1 : Volume of model sea. [m3¡ F2O.g
Time step. [hoursJ ( Data Set 4, positíon 71) F12.a

lnflow (t). [mss-t¡ F20.5Line 2 :

3177 60012287 .99998
L06592.4s31-3
L06592.47406
L06592.42969
L06592.43750
106592.43750
L06592.47'750
L06592.43750
1,06592.43750
t06592.43750
106592.437s0
706592.43750
106592.43750

1440. 000

5
)

(M 3/sEc)
(KG/Sæ)

4.3 Output fite of Resutts
(UNIT = 1 1, FILE = 'FI 3PA.RES')

FLCI¡C 1993

STEAD¿ CIRCIJIÀ:TTCNI AFTffi. 4380. OO (HCXJRS)

DEt'lSITf q;T¡IEM' =l4X. DEPIH = 60.
MIN. DEPIH = 20.
I ? r!-r i¡AY.tsL( DfaBlvIrcS

SffiICAI
SæIICNI

TCßL F[.C[rf RATE =
rcm'L ¡ASS FLT]X _

I\iSTRIJMENI ICCATICT{ = 19 17
flc¡¡¡ rate = f0.00 (m^3/s)
rmss flux = 1000.00 (kg/s)

net rarnfal-l = -100.00 (nrVrnth)
decay = .00 (d.ysl
diffi:sicu'r = 100.0O (nf2ls)
backgrouû] conc. = .0008+00

¿

19

1¿

t_5

I
) 3

)
2

L7

10.00
1000.00

7
2

2

-20
9
3

0 (*yz\

-17-



Cha 4; Sam le Simulation

SIO,A-T

26.
25.
25.
25.
25.
25.

pERI6p = .00
GRD = 8000.00 M

HRS

FTIX = .10000E+04 (KG/S)

FLU$$C/REEVAL T|LME =

TTME STEP = 6.00 l'fl{S
CCFIOLIS = -.8365E-04 /58'

ct4/ffi

00 (DAYS)

25
25
25
25
25

0
0
U

0
0
0
0
I
7
7
7
7
0

0
0
0
0
0
0
0
t-
7
L
8
8
0

25
25
26
25
25

U

0
rì

0
0
0
0

9
)
5
9
I
0

25
26
26
25
z)

0
0
0
0
0
0
9
U

I
I
8
U

0

25
25
25

.0

.0

.0

.0

.0

.0
¿J. t
25.8
25.8
tqQ
1É, 1

25.8
{l

25.
)q
tq
t<

0
0
0
0
0
9
9
I
I
9
I
8
0

27.
26.
26.
26.
26.
26.
26.

.0

.0
26.7
26.3
26.4
26.2
26.0
25.9
25.9
26.0
rqQ
25.8

.0

25.
26.
,)tr

.E¿J.
tq

zt.
¿1.
26.
26.
26.
26.
¿o.
26.
26.
26.
?q 25.

25.
25.
25.

0
0
0
U

0
0
0
0
0
0
0
6
6

0
0
0
5
)
3
3
t_

2
1
L
6
6

26.
26.
26.
26.
26.
26.
26.
26.

0

9
3
9
5
4
3
0
0
n

1
7
7

0

9
I
5
5
3
2
0
9
0

9
9
7

diffusion tirre stç = 60.00 ml-ns

CENIRE OF ì,ODE, ( L4.66, L2.53 )

MEAN DE,IH = 19.39 (M)

AREA _ .164E+11 (M^2)

ECTITCM S.AD FRIC = ' 0025

CURREIT FLTCTIÃTI6¡{ = 20.0000

sFmcn¡s - cuMIJr,ATrVE TRAI'üSPORT (M^3/S) Al'lD l',ßss FLLX (KG/S)

AT TIME = 1440.00 (HCXJRS)

x-, Y- WnlD STRESS (N/l4sQX10o0), H',EVATTCNI(Mto(10)'

spm (M¡{(10 / src i;' bTRECTTCNT ( Drcc-0 0 ) concef-rErat ion (x - 10E- 07 )

TÎ'lE = f68-00 HCXJFS ßITR\IAL = 168'00 HCXJRS

51
5

':,:.n,:" 464
s?.<ò f 03
,l;.i:' -l15
Ê1 L6449

51
5

464
103

-il-5
24807

5l-
5

464
r03

-t-15
29164

5l-
5

464
r03

-ll5
3315r

5l
5

464
r.03

-rr5
35722

51
5

464
r-03

-l_15
3781-0

5l
5

464
1_03

-115
39572

5l
5

464
103

-11-5
4L093

- 18 -



Chapter 4: Sample Simulation

ffiffi*,ffi,**t (M^3/s) A,.D r,ßss FLrx (KG/s)

1 ^!2?3. _6213. s36eo . 367s7 .-.)9?\_0a _. 416E_03 
-. 

õéãe_o:'I]rgs"_0,
?6-g??. _2074. 77066. _3ss84.

. 5618+02 -. 91OE+02 _.á¿+i*oz'llrrgr*oZ
z

FIIIX = .10000E+04 tKclcì
FLUS{r}G/n¡¡¡e!1Al tnæ =-'-' 

-',
OO (DAYS)

mÈt= ,ffi,*t (M^3/s) AND ì.^ss FLLrx (rcls)

7 L523. _6213. 536q0 aç1(\._. eeeE_o4 _. eesE_o3 .2L68_02- _lÉú"_oz2 26027 . ^ -2074. 
- 

ú6aa. _3sss4.
. 104E+03 _ .L728+03 _. izre*o:-Ilõãee*o:

FLIjX = .10000E+04 /l<r:./c\
FLUSIn\G/n.HvEr¡a¡, TdE 1""'"' .00 (DAys)

llllME = 182.50 (DAyS)
MEäN FÍ,FI/ATTCNI = .0340 (M)gN EttrERGt = .3058+0i 

-io) ""
TEL sol{nE }ass = . io:Èiír (rc)DEBY FTIJX = .0008+00 -f*ciöl

o? 
'^1á3lun (DAYS)

OF STATTC SLOpE =OF SBTTC SIOPE _
OF WTND STRESS =
OF WÎ.lD STRESS =
OF MNDARY SLOPE -OF ECL]NDARY SLOPE _

.000E+00
.000E+00

.051_ (N/¡4SQ)
.006 (N/MSQ)
-.120E-06

.0008+00
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c ¡ 4= Sam Simulation

TOP IÀER

ETEVATTCTV (O4S)

999 999 999 999 999 999 999 999 999 999 999

999 999 999 999 999 999 999 2 3 999 999

999 999 999 999 999 999 3 3 3 999 999

999 999 999 999 999 999 3 3 3 4 999

999 999 999 999 999 999 3 3 3 4 999

999 999 999 999 999 999 3 3 3 4 999

99999999999999933334999

99999933333444999

1333333444999

r222333444999

1-222233,1 4999999

L22999]-22r100

999 999 999 999 999 999 999 0 0 0 J. * *.k

ô^



Chapter 4: Sample Simulation

SPEED (CÎvlS/Src ), DIREI:IICNI (DEEREES )

999 999 999 999
999 999 999 999

3

44

0
58

999
999

l_

86

0
oo

3

999
999

2

0

38

1_

-140

)
-]_s6

3
133

3
t34

L
-r47

0

-I7L

1
159

1 â,4

t-

-r-69

1
L78

1

-106

5
45

t-5
106

999
999

999
999

999
999

999
999

999
9yY

999
999

6

-34

175

3
L28

999
999

999

999
999

999
999

999
>t>

999
999

999
999

999
999

999

999
999

999

999
t>>

I
T2L

1
-156

0

-1_51

0
l-55

L

-t_53

1
-L20

1

-r_33

999
999
999

999 999

3
44

L
24

30999

999
999

999
999

999

999999

999
999

1
-M

L
I

0
49

2

5999
999

11¿¿

3
33

999
999

2
70

l_

87

5
95 1-13

44

3
62

0

-47

0
85

-63

3
45

18
77

L22

16
77

5
87

2
85

0
156

4

5
81

6
44

3
31

3
36

4

6
98

3

I

n

U

34
L29

999
99940

7
45

999
999

5 8
t-35 LL4

l-5
104

-21 -



Chapter 4: Sample Simulation

ccncentrîaE,icn (x . 108-05 )

999 999 999 999 999 999 ggs gsg 9sg 999 g9s

999 999 999 999 999 999 ggg s9 58 gg9 999

999 999 999 999 999 999 s0 60 80 s99 gs9

999 999 999 999 999 999 s1 89 246 478 g9s

999 999 999 999 999 999 19 s4 2tg 526 999

999 999 999 qqq qaa ogg 1,6 57 t72 205 ggg

999 999 999 999 999 2 L3 63 L43 L37 99g

999 999 0 0 o 2 29 75 rL7 1-05 999

0000111466667549gg

000062242443534999

00001-9222928999999

000999159r0917

999 999 999 999 999 999 999 0 9 o ****

51
5

464æ +Cr
t-03

-115
56522

X- , Y- WII\¡D STRESS (N/t"fSeXl_O 0 0 ) , tr,E\/AIIICI{ (Ì'A,D(1O ) ,sPm (ÞîÐo0 / src ), DrRtrfIcNI ( DmoO 0 ) concentrat ion ( x. 10E- 07 )

TTME =10920.00 HCXJRS INTEKAL = 169. OO HCXJRS

51
5

" ':)'\;' 
464

.çe¡.ò 103
d,.r-cl" -115
Cl s6410

51
5

464
103

-115
56430

51
5

464
103

-11_5
56448

5l
5

464
103

-l-15
56465

51
5

464
r03

-115
56480

5l-
5

464
103

-LL5
56495

51
5

464
103

-1-15
s6509

f.

-22-
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Chapter Sample s¡4: mulation

SmlO\IS -
AT Tî48 = L44oo.0o 

æ(ffi)FoRT (M^3/s) AND lßss FLLX (KG/s)

1

)
L523. _62L3.

-.2078-03 _.Lg6E-'02
26027. _2074-

.176E+03 -.2958+03

53690. 36L97.
.4038-02 _.1038_01

L7066. _35s84.
-.2088+03 -.908E+03

!{4 = .10000E+04 (r<G/s)
FTT]S{NG/RENEI^AI T[4E = 

-'-)EZ.gg 
(DAYS)

ffiTfil^(ffi)**t (M^3/s) ÀND tass ,'L{rx (r<G/s)

1 1523. ^ 
_62L3. 53690 . 36197 .2 i23i;* -::eJl-02 'loan-u--lío:e-or

. 177E+03 _.5éäå-.oz l1!33".0i.1]Bf;".0,
FLIIX = .10000E+oa (Kr:/c\
FLU$ü\G/RENEI^AL fnE ="-' 

" 
243.gg (DAYS)

Tn4E =1360g.00 Hq¡ns bJ.IERI,/AL = 16g.00 HqJRS

51
5

464
103

-115
56608

51
5

464
103

-115
56615

51
5

464
103

-115
5662r

51
5

464
103

-t_15
56627

51
5

464
103

-115
)oo3¿

51
5

464
103

-11_5
56637

51
5

464
103

-115
56642

51_

5
464
103

-115
56647

ffirffi*,ffi,**t (M 3/s) AND r,ßss FLux (Kc/s)

1 1523.^ _62L3. 53690 . 36Lg7._.20eE_03 _.1eBE_02 .¿osn_oz-_líóin_or2 26027 ..^ _2074. rio-oo. _3ssg4.
.\778+03 _ .2978+03 _.ZrOe*o:-_. õi¿n*O:

ï{{ = .10OO0E+04 (KG/S)
FLUSü\G/RE\ET^AL TEIE = 

-2AZ.gg 
(DAYS)

TIME = 730. O0 (DAYS)

PN il,EVATTCtr,r = .0340 (M)
MEAN ExlERGy = .305E+ói- 

-i"l ,",
TìvaL sol,rrrE ¡alg = j1g1s*tt (r(c)DæAY FLLX= .000E+00 roã,ãl
E\rAFoRArrcr{ FLrx =^ . ¿soËìôã' (Kc/s)STntnTcNI Ð(G{AÀGE CoÑSñNT,": ', 245.50AVmAGE CCiv. = .668E_Ot

-23-
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Ghapter 4: Sample Simulation

ccncenEraCicn (x . 1-0E-05 )

999 999 999 999 999 999 999 999 99e 999 999

999 999

999 999

g9g g9s 999 999 999 84 85 999 999

sg9 ggg gg9 gg9 69 84 l-l-0 999 999

9gg 9gg s99 999 999 999 68 rLA 283 524 999

g9gggg9999999999992770249566999

999g999999999999992373200243999

g99g9g99999999931881-L75L77999

ggg ggg 0 0 o 3 4L 100 151 L43 999

00002L76896 1-0086999

00oll-l-3667725960999

00002L6364949999999

00099928ls1-6 1-613ß

999 g9g gg9 9gg 999 999 999 0 l-6 0 ***t(

ln the event that the user wishes to adapt FLOWC for her/his own needs, it is

strongly recommended that a reference original FLOWC is archived'

-24-
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TTTE T'LOWM MODEL
(sr'ppte.mcnl ìc Flcw c cncd¿i) .

Supplement to the FLOWC MODEL incorporating the

generation of circulation by wind waves and swell

through longshore processes, tidal progression, and

buoyant solute dispersion, and also time series input and

initial field input specification.
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6. Longshore circulation

6.L The transport momentum equations

The transport momentum equations (30) and (31) in Bye ( 1988) include the terms,

respectively,

and

w

on the right hand side which are due to the surface wave f,reld, where

ô

ôy

ô

ôy

.SE

,syx

a

ðx

a

-ox

.txy

,s

.S=Ì:r

rl 
-l O'' - wt'¡dz

_H

.S=w

+
t-
-2811

2g\'

vu

fl

t ld.S.,=å'=
-H

1

2
+

are the radiation stresses due to the orbital motion of the wave (ui, v/,w/) and the \ryave

elevation (q). The bottom stress also is influenced by the wave orbital motions (u'"*),

where lr*, : (u'r*, v'"*).

The radiation stress terms give rise to setups and setdowns, and also may generate a

circulation.



The aim of the FLOWM model is to provide an algorithm which generates the

circulation for a prescribed wind forcing (which generates local wind waves) and

external forcing due to swell.

A simplified representation is inco¡porated in which the effects of the radiation stresses

are confined to forcing the longshore transports immediately adjacent to the coast, and

it is further assumed that the wave refraction can be represented simply as a function

of the angle of approach of the wave train relative to the coastal boundary.

It is well known that the normal components of radiation stress (S* for a meridional

coast, and S' for a zonal coast) are mainly responsible for the setup and setdown,

whereas the tangential component (S*r) mainly generates the longshore circulation

(Longuet-Higgins, 1970), and in FLOWM, S*, only, is computed at the depth node

adjacent to the coast, from whicn 
åt, 

is calculated for a zonalcoast, unA $S. 
i,

calculated for a meridional coast, by assuming that S*,:0 at the coast. The root mean

square bottom velocity (l-/r,rl)is also calculated at the same depth node.

6.2 The tangential radiation stress (S*)

The tangential radiation stress for a deep water wave of amplitude (a) propagating at

an angle (0) to the zonal direction (x - axes) is

5*,=1go2 sinScosþryÀu+

On approaching the surf zone this \¡/ave is refracted towards the coast, and we represent

this process by assuming that at the edge of surf zone the angle of incidence at breaking

is proportional to 0, such that along the Eastern meridional coast (Fig 1),

s,n = !so'"Þ t 
(+) o<þs!



where a is a refraction coefFrcient, and along the V/estern meridional coast,

s,n = ir"'"+ t (T) o<þs!

This heuristic formulation drives a longshore transport which is proportional to c, and

also the square of the wave amplitude, Similar formulae apply for waves approaching

the Western meridional coast, and for Northern and SouthernZonal coasts.

The wave amplitude is determined by two methods.

/:\ cr__--tl rr ^ft . t .U/ rwtrrr ')wcrl rs assumeq to propagate rnto me model Sea trOm the

boundary without change of property, i.e.

A= T=Tr,0 0o

where H. is the swell height, T. is the period of the swell, and Q" is its

angle of propagation relative to the zonal direction.

(iÐ Wind waves Wind waves are assumed to propagate in the direction of

the wind stress; and their significant height (H ) and period (T ) are

determined by the formulae (Toba, 1973)

t/.

H. = 0.05
oF

-u

T' = 6.4 H'ry"

where H' = gH, I u! and T' = 
gT'

in which u. is the air friction velocity, #a a is the fetch.



The root mean square bottom velocity is given by the relation,

B

Tt.
vz

nH
.tt/_ 

BI'Y
s

where B is a parameter (0< B < 1)

6.3 Implementation

The fetch is determined by backtracking upwind from the coast until either another

coast, or the boundary of the model sea, is encountered. In the latter situation a

specifred external fetch is added to the internal fetch to obtain the total fetch (Fig 1).

For convenience, fetches are only computed along eight directions (SW, W, NW, N,

NW, SE and S), and the fetch to be applied is found by linear interpolation.

Two types of simulation can be made, using

(Ð Specified external fetches

in which the applied wind stress field acting along the total fetch (in ternal

and external) generates the longshore circulation, in addition to the wind

driven circulation, or

(iÐ Specified external wavefield

in which:

(a) in the absence of wind, the specifrcation is assumed to be swell,

which propagates into the model sea, and in the absence of other

forcing simulates a pure wave driven circulation; and

1þ) with wind forcing, the specified external wave forcing propagates

into the model sea along the wind direction, and locally wind

forced wavefields are also generated by internal fetches.

\oo ro?



The intensity of the longshore forcing is determined by the parameter (ø) which

typically has a value In FLOWM, B : 0, such that the bottom friction is

unmodified by the breaking wavef,reld

6.4 Input data for FLOWM

An extra data set is included after l)ate Set 5

Data Set W:

| 6 {t 11 t6 2T 26 3L

aJJa22a43a01oJ1a01

JO
/1
+L +o JI JO ot

a02Io64a01o22a052ac0I

Position

1

6

11

I6

36

4L

46

51

56

61

Wave parameter (a)

Significant wave/swell height (m)

:0if specified external fetches

+ 0 if specified external wavefield

Significant wave/swell period (s)

Data

Wave parameter :0 if no wave data

= 1 if wave data

tro k{n

bç v-{'Y'r

ßo

o
o

o

ö

0

Format

I5

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

F 5.2

2T

26

31

Swell direction (from ")

Fetch (km) from SW

w
NW

N

NE

E

SE

s
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7. Limited buoyant discharges

The facility implemented in lìata Set 5, allows the effects of continuous discharges of

fluid and solute from specified sources to be tracked on the assumption that total mixing

of the solute in the water column occurs.

This facility has been extended to incorporate point releases of material, which may

also be limited by its buoyancy to disperse in the surface layer of the water column,

where it would be influenced by drift cunents associated with the wave boundary layer.

7.L Point releases

This facility assumes that all discharges occur only in a specified time interval.

T)ata Set 5

Position

6I Starting time for discharge (hours) F5.2

66 Finishing time for discharge (hours) F5.2

If both starting and finishing times aÍezero, a continuous discharge is assumed.

7.2 Buoyant plumes

Oil and other organic solutes, and also certain organisms, are buoyant, and disperse in

a surface layer. The thickness of this layer depends on the buoyancy of the solute, and

also the degree to which it is degraded through wave action.

The surface layer of solute also is advected by the Lagrangian wave drift, in addition

to the non-wave induced currents due to the general and tidal circulation. These effects

are represented through two parameters which are assumed to be constant throughout

the model sea.

The thickness (h) of the surface layer, e.g. 0.1m, which contains the solute. The

concentration of the solute is inversely proportional to h, since in(2.1.4), the water

depth (H) is replaced by h, where h< <H.

The effect of the wave-induced drift which is represented by the addition of a drift

velocity,

u5 : |IV,. (7.1)



where w. is the water friction velocity, deFrned by,

!" = Plru,llu,

in which t. is the surface shearing stress, p is the water density, and y is a constant.

For a solute uniformly distributed vertically within a logarithmic wave boundary layer,

\ : Llk (7.2)

where k is Von Karman's constant (k - 0.4). This situation would possibly correspond

to a mature slick, whereas before the wave action on the solute has been completed,

y > 1ik. The estimate (7 .2) of y is used as a 'default option', however any value may

be specified.

In the amended equation (2.1.4), we have

(IJ + u.H) in place of IJ.

Data Set 5

Position

51 The depth of the surface layer (h) tml

If h : o, the soiute is assumed to be vertically well mixed.
l:1", < ii ,--., u.-.. **- ..,-.,,, iì. - 

( l,f 1r,, la't .,,'. ,' ! ,,",.,.t-,,..-^l ()
56 The wave drift parameter (y)

J - r-i

F5.2

ll-tz-rr- 11 - , r

F5.2

it

If Y : o, Y : 1/k.

Note For a point release, e.g. an oil spill, the starting and finishing times may be set

in Positions 61 and 66.
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8. Time series input

In the original FLOWSPA model provision was made for time series input. This

facility has been adapted and extended in FLOV/M.

There are three types of time series input, (i) Wind stress components, (ii) Background

concentration and evaporation, and (iii) Boundary elevation.

The time series specification (Data Sets S1 and 52) follow Data Set 8

The time series specifrcation (Data Set 53) follows Tlata Set 12.

The time series (Data Sets Dl. D2 and D3) follow Data Set 53.

6

101

Position

1 Time series indicator

if -1 wind/wind stress components are specihed

if -2 wind/wind stress components and background

concentration and evaporation are specified

if X wind/wind stress components and background

concentration and evaporation and boundary elevations

are specified. Number of set points on boundary

:X(X <25)

6 V/ind/wind stress indicator

if 0 wind stress components (Nm-2 x 103)

if 1 wind components (ms-t)

if 2 wind speed (kn) and direction from (")

Format

15



T)ate Sef S?

1 il 2l

TsIDLA!dnL0o60aJ

Position

1 Time of start of data (hours)

i 1 Interval of time series data (hours)

if 0 constant forcing required at set points, in this case

onl1, ¡he first entry of the time-series is tc be specifieC.

2l Title of data

Data Set 53:

1 6 2t23

ZAIO

010J06527I

Position

1 Column of set point

6 Row of set point

both the row and column should be odd numbers, and set points for

all boundary points should be given. Expanded resolution should

not be used with time-series input.

2I Percentages of corresponding data source points

A linear combination of up to 3 time series entries, each

corresponding to a data source point may be apptied to any set

point. The percentages to be taken from each data source point,

with -1 for 100% are entered.

Number of data source points - X (Data Set Sl).

Format

15

15

2512



fìata Set 54:

0 Set points terminator card.

116I

264925172

1161

217417602

Position Format

16F5.0

16F5.0

1

1

6

6

11,

11,

Wind/wind stress data

as specified in Data Sets S1 and 52

11I 6

17J26J

1161

2759

6

1,6,

Position

1

T)eta Sets T)?

11,

11,

Background concentration (C") Scaled units

Net rainfall [mm/month] (-ve if net evaporation)

as specified in Data Sets 51 and 52

Format

16F5.0

16F5.0

1 116

9752



Position

11,6I Elevation in mm

One time series input is required for each of the X set

points, as specified in lrata Sets Sl. 52 and 53.

Note

The time series information is submitted in sets, i.e. Data Sets D1, D2, D3 - in batches

of 16 entries.



9 Initial frreld input rj ' ' Þ 't t- '- z' ' '

9.1 Initial concentration field;

It is sometimes useful to initiate thc dispersion from an initial known field at a

specified time. This facility uses Irah Set 4 and a new Irata Set 1 I and Iìata Set

L2.

lìata Set 4

Position

22 Initialconcentrationindicator

if 0 initial concentration is set as C" (Dala-.Scl.5)

if 1 initial concentration field as specified in

Data Sets 11 and 12 is exPected.

Format

I1

Note. This facility replaces the original initial conditions option. A standard

ocean is now always assumed.

Data Set 11:

Position Format

1 Start time for dispersion from the initial freld (hrs) F6.1

Data Set 12:

An array of Co {scaled units} of the model sea. Co values are entered on i odd

j odd nodes only by rows starting from the bottom of the model sea.

Array dimensions : M -- M 

=-t, 
N = t^-t are those used in the2z

simulation after doubiing or expanded resolution has been implemented'

Format F5.0

) i-l-r



9.2 Sigma -T field

The specification is amended and extended as follows:

Data Set 2:

Delete provision in Position 1 l

Data Set 3:

Position

81 Baroclinic forcing indicator

if 0 no or forcing

if I o, forcing

if 2 o, forcing, baroclinic on boundaries

The snecification of .r forcing is gil.ren in Tlarn Qar 1o.

Format

I1



10 Preprocessing and graphical output

A preprocessing routine has been added to the FLOWM code which enables the data

to be input interactively. Output files are also produced according to the specifications

which are suitable for graphical ouþuts. A parameter has been included to specify the

type of graphical output.

Data Set 3:

Position Format

82 Graphical output indicator 11

if O GMT

if 1 Spyglass

In the preprocessing routine the bathymetry data Qata Set 6) and also the o, data (Data

Set 10) are imported as specihed files.



11. Other input changes

11.1 Minor changes

These changes may be entered in the FLOV/C booklet

Iìata Set 3:

Position

if -ve the flushing/renewal time and Strutton exchange constant are

computed using a rate of change of concentration averaged over the tidal period.

Note:

The term

account of storage.

31

Add:

\ )
has bee-n a.dded to the denominator of (2.5.2), r,o take

Format

T7

I7
I7

F 8.3

a

Data Set 4:

Position

1

8

15

22

23

4.2 Utility Output File

Líne 2: Turnover rate

M

I1

or
PoÍr

Flushing (rr) or Renewal (r.) time

[days]

-M
P oTn

lm
¡s -r]

F2OF

F12.3

F12.3Time [days]



Note: The turnover rate is *ve for flushing and -ve for renewal, and is the

effective discharge for the exchange of solute with the model sea.

I)eta Set 1 '

Delete indicator in Position 21.

Delete specifications in Positions 26 and 31.

Dimensions are preset at (100, 100). This allocation can be changed in

FLOWM by user.

Data Set 4:

Timestep at which Position 6l

Format F 5.O

Format 13

Format 15

Data Set 7

Pollution flux (P) lkgs 
I] (Q : O) Position 31

Data Set 11 (Section 9.1)

Ll.2 Tidal progression

An alternate specification for the tidal forcing has been incorporated, in which

it is assumed that the tidal wave is propagating across the boundaries of the

model sea from a specified direction (0o), and during its progression, its



amplitude and phase are modulated, by the respective rates, ax (cm/km), and B*
(o/km)

On the assumption that these rates are small, the appropriate boundary forcing
that is applied on the boundary points is,

n = C o"osU * 0 r-j,)AS[øsiny,c "t+*Copsiny,,^ff1
-(iB-t,)A,Sføcosyoco t+*C,B.oryr r ]l

in which \u = 210-0u, yg = 270-0eand ø : 10-5a*, 0 : 10-10x(nlrg0), and c" is the

amplitude of the tide at the centre of the model. This equation replaces the FLOV/C
input specification.

The procedure is implemented in t-rata Set 2,

Position

4I The rate of modularion of tidal amplitude (ø*)[cm/km]

48 The rate of modulation of tidal phase (Êx)t./kml

55 The direcrions (0", and 0or) from which the tide (ampiitude and

phase) is progressing (if 0u :0o,

60 the new procedure is not implemented, and 41 and 4g are as

specified in rhe FLOU/C input specification)

F7.3

F7.3

F5. I

F5. I
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7. Limited buoyant discharges

The faciliry implemented in Data Set 5, allows the effects of continuous discharges

of fluid and solute from specified sources to be tracked on the assumption that total

mixing of the solute in the tvvater column occurs.

This facility has been extended to incorporate point releases of material, which may

also be limited by its buoyancy to disperse in the surface layer of the water column,

where it would be influenced by drift currents associated with the wave boundary

layer.

7.L Point releases

This facility assumes that all discha¡ges occur only in a specif,red time intervai

Data Set 5

Position

6T Starting time for discharge (hours) F5.2

Finishing time for discharge (hours) F5.z

If both starting and f,rnishing times are zero, a continuous discharge is

assumed.
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7.2 Buoyant plumes

Oil and other organic solutes, and also certain organisms, are buoyant, and d.isperse

in a surface layer of thickness (h). The dispersion in this layer is simulated by

assuming that the concentration is well mixed vertically within the layer, and that it
is zero beneath. If locatly h>H the surface layer model transforms into the

standard model in which the concentration is uniform throughout the water coiumn.

The thickness (h) can be specified, based on considerations of the buoyancy of rhe

solute, and also the depth of the wave boundary layer (h*), which acts to mix the

solute downwards. The wave boundary rayer depth @ye 19gg) is

r,l
2")

2

(7.2.t)
hn :8/z



where T, is the significant wave period e.g., for T, : 3s, h* : 1.1m. Ic would be

expected that ttris ratio (h/h*) is controlled by the buoyancy of the solute. A very

buoyant solute would be mixed down only a small fraction of h*, and an almost

neutrally buoyant solute would be mixed down over a depth greater than h.

The second important factor is the advection of the solute by the Lagrangian wave

drift, which is additional to the non-wave induced currents due to the general and

tidal circulation. The wave drift adds a surface water transport which is directed

along the local wind direction. The totai transport in the surface layer is,

uo
(u I:l- *yw,lh
\ä '-)

where r ;U tnh/h*)

(7.2.2)

(7.2.3)

a

in which the drift prof,rle has been assumed to be logarithmic (Bye, 1988), and w* is

the water friction velocity, defined by,

in which z" is the surface shearing stress, p is the water density, and k is von

Karman's constant (k - 0.4). The drift current parameter (y) can be estimated

using (7.2.3). ln the natural environment, it is observed that the maximum value of

/, \y is 251 ! - to-^ | , which is the surface drift speed of smail marker particles or(¿* )'

dye patches. The minimum value of 7 is 0 (h : 10h*) at which the effect of the

local drift vanishes. T = 2 :5(I I k) corresponds to a solute uniformly distributed in

the wave boundary layer.

If a greater value of ¡ than specified by (7 .2.3) for the ambient thicknesses h and h*

is used, this simulates a concentration profile increasing towards the sea surface,

whereas a lesser value corresponds with a concentration profile increasing towards

w.wpTs



the bottom of the surface layer

The surface layer solute transpoft equation which replaces (2.1.14) is

h#.r" uy*r" *+#(*X) *@#)=-w,c.#- il?c (7.2.4)

where

,- = 
âuo * âvo

e^'ôxa
is the upwelling velocity from beneath the surface layer (in which C : O), and it
has been assumed that h is a constant thickness, i.e. the surface layer floats on the
-¡^^_--- _,qçtrPËr w¿Lcr.

When the surface model is applied, i.e. h * o, it aiso assumed that loss of solute

with the specified time constant @gta se1_1, position 26) only occurs at

concentration grid points adjacent to the coast. This simulates, for example the

.grounding of oil or the recruitment of larvae, or possibly the destruction of
organisms in the surf zone. ln the open water, the solute transport is conservative.

The mass (M) of solute removed. at a coastal grid point can be computed. from the

record of an instrument. In each recording time step,

M_LC*
where C* is the scaled output concentration, L is the loss factor for the instrument,

and M is in kg. ln the surface layer simulation, the time constant of coastal decay

(r=11tr'), where 2'=Å. lb n which b is the number of doublings (Daø Set 3

Position 51) and b : 2 for expanded resolution (Data Set 3 , Position 79) , is set

proportional to the grid interval. This ensures that the flux/unit length of coastline

lost from the solute field is independent of the resolution at the same concentration,

i.e. it is independent of b.
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1. Background and Aims

1.1 Background

Mobil's Port Stanvac Oii Refinery receives crude oil for refinement within its plant and
exports refined oil and other products. One of the potential problems associated with
refinery operation is accidental release of oil into the marine environment. The primary
points where accidental spillage can occur are at the "Deep Ocean Point", otherwise known
as the buoy, and the "Wharf Point" (refer to Fig. 1). Two cargoes of 100,000 tonnes and
one cargo of 150,000 tonnes of crude oil are imported monthly via the "Deep Ocean
Point", while 25,000 tonnes of refined fuel oil is exported from this point twice a week.
Wharf operation sees exports of 50,000 tonnes of refined fuel oil and 15,000 torures of lube
oil per month, while twice a year 35,000 tonnes of light oils and other substances are sent
from the refinery. Accidental operational spillage of oil couid occur from the "Deep Ocean
Point", the "Wharf Point", or via the pipeline that feeds into the refinery. In the event of
oil enterine the ocean as a result of routine loading and rnlqa.drng of oil product it is likel;,
that it will impact on the rocky intertidal region as it is swept ashore by the action of wave,
wind, tides and water currents (both tidal and non-tidal).

The health of the Port Stanvac shoreline and adjacent shores in Gulf St Vincent has not
been well documented, and very few ecological studies have been conducted in the region.
This is despite the fact that a number of factors (besides an oil spill) potentially impact the
Port Stanvac coastline. These include dredging (currently being investigated by the
University of Adelaide), the Mitsubishi storm water outfall which gives an intermittent,
seasonal discharge of water runoff at close proximity to the northern boundary of the
refinery and the E&V/S secondary treated sewage discharge from Christies Beach. Mobil
also discharges treated refinery effluent towards its northern boundary which is another
potential source of pollution to thc marine environment requiring consicl,eration. In
addition to these potential pollutants, Christies Creek and the Onkaparinga River flow into
the coastal waters to the south of Port Stanvac, and northward sand drift in winter and,
spring can impact on the coastline. The final factor that potentially influences the health of
the Port Stanvac coastline arises from the private ownership of the area which partially
protects the intertidal animals from the trampling and collection pressure in similar, but
publicly accessed, areas.

Mobil is aware that a potential risk of their operation is release of oil into the marine
environment. To this end they want a monitoring program in place that will enable an
objective assessment of injury (if any) to the coast following an oil spill and its recovery
following such an event. In addition, a suitable monitoring program will allow Mobil to
have discussions with the EPA conceming the consequences of an oil spill, mount a
defence in response to any charges that may arise, and minimise the cost impact of such
charges. On a broader level Mobil want to be environmentally aware of the effect of their
activities.
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1.2 Aims

This project aims to establish the existing (or baseline) condition of the intertidal area at

port Stanvac, and use this as the basis for designing an ongoing monitoring program using

suitable biological indicator organisms. The monitoring program must be able to partition

variation due to the other pollution sources mentioned above from those attributable to an

oil spill. To achieve this aim it is necessary to investigate the temporal and spatial trends

seen at various sites within Gulf St Vincent (GSV).

The specific aims of this project are to:

1. Establish the baseline (existing) condition of the intertidal atea at Port Stanvac with

respect to a suitable indicator organism(s)'

Z. Design an ongoing monitoring program capable of detecting an oil spill impact and

differentiating this from effects associated with confounding factors.

3. Investigate the impact of trampling and collection pressure on animals whose

characteristics and ecology suggest a propensity for being affected by such pressures.

The impact of recreational visitation, trampling and collection pressure on animals is a

factor which is likely to influence community structure at sites in GSV. However, this will
not be discussed in this rePort.

1.3 The Best Monitoring Design for Port Stanvac

A literature review of monitoring programs used to detect environmental impact

(Attachment A) recommended the use of a Beyond-BACI design for the Port Stanvac

preliminary monitoring program as well as for the ongoing monitoring progam

iutrd.r*ood 1991, 1.992 &.1993). This design involves using at least a single 'impact' site

and multiple 'control' sites that are sampled many times before and after an impact occurs.

The purpose of this design is to detect whether there are changes at the 'impact' site that

are greater than would be expected on average at the 'control' sites. Data collected during

the sampling is analysed using an Analysis of Variance (ANOVA) to statistically partition

the variance due to such factors as sampling times, locations, and 'before vs after' impact.

The Beyond-BACI design will be explained along with a worked example in Section 4 of
this report, and a flow chart is provided to indicate the stages that need to be worked

through in using a Beyond-BACI design (Attachment B).
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2. Preliminary Monitoring of GSV Sites

A number of rocky intertidal sites were visited during the design phase of the ongoing

monitoring program to select those suitable for preliminary monitoring and to choose the

most appropriate sampling protocols. Nine sites which had similar suites of animals and

ease of access, were chosen for ongoing monitoring during 1995 and 1996 (Fig. 2). The

preliminary study sites extend from Kingston Park (to the north of Port Stanvac) to

Robinson Point (to the south). The history of small (past) oil spills and pattems of
circulation within GSV allowed prediction of three potential impact sites within the

boundaries of Port Stanvac (designated PSl, PS2 & PS3). Although these sites are

potentially impacted by some of the confounding factors mentioned previously, any could

serve as an 'impact' site if a perturbation intervened during the preliminary sampling.

All animals and plants visible within quadrats, which were randomly assigned within a site,

were censused along with physical parameters such as the presence of oil (subjectively

scored on a scale of 0 to 4), substrate composition, topographic complexity, substrate

elevation and percentage of retained water. The preliminary study allowed a determination

of optimal sampling strategies and natural perturbations (such as the northward sand drift)
which can be faced by rocky intertidal animals and which need to be considered in a

monitoring program.

At the end of the preliminary monitoring the sites were redefined and where necessary, for
example if the original site appeared to be especially susceptible to natural substrate

perturbations, new, more stable sites, was selected. The final study sites are described in
the next section (Section 3).

The Beyond-BACI design was used for the preliminary monitoring to ensure that in the

event of an oil spill or other impact occurring, the effect of the perturbation could be

statistically investigated. The preliminary monitoring involved using two specific time

scales; 'Periods'which are two to three months apart, withinwhich'Times', two to three

weeks apart, were nested. Bembicium nanum was used as the indicator animal for the

Beyond-BACI analysis of the sand influx which occurred during the preliminary sampling,

for reasons given in Section 5 of this report.
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3. Study Sites

Of the nine preliminary study sites, 'Witton Bluff did not have a suitable suite of animals
and was excluded from the final choice of study sites. PS2, PS3, Marino Rocks and Hallett
Cove were all redefined due to the potential for repeated sand influx at the latter site, and
mobilisation of adjacent boulder and cobble substrate at the other sites. The new sites are
believed to be more stable than the sites they replaced and are dominated by the gastropod
mollusc Bembicium nanum (Fig. 3). One 'zone', ie. one level within the intertidal zone, is
to be sampled within each of the designated study sites, and except where otherwise
specified, the substrate of interest is predominantly flat bedrock. 'Where 

an area is sampled
in fwo directions, random numbers are used to assign the quadrat position by moving the
required distance in the first direction, followed by the required distance in the second
direction.

Kingston Park (Fig. 2, Plates I e.2)

This site is situated at the end of a Service Road which is turned into from Esplanade
Road (Appendix 1;Map 152, Ref.814.5 ). At the end of the Service Road is a seawall
with a cemented lower section. The site to be sampled commences 24m from the start
of this seawall and extends a further llm from this point, and the area is worked
towards the south and the west.

The sampled area is located to the south of a small boat ramp and the substrate is
predominantly flat bedrock with very little elevation, interspersed by areas of rounded
cobble, boulder and pebble that overlie some of the bedrock, and which dominates close
to the low tide mark.

Marino (Fig.2, Plates 3, 4 &. 5)

The new Marino site is located to the south of Kingston Park, and is further north than
the originai ivlarino Rocks study site. it is accessed from a carpark at the end of Jervois
Road (Appendix 2, }l4.ap 164, Ref. D0.5). A large square rock formation in the cliff
landward of the sampled area is located 4I.9m from the start of the concrete section of
the boat ramp on the beach. From this rock a distance of 2 1 .8m is measured to locate
the start of the sampled area, which extends a further 4.8m west. The area is worked to
the west and the south and sampling is in the lower, flatter bedrock interspersed between
the more upthrust grey and slightly eroded rocks.

Hallett Cove (Fig. 2, Plates 6 &.7)

This site was redefined following the preliminary study. It is situated past the Surf Life
Saving Club at Herron'Way, adjacent to the car park that is entered from Grand Central
Ave. (Appendix 3, Map 175, Ref. Ql). Sampling can commence 33m from the base of
the ramp that allows entry to the beach, and can continue for a fuither 16m from this
point. The sampled area is predominantly a cobble and boulder field with entrapped
sand, and is directly to the south of the original Hallett Cove site. The area is worked to
the west and south of the starting position.
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Port Stanvac Study Sites (Figs | &'Z)

'r' ery Road (Appenctix 3' Map 175' Ref' *lti' All Port

I uia the 
"oì.tãi 

track within the refinery. A compulsory
ù

Sortoworkingattherefinery'andapermitobtainedto
allow vehicle entry into the Plant'

The beach within the boundary of the Port minantly rocky'

with flat bedrock interspersed by heavily T.t 
*tut being

overiain by large amounts of mobile substrate is the

most complex and varied of all the sub

PSI (Fig. 2, Plates 8' 9 & 10)

This site is reached at the end of the coast

The actual area to be sampled begins at

effluent discharge pipe, and 7m to the w

west of this Point and is worked in a

predominantly flat bedrock with occasio

cobble and boulder

PS2 (Fig. 2, Piates II,12 & 13)

This site is accessed from the coastal refine

the site a distance of 48m to the

peg to the north of a large rock

rock located. The sampied area : ._ 'on of flat
flatter bedrock strata which extends for regl

bedrock strata is found to the west' but one which is

worked on, with sampling remaining with in a southerly

direction.

PS3 (Fig. 2, Plates 14 & 15)

This site is situated to the south of the Port

rocks at the base of the southern side of the

also approximateiy 56m west of a large gr

the sanã. The substrate is a flat bedrock

wider in its southern dimension' The are

strata.

PortNoarlunga South (Fíg'Z,Piates 16'17 & 18)

This site is some distance from the Port Stanvac sites (see Appendix 4) and is entered

ringa River' It is on the southern side of

rint which is located in a car park (Appendix

via a path from the car park, and the reef to

path immediately adjacent to deep water'
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Sampling begins 24m to the west of an eroded hole in the centre of a small cliff
landward of the intertidal reef and extends a further 18m from this point. The centre of
the reef is worked in a west and south direction. This site consists of stable substrate

which has large eroded holes which tend to retain water and form small rock pools.

Robinson Point (Fig.2, Plates 19 e,20)

This site is fuither south of the previous one and is reached from Esplanade Road' The

car park adjacent to bus stop 84 is entered, and the site accessed via stairs to the beach

(Appendix 5, Map 195). The reef being sampled is the first to the south of the stairs.

Samptlng begins 68.5m from the base of the cliff, extending a further 26m fi'om this

poini. Robinson Point consists of a relatively homogeneous substrate of embedded

ùoulder and cobble stabilised in sand. As such it is a relatively stable substrate, made

even more so by the sheltered aspect of the reef. For these reasons it is considered to be

equivalent to sites with cemented bedrock substrate in terms of its substrate. It is low-

lwino end is rlifficult to access at times.
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Plate 1. The Kingston Park study site is reached from a Service Road. At the base of the
ramp is the man-made seawall used to locate the area to be sampled.

Plate 2. The area sampled at the Kingston Park study site. The study region extends from
just beyond the darker bedrock in the foreground and stops before the cobble is reached.
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Plate 3. The Marino study site is located to the north of the boat ramp from which this
photo was taken.

Plate 4. The sampled substrate at Ma¡ino begins where the person is standing.
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Plate 5. At Marino the substrate sampled is the flatter regions of bedrock occrrring
amongst more elevated bedrock. The sampled substrate lies to the seaward side of the
paler strata.

Plate 6. The Hallett Cove site is located in the cobble and boulder field directly in front of
the base of the ramp shown in the background.
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Plate 7. 'I'he tape marks the beginning of the sampled region in the cobble ¿rntl boultlcr

field at Hallett Cove. The original study site used in the preliminary sampling is shown

to the right of the new site and was prone to sand influx. This original site served as the

'impact' site in the Beyond-BACI analysis of the sand perturbation during preliminary

sampling.

Plate 8. Location of the PSI site is via the coastal track at the refinery. The car is parked

at the southern end of the track, adjacent to PSl.
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Plate 9. The refinery effluent pipe runs across the intertidal region south of PSl. The pipe
join from which measurements are made to locate the start of this site is just in front of
the cement box. The large pipe on the cliff in the background discharges runoff from
the Mitsubishi Manufacturing Plant.

Plate 10. The wooden 0.25n] quadrat in position at the PSl site. The substrate is
predominantly stable bedrock with fissures and small eroded holes. The small molluscs
present as brown specks on the rock are mainly Bembicium nanum.
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plate 11. This photo was taken facing east from PS2, the cenÍal study site within the

refinery. This site is located using a surveyor's peg which is to the right of the boulder

d at almost road level to the left of the car.

ptate 12. The position of the PS2 site to the north of the refinery wharf. Note the large

amount of mobile boulder and cobble substrate close to the sampling area.
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Plate 13. This photo was taken facing south along the bedrock strata that is sampled at
PS2. Sampling at this site proceeds within the confines of the strata and is not caried
out on acent mobile rock.

Plate 14. The PS3 site lies to the south of the refinery wharf and ship-to-shore pipeline.
The quadrat in the foreground of this plate is positioned on the bedrock strata which is
sampled at this site.



Intertidal Monitoring Programfor Port Starwac - Page 16

l

l

Plate 15. This plate agairLshows the PS3 study site with the quadrat in position. This time

the area is viewed from the shore facing the sea (west).

Ptate 16. The landward natural seawall used to locate the area to be sampled at the Port

Noarlunga South site.
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Plate 17. A distant view of the seawall that lies to the east of the Port Noa¡lunga South
site. The area that is sampled at this site is shown in the foreground.

Plate 18. The Port Noarlunga South site is a low-lying reef which has formed from
bedrock which has been eroded by constant wave action to form some quite deep holes.
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Plate 19. The access path to the Robinson Point site is shown. The area to be sampled is a

reef that lies to the south of the stairs. A stormwater outfall discharges runoff to the

north of this site under high rainfall conditions.

Plate 20. The sampled area at the Robinson Point site is predominantly embedded cobble

secured by sand and mussels which affords relative stability.
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4. Beyond-BACI

4.1 Beyond-BACI Design

A Beyond-BACI monitoring design involves the use of multiple control sites which can be
compared to one or more impact sites over time (as a temporal sampling series). All sites
are monitored for some time before and after an impact occurs. Although biological
variables fluctuate at all sites all the time, it is expected that an impact will cause a
temporal change in the disturbed location that will be different from the average change
expected in the unimpacted control locations. The analysis involves using a series of
statistical tests to determine whether an unusual pattem of temporal change is specific to
the impact site(s) and coincident with the onset of the disturbance.

The two temporal scales of interest in the preliminary sampling program were weeks and
months. The two temporal scales allow a determination of shorter-term and more
nersistent lonser term changes at an imnact site srrþsgnrrent to a peflrbation. In addition,
change can be investigated at the scale of 'Before/After'.

The sampling protocol adopted two main temporal scales; 'Times' two to three weeks apart
nested in sampling'Periods'whichwere two to three months apart. Within each of these
temporal scales actual sampling times were randomly chosen from the days when tidal
conditions allowed site access, and all sites at each time were sampled as close as possible
to the same day. Sampling continued according to this regime for 15 months, but when a
disturbance occurred the post-impact sampling commenced immediately, with sampling
continuing at the same intervals as the pre-impact sampling. The sampling protocol is
illustrated in Table 1.

Table 1.The sampling schedule used in the preliminary sampling. In this instance two sampling penods
were completed before the sand perturbation intervened. Periods are 2 to 3 months apart and times
are 2 to 3 weeks apart.

Before After
Period 1 Period 4
Time 1 Time2 Time 1 Time 2 Time 1 Time 2 Time 1 Time 2

During the preliminary sampling the northward sand drift affected the Hallett Cove site but
did not appear to affect other control sites. Therefore, a Beyond-BACI analysis was
performed using Hallett Cove as an 'impact' site and five other sites as 'controls' (see
Appendix 6). The general design used for the Beyond-BACI sand perturbation and the
main factors involved are shown in Table 2.

Period 3Period 2
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Table 2. Main Factors and levels used in the Beyond-BACI Design for the 'sand-impact' analysis.

Factor General Design "Sand-Impact"
Number of levels

Before vs After (B)
orthogonal and fixed

Periods (P)
nested in B, random

Times (T)
nested in B and P, random

Locations (L)
orthogonal and fixed

4.2 Beyond-BACI Analysis

The only animal present in sufficient numbers at the majorify of study sites and suitable for

use as a biological variable for the preliminary Beyond-BACI analysis was Bembicium

nantm.t (Fig. 3). The total abundance of this animal at relevant study sites for the two

periods before the sand influx and the two post-impact periods was used in the Beyond-

BACI analysis of the 'sand'perhrbation (Appendix 6).

Data were entered in the GMAV5 Program produced by Underwood (see Appendix 7).

GMAV5 is a five factor analysis of variance program capabie of dealing with complex

models comprised of orthogonal or nested, fixed or random factors. It also tests

heterogeneity of variances using Cochran's test and compares means using Student-

Newman-Keuls tests (see Zar 1984). The GMAV5 package was used to analyse the sand

perlurbation data as described by Underwood (1993).

To calculate the appropriate ANOVA terms, four separate analyses are performed (see

Table 3). The data are first analysed with all the locations considered as a set with no

division of control and impact sites (Analysis a). Data are then reanalysed without the

'impact' site (Analysis b). Next, in order to manage the nested factor of 'Times' within
'Before and After', only the data from 'Before' are analysed (Analysis c). The final

analysis uses the 'Before' data, but this time omits the 'impact' site from the analysis

(Analysis d). From these four analyses the final variances can be obtained using

subtractions and additions of the variance components generated (Table 3) as described in
Underwood (1993) and shown in Table 4.

2

2
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6

2
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Bembicium nanum

(a)

i,":

(b)

2cm

Fig. 3 The gastropod chosen ¿ìs ¿uì indicator of change for the long-term
intertidal monitoring program (a) Shows large specimens with bright
colouration. (b) Shows the duller appeffance more typical of this
animal at the majority of study sites.

.'

:
:
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Table 3. Calculation of analyses of impact in a Beyond-BACI design (After Underwood 1993). SS: sum of
squares, df: degrees of freedom.

Analysis

Source of Variation

a

(alt data)

SS&df

b
(controls)

c

(before)

SS&df

d
(before

controls)
SS&dfSS&df

Before vs After: B
Periods : P(B)
Times : T(P*B)
Locations = L
BxL
P(B) x L
T(P*B) x L
Residual
Residual
Total

a1

a2

a3

a4

b1
b2
b3
b4

c1
o1

dl
d2

Table 4. Calculation of final variances in a Beyond-BACI design following an impact. Final values are

calculated using preliminary analyses shown in Table 3 (After Underwood 1993). SS=sum of
squares, df: degrees offreedom.

Source of variation SS df MS Calculated from
Before vs After = B
Periods (P) : P(B)
Times (B) : T(B)
Locations : L

Impact vs Controls : I
Among Controls : C

BxL
BxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

a

a

a

al
al-bl

b1

a2

a2-b2
b2
a3

cl
c1-d1

d1

a3-c1
u3-ç1_þl+dl

b3-dl
a4

c2

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a

a

The final variances obtained are then subjected to statistical tests (Table 5) to see if there

are significant differences between the impact and control sites at different temporal scales,

and if these differences are coincident with the impact in question (as described fully in
Underwood 1993).
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Table 5. The sequence of statistical tests used i¡ a Beyond-BACI analysis to test for significant
environmental impacts at a range of temporal scales (After Underwood 1993).

1a No short term interaction among controls; T(aft)xC/Res is not significant, T(aft)xC is
eliminated, go to 1b1.
Short-term temporal interaction among controls; T(aft)xC/Res is significant, go to
rb2.

lb 1. T(aft)xl/Res not significant: no short-term interaction, go to 2.
T(aft)xl/Res significant: go to 1c.

2. T(aft)xl/T(aft)xC not significant: no short-term interaction: NO IMPACT
DETECTED; END.
T(aft)xVT(aft)xC signifìcant: go to lc.

1c. Two-tailed tests: T(Aft)xVT(Bef)xC is significant and T(Aft)xClT(Bef)xC is not.
Therefore effect is specific to impact site and coincident with start of perturbarion.
n /fD 

^ 
r\1. nETn^Tnñuvlr1\vr ùLLLvLDU,

Two-tailed tests: either T(Aft)xVT(Bef)xC is not significant or T(Aft)xC/T(Bef)xC is
significant. Effect non-specific. NO IMPACT DETECTED; END.

locations.
2a No medium-term temporal interaction among controls: P(aft)xC/Res is not

signifìcant, P(aft)xC is eliminated go to 2b1.
Medium-term temporal interaction among controls; P(aft)xClRes is significant, go to
2b2.

2b 1. P(aft)xl/Res not significant: no medium-term interaction, go to 3.
P(aft)xVRes significant: go to 2c.

2b 2. P(aft)xVP(aft)xC not significant: no medium-term interaction: NO IMPACT
DETECTED; END.
P(aft)xl/P(aft)xC signifrcant: go to 2c.

2c Two-tailed tests: P(Aft)xVP(Bef)xC is significant and P(Aft)xC/ P(Bef)xC is not.
Therefore effect is specific to impact site and coincident with start of perturbation.
IMPACT DETECTED.
Two-tailed tests: either P(Aft)xI/P(Bef)xC is not significant or P(Aft)xCÆ(Bef)xC is
signihcant. Effect non-specifrc. NO IMPACT DETECTED; END.

3a No Before/After interaction that differs between I and C locations; BxC/Res not
significant and is elimìnated, go to 3a1.
tsetbre/After interaction among controls; BxC/Res is signifìcant, go to 3a2.

3a 1. BxVRes is significant: IMPACT DETECTED.
BxVRes is not significant: NO IMPACT DETECTED.

3a 2. BxI/BxC is significant: IMPACT DETECTED.
BxI/BxC is not significant: NO IMPACT DETECTED.
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4.3 The 'Sand' Impact, a'Worked Example

The abundance of B. nanutm for two periods i) before and ii) after the sand influx at Hallett

Cove was used as the variable of interest in a Beyond-BACI analysis (Appendix 6). A
comparison of the substrate composition at control sites and the Hallett Cove site during

this time, clearly shows an increase in sand at the impacted site of more than 95%

immediately post-impact, at P3T1 (Fig. a).

A preliminary analysis (using GMAV5) revealed that variances were heterogeneous even

after anumber of transformations were tried (Cochran's C: 0.0991 P<0.05). In general the

data were normally distributed (tested using the Anderson-Darling statistic and the

Student-Newman-Keuls test). After transformation, however, all groupings were not

normally distributed, 6 dala sets remained above the Anderson-Darling critical level (at

P:0.05) of 0.652. Despite the fact that two assumptions of ANOVA were violated the

analysis was undertaken using 1og16(n+1) transformed data as sample sizes were equal, and

extreme heterogeneity of variances was not displayed. Data were initially entered into

Microsoft Excel and then saved as a x.csv (comma-separated-value) file for input into

GMAV5 (refer to Appendix 7).

The analyses were conducted as described by Underwood (1993), using Tables 3 and 4

above. The raw results of the four analyses produced using GMAV5 (Table 6) were used

to generate the final ANOVA table (Table 7).

Table 6. Calculation of analyses of impact in an asymmetrical Beyond-BACI design using the 'sand-impact'

data set (After Underwood 1993). SS: sum of squares, df: degrees of freedom.

Analysis

Source of Variation

a

(all data)

SS df

b
(controls)

SS df

c

(before)

SS df

d
(before

controls)
SS df

Before vs After = B
Periods = P(B)

Times : T(P*B)
Locations : L

BxL
P(B) x L

T(P*B) x L
Residual

Total

40.53
7.41
4.01

166.30
t78.76
16.87
36.88
97.14
547.89

0.13
7.10
3.96

t53.7t
3r.44
t4.23
20.78
73.24

305. 1 8

6.19
2.03
62.65

11.00
t4.t2
44.41

141.11

7.09
236
25.76

10.58
10.64
37.45
94.28

I
2

4
4
4
8

l6
240
2'79

I
2

4

5

5

10

20
288
335

I
2

3

5

10

t44
167

I
2

4

4
8

t20
139
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Fig. 4 Comparison of substrate compos¡tion between control sites (averaged) and Hallett Cove during 1995.
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Table 7. Calculation of final variances in a Beyond-BACI design following the sand perturbation at Hallett

Cove. Final values are calculated using preliminary analyses shown in Table 6 (After Underwood

1993). SS: sum ofsquares, df: degrees offreedom

Source of variation SS df MS Calculated from
Before vs After: B
Periods (P) : P(B)
Times (B) : T(B)
Locations : L

Impact vs Controls : I
Among Controls: C

BxL
BxI
BxC

P(B) x L
P(Bef) x L

P(Bef) x I
P(Bef) x C

P(Aft) x L
P(aft) x I
P(Aft) x C

T(B*P) x L
T(Bef) x L

T(Bef) x I
T(Bef) x C

T(Aft) x L
T(Aft) x I
T(Aft) x C

Residual
Total

40.53
'7.41

4.01
166.30
12.59

t53.',7 t
t'78.76
t47.32
3r.44
t6.87
11.00
0.42
10.58
5.88
2.23
3.65

36.88
14.11

3.47
r0.64
22.77
12.63

1 0.14
97.14
547.89

40.53

3;71
1.00

33.26
12.59
38.43
35.',7 5

1,47.32

7.86
1.69

2.20
0.42
2.65
1.18

2.23
0.91
1.84

|.41
1.74
1.33

2.28
6.32
1.27

0.34

a

a

a

al
al-bl

b1

a2

a2-b2
b2
a3

cl
c1-dl

d1

a3-c I
a3-c1-b3+d1

b3-d1
a4

c2

c2-d2
d2

a4-c2
a4-c2-b4+d2

b4-d2
a,

a

1

2
4
5

I
4
5

1

4
10

5

1

4
5

1

4
20
10

2

8

10

2

8

288
335

The variances in Table 7 were then used to calculate the significance of the treatments of
interest as described in Underwood (i993) and shown in Table 5;

1. Test for an interaction among 'Times' that dffirs between impact and control

locations

T(Aft) x C I Res : 3.76, F..it(1)0.05,8,2ss : 1.97 (P<0.005). Significant short term

temporal interaction between controls.

T(4ft)xI/T(Aft)xC:4.98, F crit(l)0.05,2,8:4.46 (0.025<P<0.05). Significantshort

term interaction.

T(Aft) x I / T(BeÐ x I :3.64, Fcrit(2)0.0s,2,2 :39, (0.20<P<0'50). Non-significant

effect, so effect is not specific to the "impact" location. No impact detected at the

temporal scale of 'Times'.
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2 Test for an interaction among 'Periods' that dffirs between impact and control
locations

P(Aft) x c I Res : 2.70, Fcn*t)0.05,4,288 : 2.40 (0.025<P<0.05). significant effect
detected, indicating a medium-term temporal interaction among control sites.

P(Aft) x I / P(Aft) x c :2.44, Fcrit(r)0.0s,r,a :7.7r (0.10<P<0.25). Non-significant
difference. No medium-term impact detected at the temporal scale of 'Periods'.

3. Testfor a longer term interaction that differs in control and impact locations

B x C / Res : 23.30, Fcrit(1)0.0s,a,2 sg:2.40 (P<<<0.0005). Significant impact detected,
indicating a 'Before/After' interaction among controls.

B x I lB x c:18.74, Fc¡t(r)00s,1,4:7.71 (0.025<P< 0.01). Significant effect
detected, mdrcatmg detection of a "sand-impact" at the temporal scale of
"Before/After". Impact detected at the temporal scale of 'Before/After'.

Therefore, there was no impact detected at the temporal scale of 'Times' or 'Periods', but
an impact was detected at the temporal scale of 'Before/After,.

However, it is necessary to determine the confidence, or predictive power which the
analysis had at the two temporal scales where an impact was not detected. Therefore, a
power analysis was performed as described in Underwood (1993) using the formula;

F";rl (r+nØ), where l+nØ:MS T(Aft) x I / MS Res (or MS p(Aft) x I / MS Res).

The value obtained is converted to 'Power' using an F distribution table (Zar 1984) or the
equivalent F distribution function in Microsoft Excel. For further discussion of the theory
behind the calculation of power refer to Underwood (1993). Calculations are shown
below;

The power of the analysis to detect an impact at the temporal scale of 'Times';

Fcrit(r)0.0s,2,288 / (T(Aft) x I / Res) :3.03/18.73 : 0.16, Fdistio.ro,z,zss; : p: 0,g5

The power of the analysis to detect an impact at the temporal scale of 'periods';

F crit(r)0.0s,r,288 / e(Aft) xI I Res) : 3.81/6.61: 0.59, Fdist1o.se,r,z88) : p : 0.44,
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The power analysis revealed that the probability of the ANOVA detecting the impact at the

temporal scale of 'Times' was 0.85, and the equivalent test at the temporal scale of
'Periods' yielded a very low power of 0.44. The low power to detect an impact at the

temporal scale of 'Periods' is a result of the early intervention of the 'sand' perturbation. If
the sand-influx had occurred later in the sampling progrÍtm the power to detect any effects

would have been greater. The failure of the tests to reveal a significant effect at the

temporal scale of 'Times' and 'Periods' is likely to be due to the instability of many of the

control sites. The less stable control sites were subjected to boulder and cobble

mobilisation under storm conditions (Fig. 4), a situation which was coincident with the

sand influx and thus confounded the analysis.

The data used for the Beyond-BACI analysis, involving the sand perturbation, were

potentially serially correlated, meaning that samples were not independent over time. To

further explore this problem the data were taken to Phil Leppard at the Statistics

Department, University of Adelaide, and independently analysed. The analysis was

performed using an unbalanced repeated measures model with structured covariance

matrices in the BMDP Statistical Software V5 Package (1990). Results were generated as

a within subject correlation matrix. This analysis revealed that serial correlation was only

present at low levels (0.01), suggesting that the results obtained using GMAV5 and

Underwood' s B eyond-BACI analysis were inf-ormative.



Intertidal Monitoring Program for Port Stanvac - Page 29

5. Bembicium nanum (Lamarck)

The small prosobranch gastropod Bembicium nanum was the only species of animal
present in sufficient numbers at the majority of study sites to be useful in a statistical
analysis of environmental impact. It is just one of a number of herbivorous molluscs that
occurred throughout the majority of study sites, but is able to live higher on the shore than
the majority of other gastropods (except Littorina spp.). It is quite a small animal,
generally only attaining a maximum width of about 2cm (Quinn et al. 1992). Longevity of
individuals has been estimated at between 4-8 years, and reproductive maturity in some
populations in New South'Wales has been estimated to occur at an average shell width of
llmm, 10-12 months after settlement on the shore (Underwood 1975). Females spawn
yellow egg masses in spring from which larvae hatch and enter the plankton where they are
believed to spend a long time, possibly up to a year (Underwood 1975). The longevity of
this species means that individuals are likely to survive in a local population through
several consecutive years of sparse larval recruitment. The long planktonic stage means
that dispersal is likely to be over wjrle distances with erlult !oca! pc'pr-rlation dyna:nics
having no influence on the number of new recruits arriving to an area (Underwood 1975).

Two experiments exposing Bembicium nanum to crude oil and refined product þetrol) for
short periods, revealed that it was not killed when exposed to low concentrations of either
product but did show behavioural changes. The primary response noted was closure of the
operculum, and subsequent dislodgment in response to crude oil exposure. This would
suggest that a significant crude oil spill could result in an initial decrease in Bembicium
numbers due to dislodgment and in severe cases smothering of the animals.

Bembicium nenum would be an appropriate indicator of oil-induced change for a number of
reasons. It is abundant at study sites, the adults do not appear to travel as far as other
animals and so are unlikely to be able to avoid oil cxposure, it shows some response to oil
contamination but is not extremely sensitive, and it is herbivorous like the majority of other
(non-sessile) gastropods. This last point means that it is likely to ingest and contact oil in a
similar manner to other less numerous herbivorous gastropods.

Taxonomically, Bembicium nanum belongs to;

Phylum- Mollusca,
Class- Gastropoda,
Sub-Class- Prosobranchia,
Order- Mesogastropoda,
Superfamily- Littorinacea,
Genus- Bembicium Philippi,
Species- nanum (Lamarck).
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6. Recommendations for the Ongoing Monitor¡ng
Program

Based on the outcomes of the preliminary monitoring of study sites in GSV during 1995

and 1996 and a literature review of relevant material, the following recommendations for

the ongoing monitoring progam at Port Stanvac have been made.

o A Beyond-BACI design is recommended. This uses many control sites sampled many

times before and after an impact occurs.

. 8 rocky sites situated within GSV from Kingston Park (north of PS) to Robinson Point

(south of PS), including three sites within the boundaries of the Port Stanvac Oil
Refinery (refer to Section 3 for full site descriptions), are suitable for ongoing

monitoring.
o The designated areas at each study site should be sampled using a randomly located

0.25m2 quadrat, which is deployed T times.
o In the event of an oil spill the affected site(s) should serve as impact site(s) while the

remaining sites would act as controls.
o All sites should be sampled on the same day at low tide for each sampling time.
o The animal to be sampled is Bembicium nanum and the number in each of four size

classes shoultl bc lccurded. The srnallest of these size classcs will rcprcscnt ncwly

settled animals which will not be used in the final analysis, but their numbers through

time may give an indication of the healtþ dynamics of the system. The suggested size

classes are; newly recruited- 2mm or smaller in width, small- greater than 2mm and up

to 0,67cm wide, medium- greater than 0.67cm and up to 1.33cm wide, and large- greater

than a width of 1.33cm.
o The presence of oil should be subjectively assessed (on a scale of 0-4). The suggested

oil categories are; 0- no oil, 1- old weathered oil present as'tat',2- fresh oil present as a

taint or sheen, 3- fresh oil present as an obvious thin film or small globules, 4- fresh oil
present in large amounts as a thick oil film. General changes in substrate composition

(in particular increased amounts of sand) for each site at each sampling time should also

be scored. The data should be entered on field data sheets (e.g. Appendix 8) and then

entered in the Microsoft Access Version 2.0 database.

. Sampling should be stratified to cover two temporal scales;

1. 'Times'- suggested to be two-three weeks apart (randomly assigned) and nested

in sampling periods, and

2. 'Periods'- two-three months apart, and again randomly assigned (see Section 4.1 for

details). ¡zh ¡¡r ù1c

. The recommended effect size to be detected is a 50% greater reCrctio'n ín Bembicium

numbers at the impact site than is seen on average at the control sites. "Effect size"

refers to a 'true' difference between the impact site(s) and the control sites. The term

"recommended effect size" refers to the magnitude of such a true difference which the

monitoring program is designed to have a statistically acceptable chance of detecting.

The "acceptable chance" is the designed statistical power of the monitoring program.

. Two errors that can occur in a monitoring program are the false detection of an impact

(a type I error) or the failure to detect an impact that does exist (a type II error). Both

effors are considered equally undesirable and so it is proposed that the study be
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designed so that their probabilities are set equally to 0.05. In other words, the
recommended statistical power for the monitoring progïam is 0.95,o Thus, in this case, the recoÍtmended aim of the monitãring program is that if there were'truly' a 50o/o greater change in Bembicium nanum abundance occurring at the impact
site(s) in comparison to the control sites then the chance of the study d-etecting it às a
significant impact at the 5o/olevelwould be 95vo.

t Once an impact has occurred and the appropriate sampling been completed, a
preliminary analysis using BMDP Statistical Software V5 (oi u ri-itæ package) needs
to be run to test for serial correlation in the data set. It is recommended that this be done
through the Statistics Department, University of Adelaide. If serial correlation is
present, a more extensive analysis needs to be performed (again, this would be most
conveniently done by the Statistics Department), but if this problem is insignificant,
then a Beyond-BACI analysis can be performed using GMAV5. The stages to be
worked through in using a Beyond-BACI design are shown in Attachment B.

7. lnitial sampling for the ongoing Monitoring program

The initial sampling of the study sites selected for ongoing monitoring was done on the
17th of October 1996 and again on the llth of November 1996. All study sites were
censused on a single day and the data are attached as Appendix g(a)-(d).

Support materials available to Mobil and held in the Zoology Department, University of
Adelaide include:

¡ a data-base file set up in Microsoft Access to store a'd handle the data,

' a macro to calculate average abundances entered as raw values in the data-base, and
which can also be adjusted to calculate standard etïor,

' a sampling quadrat, a metre rule, callipers and a 50m tape measure.

The GMAV5 package is owned by the University of Adelaide, and is available for use if
the Monitoring Program is run through the university of Adelaide.
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Appendix 6 Raw abundances of Bembicium nanum used for the Beyond-
BACI analysis of the sand perturbation-

Study S¡tes
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Study sites; 13= the Hallett Cove 'impact' site, 12= Marino Rocks,
1't=Kingston Park, 3= PS3, 2= PS2 & 1= PSl.
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rstructions for the use of GMAVS

INSTRUCTIONS FOR RIJNNING GMAVs

November 3J995

GMAVS is a 5 Factor Anaþis of Variance program for any complex model of orthogonal or nested,
d or random factors. Heterogeneity of vaäances are tested using Codtran's test arid means compared using
dmt-Newman-Keuls tes ts.

Theré are a few restrictions on the models atlowed

1. Data must be balanced

2- lJl. hierarchical factors must be nested within those above them in the hierarchy.

ln order to run this application, it is necessary to have the following programs a¡rd files in the same
ttory. They can be on a ftoppy disk drive or on a ha¡d disk drive, but must be accessed through the same
h.

GMAVs.EXE
CMSNK.EXE
BRUN6IER.EXE
COCHlTAB.SNK
COCHsTAB.SNK
DATAFOR.SNK
Q1TABl.SNK
Q1TAB2.SNK
QsTABI.SNK
QsTAB2.SNK

It is not necessary to run this program n'ith a printer because the results of the analysis can be output to
rinter or the screen.

If you are printing the results to a printer, it must be plugged into LPT1 a¡rd it must be rurnecl on. If the
rter is not plugged into LPT1 or not turned on, you will get a "device fault" or other erroneous message ancl
program rvill break. You rvill then need to start again.

'' You MUST answer Prompts f¡om the keyboard using CAPITAL LE-ITERS, or you ma\¡ ger a
Éensical message and the program will break-' To make this easier, su,itch Caps Lock on beforJy,ou start.

You start the program by switching to in" directory containing the above files ancl typing GN4AV5. you
do this straiSht out of DOS or via another application such as WINDOI^¡S. Do not change'th"".,o*", of any
re above files or programs.

:a Entry

I _ Th: Program rvill read daüa filenames or header filenames up to I letters, but it does need. extensions onp. The default extensibns are "fi.lename.hed" for header files, "filename-dta" for data fìles of rarv clata and
::name.mva" for data files of means and variances or totals and variances Éor each cell. If you are using the-se
--rult.extensions, the Program rvill add them to thê filenames automatically- The¡reúore, it is onlv necesJary for
'r to type tl're filename n,ithout an extension if default extensions are used- Yoi¡ caÅ adcl ;,our oir,n extensions
r:n you enter the filenames. These rvill override the default extensions.

The data and header information can be entered via the keyboarcl or via the disk drive. If entered via
,d-isk drive, they do not have to have the-same patl'r as each other nor the same path as the programs and files
'ed above.

1

sStep



Instn¡ctions for tl:e use of GMAVS

Ileader File

2
NorE' The path must be included in the fi.lename for the header and data files, e.g. ..a:filename. 

if the
Í:1":t*" 

from the "a" drive or "c\data\fi.le¡rame" ir u.eãa-à come'f¡om a ai.e.tory called;daea..on m" ,,.,,

The header ñle supplies information. about the design.of the analysis. These data can be entered viã thekeyboard in answer to prompb, or from a disk- The p.ograrñ allows a hea'der toüÈ-sa*red once entered from thekeyboard, so that it can be used for futu¡e analyses. "

If the header file is entered from the disk, it must be entered as a sequential esctt file with the followinginformation:

Datum 1 1 or 
,2 9r.3 

(1 = data b9^g entered as raw d,aâ,,2= data being entered as means ancl variances, 3= data being entered as totals and variances).

Number of factors, 1 - 5.

For each factor in turn:
i) name of the factor
ii) the number of levels of this factor
iii) 'o" if the factor is orthogonal; otherwise the number of the factor it is nested in, e.g- ,,1,, ifthis factor is nested in factoil or "13" iÉ this factor is nested in fte Factor 1 X Factor 3interaction
iv) this is left blank or has the number of the factor which is nested in it, e.g. ,,3,, if Factor 3 isnested within this factor
l.,) "F if this is a ñxed factor; ,,R,, if it is a random factor.

The number of repricates. This anarysis onry deals with baranced set_c of data.

Data can be entered in th¡ee different forms. Data can be enteredThey can also be entered. fr 
.*r! us çr(tEtti(r ascii fi[e.

the keyboard., one can step data from
series of data to correct the uough a

enrered. ,"t.Jt..1åT"lill.ffi.!|tered 
as a continuous set of numbers *'ith no tabets and no spaces. They must be

Datum 2

Data 3 -

Final datum

Data file

1 Factor Level 1

Ler¡el 2
Level 3

Last Level

2 Factors Factor I

l Factors Factor I Level I
Lel.el 1', Level 1

Level 1

Level 2

Rep licates 1........n, then
Rep licates 1........n, then
Replicates 1....-..n,

Rep licates 1........n.

Level 1

Level l
Level 1

Level 2
Level 2
Level 2

Factor 2 Level 1

[ær,el 2
. tævel3

Level 1

Level 2
Level 3

Replicates 1..-...-.n, then
Replicates l--.....-n, then
Replicates 1........n, then
Replicates 1........n, then
Replicates 1........n, then
Replicates 1..-.....n

Replicates 1--......n, then
Replicates l.-......n, then
Replicates 1._.....-n, then
Replicates l-.......n, dren
Replicates 1.-......n, then

Facor 2 Levet 1

Level 1

Level 2
Level 2
Level 1

Factor 3 Level 1

Level 2
Level 1

Level 2
Level 1



uctions for the use of GMAVS

Iævel'2
LEvel 2
I-ettel2

Level 1

Level 2

Last level
Level 1

Level.2

Last level

Factor 1

Levell . I.eve|2
Level2 l-evel 1
Lgvgl 2, , :' .:' -:-,' . - ''. ,.Iævgl 2

mean, tlten
mean, then

mean, then
variance, therr
variance, therr

vanance

Replicates 1........n, then
Rep licates 1.....-..rU then
Replicates 1.......-n

mean, then
meari, thelr
mean, then
mean, then
variance, then
variance, then
variance, then
vanance.

J

orr for 4 Factrr and 5 Factor analyses.
(ü) The data can also be entered as à sequential fite of MEANS (or ToTALS) and VARIANCES for eachIhen the data are entered from the disk, all óf ttre means (or totals) are entered, followed. by the "r.i;;;;-

r

tr Level 1

Level 1

Level 2
I-evel2
l,evel 1

Level 1

Level 2
Level 2

Factor 2 Iævel1
Iævel2
Level 1

Iævel2
Level 1

Level 2
lævet 1

Level 2

If means (or totals) and vanances are entered. from the keyboard., the prompt asks for the mean (or total)n the variance for each cell in tum.

NorE' Data that are entered as means (or totals) obviously ca¡not be fransÉormeci. you rgould neecl toto the raw daha.

I Points

The default value is 4 decimal points- This can be altered in response to a screen prompt if clesireci.

nrtation

The data can be transformed after Cocfuan's test a¡d before an analysis or atter anall,sis and before there-analysed, as required' Eight different transformations are availabie as indicatecl in the program.

Lata -

Before or after the analysis, one has the following options:

. 
Sa'e data to the disk if they were entered. r,ia the keyboard

Print data on the screen or a printer.

Print means and r,'ariances on the screen or printer.

Save tl're means (or totals) and variances to the disk.

Save the header file to a disk.



After the aruJy .ittir,g the analysis on the screen and then to the printer or adisk rhe analysis gives ees of Freedo,n, v"rr, sq;;;] ratios and exaciprobabritiesfor each term in the mod l. If the F-ratio cannot bË calculated for any term, tþgn i¡prints 'NO TEST'.

one can then transform the data and re-analyse them, do s.N.K. tests on the existing data, run theprogram again on a different s€t of data or finish.

one is also given the choice of printing. out tl.e algebraic variance components from the linear model, asestimated by each Mean square value in-the analysis so tha"t it is easy to aete.miïL *hi.h ,".*, can be pooled toobtain appropriate or more powerful tests for rugner order terms.

lnstructions for the use of GMAVS

Alalysis

S.N.K. tests

FACTOR 2

If you do s'N'K' tests, then the program will automatically load and ru¡r GMSNK.EXE. This programcannot run alone because the correct modeliand values are handeá across from GMAVs.EXE. All S.N.K. testsmusÇ therefore, be done at the rime of analysis, or the data will need r" b" ;;it$ again.

Ïre ciiííerent sources ot vanahon or terrns in he model are listed and you can choose which one to d.o.After you have finished, choose 0 to quit s.N.K. tests a-nd rerum to GMAV5 tor íun another analysis or to Quitaltogether.

The r
selection when 

ed on the printer or the screen_ This is determined by 1,s¡1¡
berween doing :ä.J if,:î:ffiff',ï:ii"::,ï':j?:fl":,"1*'^r ^;;;;".

MEANS
S.E.

RANKS
MEANS

FACTOR
LE\/EL

MEANS
S.E.

RANKS
MEANS

12.1000
3.4496

3(1)

S.E. = 2.7115

6.9000
7.8791

1

2

2
1

(i.e. Rank Order)
(i.e. Number of the ru,o let,els being comparecl)

7.2t21
2.1211

This shows that the means of all le,¡els of Factor 2 rve-^ ^^__-_.- J .-
e rvas z.7rLs. rhere rvere h*o revers orFa*or 2; Leveri h"d "'ï.o,ït"?!ii ë; iä:ïi:iîffi"ì.å""3:ï'åi(s'E' 1'9)' The largest mean l{/as in Level 1, the smallest mean r'as in r,e.veIZ,a¡rci the difference was significant atP < 0.01 (hence, **).

1

S.E. =2-6169

18.3300
r.879L

5.3300
3.44,a6

3-1
'2-r

2-L
3-1

J- /
2-3

Factor 1 different levels of Factor 3 rvithirr each leyel of
the mea ed in Factor 1). The "1" undemeath inclicates t6at
2 6r6e [iË"x',:x ,i""ilîi?.å:ä:!îî.Íiïïã:ô?::,."î.1'



Etructions for tlre use of GMAVS 5

'F,.of3.4; Level2hadameanof 18.3andaS.E.of 1.9; Level3hadamean of72and,aS.E.of 2.1. The
Ference befiueen Ére largest and smallest means (-evels 1 and 2) was.significant at P < 0.05 (hence, *). The
[erence between means f and 3 was not significanÇ the difference betrieen means 2 and 3 ùas sig4incaniat p
.01 (hence, **)"

The above procedure would be repèated for Factor 3 within each level of Factor 1..

if you want to proceed level:ach with which it interacts. e only
:ls o actor A in each level of
stions when you are asked.



Appendix 8. BR= bedrock or sand 'cemented' reef-rock, B= boulder, C= cobble, p7Ç= pebble or grar,el, S/G= sand or gr¡t.

lo)

Quad 7
Quad 6
Quad 5

Quad 2

Quad 4
Quad 3

Quad 1

Site Robinson Point
Bembicium nanum
Quad 7
Quad 6
Quad 5
Quad 4
Quad 3

Bembicium nanum

0
0

0
0
0

0

0

oir(o-4)
0

0

0
0

0-- 0--- ---õ

oir(04)

100

100
100

Substrate = embedded reef-
rock at this site

Comments

Data Sheet for Port Stanvac Monitori no Prooramv -._.__v___-_
mqq ___]!glge_

% Substrate Date 17110196 Record ed Þy.!ça nne P iller

new lsmall o¡t BRB C P/G S/G Comments
Site Marino Rocks 1-
Quad 1 I

1

7
2

8

4

6

28 12 100
100
100
loo
100

Quad 2 5

Quad 3
F

15

4 _ ts-_---- --,

Quad 5

Quad 6 ôi loo- - oi 1oo
ó¡i@-1¡ _lan

Quad 7

Bembicium nanum new small med Comments
PS3

Quad 1 4
2

2

0 1

1

1

1

00
öo
00

Quad 2
1

74 0

Quad 3 95 0

Quad 4 129 0

Quad 5
I

93 0 100
Quad 6 90 0

Quad 7 75 1 0

Bembicium nanum new small leeq B C P/G S/G Comments
Site PNS
Quad 1 10 16 100
Quad 2 4 3 100

3 100
7 100

10 23 100
6 24 100

10 31 100
new small med large BR C P/G S/G

I

+
55 100
48'- iI_--._. t-

5*- -f
1

62
i

53 100
48

2 64
5 B8

100
100
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Attachment A: Literature Review of Monitoring

1. Monitoring to Detect an Environmental lmpact

In this era of technology and urbanisation, environmental disturbance by humans is on

the increase. Freshwater and marine communities are especially susceptible to human

induced perturbation and are frequently exposed to a range of activities that can

modify their underlying biological patterns and processes (Keough and Mapstone

1995). It is only when the intrinsic pattems and processes of natural systems are

understood that programs can be developed to assess and evaluate their condition

under perturbed and unperturbed conditions (Karr 1987). The risk of increased

environmental disturbance has been tracked by a growing public awareness

(Fairweather 1993) with many countries introducing legislation requiring the

implementation of monitoring programs to detect environmental change (Millard et al.

1985). This has prompted the development of suitable monitoring techniques.

However, the design of programs to detect such disturbances has not matched the

increasing demand for their use (Underwood 1989 e, ß91). The initial emphasis on

disttrbance-induced change at the level of the organism has now shifted to a focus on

population-level effects (Emlen 1989). This change in emphasis has been

incorporated into the design of many environmental monitoring programs.

Environmental disturbance can occur as a result of a myriad of anthropogenic

activities, defined as a human induced stress on the environment (Underwood 1989).

These activities can be categorised into planned developments (such as the building of
a new marina) they may be classed as public amenities and utilities (e.g. the discharge

of treated sewage effluent into the ocean), they may be recreational (such as human

trampling on a rocþ shore), or exploitative (such as fishing or bait collection) in
response to recreational needs, or they may be random events such as an accidental oil
spill (Fairweather 1990, Keough and Mapstone 1995). The last of these disturbance

types is the most difficult to investigate due to its unpredictable nature. Not
withstanding this difficulty, a way of rapidly, reliably, and cost-effectively monitoring
and detecting the impact of human activities on natural populations is needed

(Underwood 1992).

A biological monitoring program can make predictions about an impact, but the only
way it can be used to measure the 'real' change in a system is to compare the

environmental parameter(s) of interest in the unimpacted and the impacted condition
(Keough and Mapstone 1995). Assessments of impacts vary from measuring the

physico-chemical composition of discharges, to rigorously planned and implemented

field-orientated sampling programs utilising biological monitoring. Biological
monitoring is used under the belief that sampling the biota gives information on the

condition of an ecosystem (Henicks and Cairns 1982). The collection of appropriate

held data, is the best way to provide evidence about a disturbance and whether or not

an impact has occurred subsequent to a perturbation (Keough and Mapstone 1995).

Monitoring programs can function as mechanisms of environmental assessment,

damage prevention (via feedback into management decisions), allocation of damage
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responsibility, and environmental conservation (Constable 1991, Peterson 1993).
However, regardless of the primary function of a monitoring program, it is imperative
that it is capable of detecting the impact in question (Lewis 1978, Underwood l99l).
This central need has fuelled the refining of monitoring designs from the simple
design of Green (1979) through to the complex Beyond-BACI designs advocated by
Underwood (1991, 1992 &,1993).

1.1 Scope and Objectives of Monitoring

When designing a monitoring program it is essential that it is able to provide clear
evidence about the magnitude and existence of 'real' environmental impacts. To
successfully achieve this aim, a clear understanding of the variations in the response
variables expected under natural and anthropogenic conditions needs to be gained. It
is also important to be aware of likely responses to trivial and important perturbations,
and to select variables that are easy to measure, sensitive to the impact, yet are
reiaiivuiy uuusi¿url iu iirc uuiurpauluti cuuriiiiuu (Kcuugir anti ìvíapsi.one i995).

A major difficulty in detecting an environmental impact lies in the natural variation
('noise') which is inherent in any community and which can mask trends associated
with a particular disturbance (Underwood 1993). The greater this natural background
variability the more difficult it is to detect impact-induced change, and the more costly
and extensive the monitoring design needs to be (Keough and Mapstone 1995).
Variability is a natural cha¡acteristic of a population and needs to be considered on a
range of scales. It can operate over different spatial and temporal scales and can
manifest as alterations in the time course of population abundances in different
localities (Underwood 1992). Another difficulty when dealing with natural systems is
that many interacting factors, some of them unsuspected, may be acting and may mask
or confound change arising as a result of the investigated perturbation (Hilbom and
Stearns 1982).

A monitoring design is inadequate if it fails to take account of high levels of
background variation, is unable to detect a biologically important impact, or is
oversensitive to biologically trivial impacts (Keough and Mapstone 1995). Therefore,
in order to be effective, a monitoring program needs to balance the size of the impact
that it is required to detect (the 'effect size') against the biological consequences of
that magnitude of change and its ability, or power, to detect that change (Keough and
Mapstone 1995). The monitoring program must also consider what scale the impact is
likely to operate over (temporally and spatially), and the underlying processes that are
likely to be affected by the impact and then focus the program at the appropriate level
(Ilnderwood 1991 ,1992 & 1993).

Scale considerations are crucial in designing a monitoring program. Isolating changes
of interest from background variation can be difficult since the variation seen is often
the outcome of processes operating at several scales (Underwood and Kennelly 1990,
Karlson and Hurd 1993). Therefore, the spatial and temporal scales selected for
sampling can affect the results of a monitoring program and how they are interpreted
(Millard et al. 1985, Young 1990). The ideal scale of focus should be at the
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functional level at which an organism is likely to respond to its environment (Andrew

and Mapstone 1987, Young 1990).

Spatial and temporal scales over which a perturbation is likely to be felt can be

identified by using modelling. Processes like physical transport (of contaminants and

larvae) and life history parameters of indicator populations (such as longevity, age

structure, rates of reproduction and mortality) can be modelled and used to identifr the

scales of importance for a particular animal and contaminant (Walters 1993).

A monitoring program can be optimised to cover a range of temporal and spatial

scales (Underwood 1991 .1992,1993). The monitoring designs of Underwood are of
particular interest in their ability to incorporate temporal and spatial considerations.

Such designs are able to help establish a statistically rigorous way of monitoring and

testing for a disturbance-induced effect (Ward and Jacoby 1992).

1.2 The Importance of Baseline Studies

An environmental impact for our purposes can be viewed as a change in the

environment over a given time as a result of direct or indirect human activity (Keough

and Mapstonc 1995). To be able to detect an environmental change the baseline

condition of the area of interest needs to be established and used as a yard-stick

against which changes can be compared and assessed in context (Ward and Jacoby

1992, Rong-Quen et aL 1994). However, since the underlying ecological processes in

a community are often slow and complex, a long-term data-set is recommended

(Rong-Quen et al. 1994). This is particularly relevant to rocky shores where a long-

term data set (i.e. 10 years) may be required to identify any trends due to extreme

variability in processes such as recruitment (Rong-Quen et al. 1994). A shorter

sampling time may not only fail to show clear patterns but may also give misleading

results (Southward 1991). Baseline data can be used to assess variation at a range of
scales and can be useful in optimising the sampling design of a monitoring program,

for example by planning the number of locations and replicates needed (Underwood

and Kennelly 1990).

It is important that clear decision criteria are defined well before a monitoring

program is implemented. For example the expected magnitude and direction of
change that is expected with a particular development should be discussed at an early

stage (Keough and Mapstone 1995). The level of change that is to be tolerated needs

to be defined a priori, and only then can the observed change be compared to the

baseline data. This avoids a biased monitoring program and prevents a post hoc

subjective allocation of effect size (Keough and Mapstone 1995).
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1.3 Causalify and Impact-Induced Change

A major fault found with many monitoring programs that have detected an 'effect' in
response to a human activity, is the lack of a clearly established causality link between
the disturbance and the change (Underwood and Peterson 1988, Underwood 1991).
Another problem identified by Underwood (1991) is the focus of monitoring programs
on changes (in particula¡ decreases) in the average abundance of organisms. A decline
in population abundance can occur in response to an impact, but it is not the only
change that is possible. In fact, any chanse in population means, in either direction,
that correlates with a perturbation must be considered as an impact response
(Underwood 1991).

Impacts may not induce changes in mean abundance but instead may manifest as
changes in the temporal and spatial variability of populations (Underwood 1991,
1992, 1993, 1994). For example, Warwick and Clarke (1993) noted increased
-,^-:^Lili*, :- 
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organic enrichment, ffid found similar responses in a variety of other organisms
exposed to different perturbations in natural habitats. They concluded that increased
variability can be a characteristic signal seen in stressed assemblages. Therefore,
procedures that focus on changes in mean abundance may fail to detect such an
impact. Underwood (1991) argues that a disturbance may result in changes in
temporal variance, resulting in altered rates or magnitudes of fluctuations in organism
abundance around the 'long-run' averages. Perturbation may also act to change the
frequency or timing of major population parameters such as recruitment of juveniles
into a coastal population (see Underwood and Denley 1984, Underwood and
Fairweather 1989), which causes a resultant change in the time course of the particular
population (Underwood 1991).

The intertidal area is particularly susceptible to anthropogenic perturbation but
changes occurring in response to such disturbances are difficult to quantifi due to the
stochastic nanrre of this environment and its assemblages. Variation is manifested by
spatial patchiness and fluctuations in species abundance over time in response to such
processes as unpredictable recruitment. Disturbance-induced fluctuations may
manifest in a susceptible population as increasing temporal variance or altered time
courses of organisms rather than as simple changes in the average abundances of a
stressed population. A monitoring progr¿ìm capable of detecting anthropogenic
change against such a 'noisy' signal requires a clear link between the sampling
variable and the disturbance, a long-term data set and a design such as that advocated
by Underwood, which is able to partition the variation of interest from natural
variation.
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2. The Rocky lntertidal: A Review

2.1 The Rocky Intertidal Region: A General Description

The intertidal region is defined as that area of the sea-shore that is influenced by the

high and low spring tides (Carefoot and Simpson 1977). It is an extreme, unique and

dynamic environment at the interface between land and sea. The two main processes

that produce environmental gradients are tides and waves (Carefoot and Simpson

1977,Menge and Farrell 1989, Underwood 1994a, Underwood and Chapman 1995).

The ebb and flow of the tide results in daily changes in the conditions that animals and

plants living in the intertidal area must face, in particular varied periods of immersion

and emersion (and therefore air exposure and desiccation) (Womersiey and Thomas

1976, Carcfoot and Simpson 1977, Underwood and Chapman 1995, Chapman and

Underwood 1996). Another tidal characteristic that can influence habitat and

associated organisms is the variation in tidal range, the extremes of which are

represented by the neap tides (which have low range) and the spring tides (which have

an extreme range). Variation in tidal range occurs as a monthly pattern of small tides

followed by a series of larger tides before diverting back to smaller tides, in response

to gravitational forces induced by the sun (Underwood and Chapman 1995). The

direct alignment of the moon and the sun with the earth results in the extreme tides of
spring (in a summation gravitational effect), while the position of the moon at right
angles to the sun results in the small neap tides (Underwood and Chapman 1995).

The timing of tidal ebb and flow occurs progressively later each day due to the moon-

earth orientation and relationship (Underwood and Chapman 1995). Therefore

intertidal organisms face varied tidal fluctuations and resultant changes in conditions
(such as immersion and emersion periods) on a range of scales (Black 1979).

Waves can also have a major influence on conditions in the intertidal region of the

shore. Wave action can be spatially and temporally very variable, and its destructive

forces can modifr plant and animal communities in a variety of ways. These include
clearing areas for colonisation and favouring tightly adherent organisms, such as

barnacles, in exposed coastal regions (Underwood and Chapman 1995).

Intertidal communities covary in time and space, and are typically patchy in
distribution on a range of scales. This is largely due to the action of variable

structuring forces (both physical and biological) interacting with spatial variation in
habitat (Schoch and Dethier 1996).
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2.2 Habitats Within the Rocky Intertidal Region

Hard substrata within the intertidal region is typified by boulders þossibly
interspersed with cobble, pebble or sand), reefs and rocþ extensions of land masses.

Artificial hard substrates (such as wharfs, breakwaters and boat ramps) can also
provide habitat for intertidal assemblages (Rong-Quen et al. 1994).

The hard substrata type and character, in combination with the degree of wave
exposure, results in a range of habitat types which support a wide array of animals and
plants (Rong-Quen et al. 1994).. Rocþ intertidal habitats commonly consist of broad
expanses of rock platforms which have been shaped by wave action over many years.

Rock which is relatively soft (such as sandstone or shale) is more readily eroded by
'waves, and results in rock platforms that are typically broad and steeply sloped at the
seaward end where they are constantly exposed to waves and erosional activity even at
low tide. The landward edge of such platforms is often bordered by a cliff, which
1---,--- ---l-^-.^ ------^ ^^¿i^.^ t^-- -^+ --^1 ^-^)-l ¿L^ --^^1, f- ^--^r--^t 1-^l-ir^ ----i -,--,-!--lulllt5 wllsls wiavç 4\,rrulr 116Ùù rrul Jçt çruuçu Lll.tJ rrrrv_r\. l.rr r.ullúast, ualÞllç äIu Bralu[tt
rocks are harder and more resistant to erosional forces, resulting in very steep shores
(Underwood and Chapman 1995). Tidal pools and boulder shores are two other
habitats that are coÍrmon to rocky intertidal areas.

2.3 Advantages of Sampling the Rocky Intertidal Area

'Whether the rocky intertidal area has been targeted for sampling to investigate a

perturbation or to experimentally investigate ecological processes (such as

competition, disturbance or predation) it is an ideal medium to focus on for a number
of reasons. It is often densely inhabited by macro-organisms, such as algae, molluscs
and gastropods (Rong-Quen et al. 1994), and is the closest and most easily acbessed
area of the sea (Carefoot and Simpsonl9TT). Hard substrate organisms are easier to
access, see, identifu, quantifu and census than benthic fauna or infauna, and can be
non-destructively censused.

Another benefit of sampling in the intertidal zone is that the majority of animals are
sessile or have restricted distribution ranges and mobility. This means it is unlikely
that they would be able to move away to avoid a perturbation, such as a pollutant
entering there environment, making them ideal agents to use in biological monitoring.
Some animals such as mussels are able to accumulate and biofocus contaminants
which can also be a useful feature in pollutant monitoring (Rong-Quen et al. 1994).
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3. Disturbance and Environmental Monitoring

3.1 Environmental Disturbance

Stress can be defined as a biological change in a population in response to a particular

trigger (Underwood 1939). It is difflrcult to identiÛ and monitor stresses in natural

populations due to the inherent natural variation in time and space which generally

characterises them (Underwood 19S9). It is important to differentiate between

disturbances that trigger a response (stress) in the target population and those that fail

to do so (Underwood 1989).

A disturbance can be defined as a fluctuation or perturbation in an environment that

can, but does not always, result in a biological change (Underwood 1989)' If a

biological change does occur, it can manifest in a range of ways such as altered

species abundance (in either direction), altered diversity or species dominance, or

some other change in community structure (Skilleter 1995). However, for the

purposes of clarity in the discussion of disturbance, the focus will be at the level of the

population.

3.2 Disturbance Types

Disturbances can be defined by the effect that they elicit on the environment and the

target population. The effects that arise will depend on the target population, its

condition at the time of perturbation, and the characteristics of the perturbation

(Skilleter 1995).

3.2.1 Disturbance Defined by Effects

Defining disturbance by the effects that are generated gives rise to three categories;

Type I, Type II and 'Catastrophic'. Type I disturbances fail to illicit a response in the

environment, Type II disturbances result in a change (which may be temporary, long

term, or permanent), and 'Catastrophic' disturbance results in total destruction of the

population and its habitat (Underwood 1989).

Changes in a population may be a direct response to a disturbance, such as oil
smothering molluscs, or changes may arise as an indirect response. Examples falling
into this second category generally occur as a result of altered availability of resources,

such as food or substrate, or physical changes to the environment, such as overluming

intertidal boulders and inducing shading effects in algae that were previously able to

meet their photosynthetic needs (Skilleter 1995). Disturbance can be in the form of
physical agents, but can also occur as a biological agent, such as a blue-green algal

bloom impacting on other planktonic species in an estuary (Skilleter 1995).
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3.2.2 Disturbance Defrned by Duration

Disturbances can also be defined by the duration of their influence on a population
(Skilleter 1995). By this definition they can be of two main types; pulse and press
(refer to Bender et al. 1984 and Underwood 1989 for examples of pulse and press
perturbation experiments). Pulse disturbances are of sudden onset and short duration,
with the disturbance usually easing rapidly. A disturbance of this type would be
illustrated by an operational oil spill at Port Stanvac, with oil beaching on intertidal
rock where it remains for two tidal cycles before being swept from the area. A press
disturbance has an extended duration (it is chronic over the period in question) and is
likely to induce long-term changes. An example of this type of disturbance is an
ongoing near-coastal release of treated sewage discharge impacting on a coral reef
community (Grigg 1994). It must be remembered that these disturbance definitions
are relative to the impacted population, and a two week discharge of oil could be
perceived as a press event to an organism with a two week turnover time, and a pulse
disturbance to an intertidal mollusc with a ten year life history (Skilleter 1995).

3.3 The fmportance of Disturbance

Disturbances range on a continuum from massive destructive events such as large oil
spills, cyclones and tidal waves, which have obvious large scale effects on the
environment, to smaller scale events such as a wave overturning a boulder on a rocky
shore (Skilleter 1995). Disturbance events can have an important role to play in
natural systems. Their primary function is to provide opportunities for new organisms
to become established as space is cleared or predators are removed (Dayton 7971,
Sousa 1984). The provision of colonisable 'free' space is particularly important is
sessile communities, such as barnacle dominated sites, where space is densely
occupied and is the primary limiting resource (Denley and Underwood 1979). Chance
events such as storms, unseasonable hot weather, or the movement of boulders
lMcGuiness 1987a & b) can all act to open up intertidal space without otherwise
damaging the environment. An oil spill disturbance can also open up space by killing
or dislodging animals, but may physically change the environment and render it
unsuitable for colonisation by a particular species. Natural disturbance tends to
operate patchily so that mosaics of disturbed areas are interspersed by non-disturbed
areas (Dethier 1984, Skilleter 1995). This can facilitate maintenance of diversity by
affording refuge space to different species on an intertidal shore (Dethier 1984).

3.4 The Intensity, Timing and Frequency of Disturbance

Disturbances can differ in the intensity, timing and frequency with which they occur.
These characteristics can, in turn, affect the response occurring in the target
population, ffid its ability to recover from the stress e.g. the extent to which
successional mechanisms can progress (Sousa 1984, Underwood 1989).
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3.4.1 Intensity

The intensity of a disturbance can result in differential impacts on the area that is

perturbed. A very intense event such as massive storm waves, would be capable of
ðlearing whole plants (such as kelp) from the surface of rocks they crash against,

whereas a less intense episode may only remove portions of fronds (Kennelly 1987)'

Therefore, the disturbance intensity can influence the successional changes following

the perturbation event and subsequent recovery.

3.4.2 Timing

The seasonal timing of a disturbance can also be an important determinant of the

response and recovery made by an impacted population (Jara and Moreno 1984,

Kennelly 1987, Skilleter 1995). The study by Kennelly (1987) illustrated the

importance of the temporal aspects of disturbance events on kelp dominated

communities in Sydney. It was found that removal of the kelp overstorey from

sections of the shore, to simulate storm wave activity, in spring, summer and autumn,

resulted in initial increases in microalgal and invertebrate cover, and eventual

dominance by turf species of alga. In contrast, clearance of the substrate in winter,

when kelp recruitment was intense, resull.ed in simultaneous colonisation of the bare

space by kelp, filamentous algae and turf algae, with the kelp rapidly dominating to

form a canopy that led to the decline of the turf species. Both patterns of succession

can be defined as inhibitive, with the final dominance by the respective algal forms

excluding the other species (Kennelly 1987). After two years, the turf dominated

community which resulted from a disturbance at a time other than winter, was

eventually overgrown by kelps. Since storm-induced perturbation is unpredictable on

the east coast of temperate Australia, it is the algal species which have propagules in

the water for extended times (such as (Jlva lactuca) that will be the best overall

opportunistic recruiters into newly disturbed space in the intertidal zone (Skilleter

1995). However if the disturbance coincides with a time of high recruitment for a
particular plant or animal, even if there is only a n¿urow window of recruitment

opportunity, this will be sufficient for the successful initial colonisation of the bare

area by the species in question (Skilleter 1995).

The successional stage of an assemblage and the age and physiological state of its
component organisms can also have a bearing on the susceptibility of organisms to

perturbation and their ability to recover from such an event (Skilleter 1995). For

example, an old stressed animal will be more readily dislodged by a storm event than

an equivalent young, healtþ counterpart (Skilleter 1995).
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3.4.3 Frequency

The frequency of the disturbance can also affect how well a population is able to
recover. Some populations may be better able to cope with frequent disturbances and
in this case would be deemed to be stable (refer to next section) (Underwood 1989).
A stable population is one that is able to recover to its pre-impact condition before the
next disturbance intervenes. It is apparent that more frequent disturbances allow less
recovery time, a situation which, if it persists, may drive a population to extinction at a
perturbed location (Underwood 1 989).

3.4.5 Recovery After Disturbance

The planktonic strategies adopted by many intertidal organisms are important, in that
'rlvy unu assisi iu 'r"irs rsçuvçry ui a pcrturbed inlc¡i.idai area. if iocai extincrion of a
particular species occurs as a result of disturbance, new recruits can be canied in the
plankton to recolonise the disturbed habitat if its condition allows (Kennelly 1987,
Skilleter 1995). Larger more generalised disturbances may result in populations that
have diff,rculty recovering from the disturbance, never recover, or are replaced by a.t
entirely different biological structure (Skilleter 1 995).

Underwood (1989) identified three features displayed by populations that affect their
ability to recover from perturbation. The first of these is 'inertia', which equates to
the response generated by a disturbance of a specified intensity, frequency and type
(Selye 1973). The inertia of a population can be determined objectively by identifuing
the threshold level above which a response occurs to a specific size and type of
perturbation. Two other population attributes are 'stability' and 'resilience', and these
determine whether the population will recover from disturbance-induced change
(Underwood 1989). Recovery of a perturbed population is marked by the return of its
abundance to its equilibrium þre-impact) level. The rate of recovery is specifically
defined in reference to the magnitude of a disturbance, and is termed the 'stability' of
the population (Underwood 1989). The 'resilience' of a population is a measure of its
ability to recover from different maenitudes of disturbance, and the greater the
magnitude of the disturbance that a population can successfully recover from, the
more resilient it is (Underwood 1989).

3.5 Disturbance Size: Important Versus Trivial Impacts

How important a disturbance is deemed is a subjective judgement that tends to be
biased by the ecological and economic values of those who are examining it. This
bias needs to be addressed in the design of monitoring programs which should be
sensitive to important impacts (as defined a priori ideally on biological and economic
grounds) but not oversensitive to smaller trivial responses (Keough and Mapstone
1995). The ability of a population to recover from a certain magnitude disturbance
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within a realistic time frame should be factored into the determination of important

versus trivial impacts (see example in Underwood 1992)'

3.6 Coastal Disturbances

The easy accessibility of the intertidal area makes it susceptible to a number of
anthropogenic perturbation presswes (Ghazanshahi et al. 1983, Kingsford et al.

1991). Heavy recreational use (e.g. foot traffic and harvesting of intertidal species)

can extensively change the community by selectively removing favoured species and

modifying natural competitive outcomes and other underlying ecological processes

(Carefoot and Simpson 1977, Beauchamp and Gowing 1982, Castilla and Bustmante

1989, Kay and Liddle 1989, Addessi 1994, Brosnan and Crumrine 1994).

The close physical relationship between the sea and the land results in the former

receiving many terrestrial derived pollutants such as sewage from coastal areas,

effluent from industry, land based runoff in stormwater (freshwater plus its effluent

nutrient and particulate load), sedimentation, and pollutant loads via rivers and

estuaries (Carefoot and Simpson 1977). Any or all of these pollutants, in combination

withrccreatiunal shore usage, call affectthe delicate ecology of thc occan and coastal

areas.

Coastal oil ref,rneries can introduce pollution by the accidental release of crude or

refined petroleum into the marine environment. The fate and effect of oil in the

intertidal zone will now be discussed in more detail.

3.7 Oil as a Coastal Disturbance

The ocean is subjected to increasing pollutant exposure. Oil is just one of these

pollutants and it is a source of anthropogenic stress to a wide range of invertebrate

communities (Suchanek 1993). Oil can enter the sea from tanker operations, other

shipping operations, offshore oil production, and coastal oil refineries (Dawson 1980).

Wars, particularly the recent (1991) Gulf War in Kuwait, can be another source of
anthropogenic oil pollution (Ehrhardt and Burns 1993). Regardless of the source, it
has been estimated that about 5 million tonnes of petroleum hydrocarbons enter the

marine environment world-wide annually (Clarke 1989). Oil can also enter the sea

from natural (biogenic) sources or seeps (Burns and Smith 1980, Gunkel and

Gassmann 1980, Volkman et al. 1992).

The Amoco Cadiz supertanker accident occurred off the coast of Brittany (France) in
1978 and about a third of the 233,000 metric tonnes of oil spilled is estimated to have

contaminated beaches, rocky shores and other parts of the marine environment
(Ganning et al. 1984). Numerous papers have investigated the implications of this

spill on the coastline (including V/ard et al. 1980, Hayes et al. 1993, Krupp and Jones

1993, Kureishy 1993, Literathy 1993, Sauer et al. 1993). Similar tanker oil spills have
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occurred since the Amoco Cadiz, including the tanker Aegean Sea which spilt crude
oil off the north coast of Spain in1992 (Suchanek 1993), and the U.S. tanker Braer
which grounded off the Shetlands in 1993 (Ritchie 1993). At the time of this report, a
Russian tanker spilt a large volume of oil off the western coast of Japan which fouled
80Okm of coastline.

Oil is essentially a mixture of complex compounds with varying properties and
toxicities (Suchanek 1993). Crude oil consists of a complex mixture of hydrocarbons,
with 4 to 26 carbon atoms in each molecule. The anangement of these hydrocarbon
molecules can take the form of straight chains, branching chains, or cyclic chains
(including polycyclic aromatic hydrocarbons (PAH) some of which are known
carcinogens) (Clark 1989). As well as the hydrogen and carbon molecules,
hydrocarbons may contain up to 25Yo of non-hydrocarbons (such as sulphur and
vanadium). The properties and nature of crude oils vary depending on the source of
the oil, and may also vary through time within a single oil field (Clark 1989).
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remove different components which have variable boiling ranges. Products include
light gaseline (used as the basis of petrol), bunker fuels, naphtha and tars (Clark
1989). All components of crude oil are able to be biodegraded by the action of
bacteria, some yeasts and fungi. The more complex, high molecular weight, cyclic
compounds are the slowest to degrade (Clark 1989). It has been experimentally
shown that the most severe toxic effects occurring in plant and animal communities
have been in response to oil spills involving low boiling point compounds, in
particular aromatics (Baker 1991). Toxic effects are especially severe when the oil
involved is a light oil that is confined to a small area (Baker 1991). Heavy oils, such
as some crude oils and Bunker C fuel oils, tend to have a greater impact through
physical smothering than through their toxicity (Baker 1991).

When oil is spilt on the sea it forms a thin surface film known as a slick. The rapidity
of oil spread and slick thickness is a function of the sea temperature and the type of
oil, with light oils spreading faster and forming a thinner siick than a more waxy oil
(Clark 1989). Spilt oil changes its composition over time, as some of its components
evaporate and others mix with water. The first components to evaporate are the light
(low molecular weight) volatile components, while water soluble components mix in
with the water column, and insoluble components emulsiff to form droplets (Clark
1989, Suchanek 1993). The greater the agitation experienced by the oil due to wave
action, the greater the rate of the emulsification, and in very agitated conditions the oil
can form an aerated mass termed a 'mousse' which often increases the original
volume (Suchanek 1993). The heavy residues of crude oil form tar balls ranging from
lmm-2Ocm in diameter. As emulsified drops, the oil presents a large surface-area to
volume ratio for natural biodegradation to occur, whereas the tar balls and mousse
provide only a relatively small surface-area to volume ratio for this process (Clark
r e8e).

Intertidal invertebrate assemblages are likely to contact oil from super tanker spills or
coastal refinery operational spills as it is carried ashore by the combination of wind,
tide, water current, and wave action (Suchanek 1993). These assemblages are
especially vulnerable to the floating component of the oil þarticularly mousse) which
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can coat and suffocate them, while the sinking component of the oil can be very

harmful to subtidal assemblages (Suchanek 1993). Oil naturally undergoes

weathering and biodegradation by indigenous marine bacteria, but the latter process is

generally slow (Suchanek 1993). Oil toxicity is reduced by weathering, so the longer

oil is at sea before it beaches, the less toxic it will be to the organisms it contacts

(Baker 1991). This is well illustrated by the observation that barnacles, periwinkles

and limpets are able to tolerate the presence of weathered residual oil without any

apparent ill-effects (Baker 1 99 1).

Other variables that can affect the impact of an oil spill are the energy level of the

shore and its substrate type (Baker 1991). A rocþ, high energy shore will tend to be

less affected and to recover rapidly from an oil spill due to the rock preventing oil
absorption and the strong wave activity which mechanically removes oil. In contrast,

sheltered shores will tend to retain oil due to the diminished wave action and

enhanced algal cover which will facilitate oil retention (Baker 1991). Mangrove

communities which tend to be very sheltered and carry large volumes of sediments

and vegetation are prone to severe effects from oil contamination (Garrity and Levings

1993). If oil penetrates into the substratum the residence time is likely to be

increased. The high porosity of freely draining sand, gravel or stones will facilitate

sub-surface oil penetration, allowing oil to be adsorbed onto sub-surface grains and

retained and rveathered over many years (Baker 1991),

Oil pollution can affect individual organisms by inducing death, physiological effects

or cytogenic effects (Suchanek 1993). At the population level the effects seen range

from altered abundance, altered age structure, genetic variability, reduced recruitment,

and modified competitive and predative interactions (Suchanek 1993).

It is likely that the most immediate effect of an oil spill on invertebrates will be

physical. Heavy mortality across a range of invertebrate groups has been reported as a

consequence of coating with fresh crude oil (Baker 1991). The oil coats the animals

and may prevent respiration. Similar physical smothering effects can occur with
intertidal plants and newly settled spores (Baker 1991). Oil adherence may also

impede the mobility of motile animals or cause them to become dislodged and carried

away by wave or current action to positions where they may be subject to additional

stresses, such as desiccation or predation (Suchanek 1993)'

Invertebrate mortality may also occur as a direct consequence of oil toxicity to a

particular animal. In general the smaller larval and juvenile stages are likely to be

more affected by oiling than more mature lifestages (Rong-Quen et al' 1994). Any

changes in individual and population parameters are likely to flow on to community-

level changes (Warwick 1986, 198Sa&b). Such changes are dependent on which

particular species is affected by the oil, and how severe this effect is, with major

population shifts altering community interactions and structure (Suchanek 1993).

Many studies on the effect of oil on benthic organisms have been carried out in the

laboratory. Identified oil responses in corals have included a decrease in growth rates,

reproduction and colonisation capacity (Loya & Rinkevich 1979, Peters et al. I98l),
abnormal feeding mechanisms (Reimer 1975) and excessive mucus secretion (Peters

et al. l98l). Sublethal responses of marine invertebrates to oil can produce obvious
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population-level change. Common physiological functions affected by sublethal oil
contamination include: reproduction, growth, respiration, excretion, chemoreception,
feeding, movement, response to stimuli and disease susceptibility (Suchanek 1993).
A similar range of altered physiological effects have been seen in corals subjected to
sublethal oiling (Rong-Quen et al. 1994). A number of studies have detected more
serious consequences, in terms of intertidal assemblage recovery, in areas subjected to
heavy mechanical debridement and extensive use of dispersants in association with an

oil spill (Rong-Quen et al. 1994).

A web of interaction factors both biotic and abiotic determine the biological
consequences of an oil spill. These include the type and amount of oil and its
condition (e.g. degree of weathering), physical environmental factors (e.g. substrate
type), prevailing weather conditions, nature of biota, seasonal factors, prior exposure
of the area to oil , the presence of other pollutants and the way the spill cleanup was
handled (Loya & Rinkevich 1980, Baker 1991, Suchanek 1993).

4. Development of Environmental Monitoring Designs

Over the years the need for effective monitoring programs has led to a review of
existing monitoring designs. Particularly in the last few years some quite complex
designs which are statistically quite rigorous have come into favour and been
extensively discussed in the literature (including Underwood I99I, 1992, 1993 8.
1994, Stewart-Oaten et al. 1986, Green 1993). Analysis of variance (ANOVA) is a
coÍtmon technique used to analyse data generated from many of the (univariate)
monitoring designs aiming to detect anthropogenic change. ANOVA acts to partition
the various factors of interest that may be contributing to the observations and
separate these factors from the 'noise' in the data set by a series ofrelevant statistical
tests (Zar 1984, Millard et al. 1985). The evolution and design of the most widely
used techniques in environmental monitoring are discussed in the following sections.

4.1 Basic Design

The earliest monitoring design used in environmental impact detection consisted of a
single post-impact sampling. Such a design violates many of the criteria discussed by
Green (1979). The most basic design used a paired set of sites consisting of a single
'control' and a single 'impact' site which were monitored a single time after an
impact. Subsampling within each of these sites results in pseudoreplication rather
than true replication (see Hurlbert 1984). The primary flaw in such a design is that it
is not possible to difÏèrentiate between an impact and natural spatial variation
(Keough and Mapstone 1995). This basic design can be improved by using multiple
controls and a single impact location or multiple control and multiple impact sites, but
there is still no measure of change and it is possible that the control and impact groups
were different before the impact intervened (Keough and Mapstone 1995). The only
case where this basic design is useful is a situation where there is no pre-impact data
and an assessment of impact is made post hoc. In such a situation the minimal
requirements would be multiple control sites and a single impact site, and maximising
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the number of control sites (weighted against the costs and gains of this strategy) is

recommended (Keough and Mapstone 1995).

4.2 The BACI and BACIP Designs

Spatial variation is a natural phenomenon in systems (Eberhardt 1978) and could

result in coincident changes in 'conttol' and 'impact' sites after an activity

coÍtmenced even if the activity being monitored failed to have a major impact

(Keough and Mapstone 1995). Thus, it was necessary to control for pre-impact

differences between sites in environmental impact studies and the Before After

Control Impact (BACI) design was bom. ln its most basic form this design consisted

of a single pre-impact sampling time in concert with a single post-impact sampling

time in each of two treatment groups; 'control' and 'impact' (Green 1979)' The

thinking behind this design is that an impact should cause a statistical interaction from
,before' to 'after' the disturbance which is different in the 'impact' location compared

with the control (reference) site (Keough and Mapstone 1995). This basic BACI

design has been criticised by many environmental biologists for its lack of temporal

and spatial replication which does not allow a valid test of the interaction between

'before-after' and 'control-impact' treatments (Bernstein and Zalinski 1983, Hurlbert

1984, Stewart-Oaten et al. 1986, Eberhardt and Thomas 1991). It should be noted that

Green identified this design as meeting the minimal requirements of a monitoring

program and did in fact advocate spatial and temporal replication where possible

(Green lg19 &, 1993). The BACI design can be extended to community-level data

(see Faith et al. I99l).

Bernstein and Zalinski (19S3) and Stewart-Oaten et al. (1986) both advocated using

temporal sampling to overcome some of the deficiencies in the more basic BACI

design. One control (C) and one impact site (I) were sampled a number of times

before and after the perturbation, with both sites sampled simultaneously at each

sampling time. The analysis statistically contrasted the means of C-I differences

between the 'before' and 'after' time periods to assess if differences changed

coincidently with the commencement of the perturbation (Stewart-Oaten et al. 1986).

This version of the BACI design has been used extensively in environmental

monitoring studies (Green 1993), and addresses the stochastic nature of a population

which is unlikely to remain static through time even in the unperturbed state (Keough

and Mapstone 1995).

Since the design uses paired control (which could be a single site or the mean of a set

of sites) and impact locations it became known as the Before After Control Impact

Paired (BACIP) design. It was first used to assess the impact of the San Onofre

Nuclear Generating Station (SONGS) cooling water discharge into the Southem

California Bight (Peterson 1993). Subsampling in a BACIP monitoring program does

not increase the degrees of freedom of the main test or directly influence the power of
the analysis, although it does provide a more accurate and less biased estimate of the

mean at a particular time (Keough and Mapstone 1995).

Stewart-Oaten et al. (1936) recommended using infrequent and randomised sampling

times to achieve sampling independence and reduce the risk of coinciding with regular
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cyclic changes occurring in a population. The BACIP approach to environmental
monitoring is useful when only two sites can be used for a monitoring program, but it
does not allow a statistical determination of whether site-time interaction is due to
treatment or site effects, a major flaw in a marine system which is often characterised
by asynchronous population fluctuations (Underwood 1991). This problem can only
be overcome by the use of a number of control sites and (if possible), a number of
impact sites (Green 1993). Another diffrculty with the BACIP design is its failure to
deal with a change at the impact location which is unrelated to the perturbation and is
coincident with the start of the activity, but does not occur at the control site (Keough
and Mapstone 1995).

The BACIP design is based on three major assumptions; no serial autocorrelation (or
serial correlation) exists between samples, there is no temporal trend in C-I
differences before or after the perturbation, and variances are normal and
heterogeneously distributed (Keough and Mapstone 1995). If the last of these
assumptions is violated it can be overcome by data transformations, or if this fails to
^^e^^+ +L^ --^Ll^* ,,^^ ^f -^-^^^.-:^ ^---l---:- /-- - ry 1^o /\ ,ñ r , ,vvarvvL lrtv Pruulvrll, llrrv vr a rlvll.-PcUculltrUlt/ ¿lfr4fybfS \öçç Z,¿1I L>ö+). LIlC flfsL IWO

assumptions require closer consideration and represent serious problems if violated.

ANOVA (which is basically an extension of a t-test) assumes that deviations of the
observations from their true means (enors) are uncoffelated in time and space (Zar
1984, Millard et al. 1985). However, patterns in nature, and observations in
monitoring, often show temporal and spatial correlation (see Millard et al. 1985
concerning aquatic monitoring programs). It has also been shown, by using Monte
Carlo simulations, that the presence of either spatially or temporally conelated data
can significantly affect the outcome of ANOVA tests (Millard et al. 1985). To avoid
serial autocorrelation, a sampling interval must be chosen that is long enough for there
to have been some turnover of individuals or species, through migration, mortality or
recruitment (Underwood 1993, Keough and Mapstone 1995). The initial choice of
sampling times can be reassessed after several sampling occasions, usually towards
the end of the pre-impact period. For example, the Durbin-V/atson test can detect
auto-correlation, and if this problem is present, some sampling times can be
eliminated until the test shows the problem has been overcome, after which the new
sampling time intervals are repeated in the post-impact monitoring (Keough and
Mapstone 1995). A more satisfactory option, in that it avoids discarding data, is the
use of an analysis that incorporates autocorrelation. BMDP Statistical Software is a
package operated by Adelaide University's Statistical Department that incorporates
this facility in its design (pers. comm. Phil Leppard).

To avoid autocorrelation it is necessary to consider the organism being sampled and
its longevity when allocating sampling times (Underwood 1993). For very long-lived
organisms the most appropriate sampling period may be at intervals of greater than a
year which would make it unlikely that short term effects will be detected or that the
program will be long enough to collect a reasonable time series (Keough and
Mapstone 1995). Fo¡ short lived or highly mobile organisms counts taken at short
intervals may show little autocorrelation (Keough and Mapstone 1995).

Trends in C-I differences before or after the pertwbation will invalidate the statistical
analysis used in temporally replicated BACI designs, and may not be detected until
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late in the monitoring program. Appropriate data transformations may remove such

trends but bring their own problems such as loss of important biological information

and an increase in variance and subsequent loss of statistical power and potentially

abandonment of the analysis (Keough and Mapstone 1995). It is possible in such a

situation to analyse the trends themselves by considering the samples through time not

as random from 'before' and 'aftef periods but instead as two ordered series, and by

using orthogonal polynomials to resolve the actual trends through time (Keough and

Mapstone 1995).

4.3 MBACI

MBACI is the design recommended by (Keough and Mapstone 1995)' It uses

multiple control and (if possible) impact locations and is analogous to the Beyond-

BACi design discussed extensively by Underwood (1991, 1992 &' 1993) except that it
does not use nested spatial and temporal scales, instead focusing on a single

designated spatial and temporal scale.

4.4 Beyond-BACI

The next step on from the BACIP design is to use multiple control locations sampled

multiple times before and after an impact occurs. Such a design (Underwood 1991,

l9g2 k 1993) results in combining the temporal replication found in the BACIP

design with greater spatial replication in the form of multiple control locations. This

in itself can result in problems such as diffrculty finding suitable similar sites to act as

controls as well as increasing sampling costs (Keough and Mapstone i995).

Underwood (1993) advocates the use of multiple randomly chosen control locations

selected from a set of appropriate locations, in our case a rocky intertidal habitat with

a similar suite of organisms. If the number of potential control locations is small then

it is possible that in the statistical analysis this may become a fixed rather than a

random factor. If however the number of locations that are used as controls are less

than the total number of potential locations then this factor can be considered a

random factor (Underwood 1993).

4.4.1 Beyond-BACI and temporal and spatial considerations

The Beyond-BACI designs advocated by Underwood improve on the earlier

monitoring designs by considering temporal and spatial scales. Underwood states that

the previous focus on detecting changes in the avetage values of the parameter in

q.r.rìion may not always be the most important consideration as it may be that an

impact is detected as a change in variance (Underwood 1991, 1992, 1993). The

anålysis is basically a repeated measrues ANOVA, where the contribution of the

various factors (including two or more time scales and spatial scales) is incorporated,

allowing a complex partitioning of variance.
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ln order to conceptualise how Underwood's complex designs work it is necessary to
consider the differences between a press and a pulse disturbance. Pulse disturbances
operate over a shorter time scale than press disturbances, and recovery following a
pulse event tends to be more rapid. Pulse effects can be detected by allocating
sampling effort to an appropriately short sampling schedule ('times') which is nested
within a longer sampling schedule ('periods'). In this way sampling consists of a
series of 'before' and 'after' periods divided into distinct intervals with a series of
random sampling times nested within each period.

Temporal Scales

The designs advocated by Underwood are able to investigate and detect most realistic
environmental changes (by the partitioning of sampling effort into a combination of
relevant temporal scales) even if little is known about what type of change is likely in
the face of a particular perturbation (Keough and Mapstone 1995). The prefened
option is to know (e.g. through prior experimentation) the type of change that is most
likely to arise 3s a respcnse to a d.istubance. This knowlcdgc then allows
optimisation of resources to the best design possible in terms of sampling costs and
the power to detect an impact at the temporal scale of interest (Keough and Mapstone
1995). For example, a rapid pulse event will be more efficiently detected by a
Beyond-BACI design that uses many intervals ('periods') with a few times nested in
the longer time factor. This design would not be as useful to detect a slower pulse or a
press disturbance (Keough and Mapstone 1995).

The difficulty in using temporal sampling is that time becomes a variable of interest.
As discussed previously this can lead to the problem of serial autocorrelation which
violates one of the underlying assumptions of ANOV A (Zar 1984). In the presence of
this problem samples are not independent within and between different temporal
treatments (Green 1993). Stewart-Oaten et al. (1986) agree with Underwood that
randomisation of sampling times within a temporal monitoring program is optimal,
but believe that the primary aim of allocation of temporal sampling effort should be
directed to tninirnising serial autocorrelation, which could be achieved by using an
appropriate fixed sampling interval (and having the sampling time treated as a fixed
effect). These authors point out the diffrculty of picking truly random sampling times
and believe it is important to take account of seasonal patterns in a population. Again
a consideration of the scale of the study is necessary, as randomisation of sampling
through time within seasons (as long as serial correlation is avoided) could be
appropriate (Stewart-Oaten et al. 1986).

Spatial Scales

Underwood's suite of Beyond-BACI monitoring designs give consideration to spatial
scales as well as temporal scales. Some perturbations may have an impact that is of
interest at more than one spatial scale. The spatial scale (or scales) of interest are
dictated by the character of the disturbance (dispersion and discharge type) and the
medium in which it occurs (Keough and Mapstone 1995). For example, two spatial
scales of interest could be generated by an oil spill, with a small localised impact
being 'acceptable' while damage at the scale of an entire reef is seen as an ecological
disaster (Keough and Mapstone 1995). Underwood's Beyond-BACI design can be
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manipulated to cover the two spatial scales used in the previous example, but will
requiie an alteration in sampling effort. It is important that art. a priori consideration

of tfre aims of a monitoring program, and a prior knowledge of the disturbance and the

likely effects it will generate is gained, so that optimal resource allocation can be

partitioned into the design of the program at appropriate temporal and spatial scales.

Keough and Mapstone (1995) believe that the MBACI design has advantages over the

more complex hierarchical designs of Underwood (in that they save effort and

resources). Underwood (1991 & 1993) addresses some of the problems associated

with optimising his complex designs. The MBACI design may be appropriate to

detect a range of impacts and should be used preferentially when it is adequate to the

distwbance being monitored. However, the Beyond-BACI designs have the

advantage of allowing partitioning of variance over a range of important scales and

can allow detection of complex 'mixes' of disturbance (such as combination pulse and

press events) (Keough and Mapstone 1995). Choice of the most appropriate design

for a monitoring program should be based on the type and amount of disturbance that

is likely to occur, the duration and extent of change that is predicted over different

spatial and temporal scales, and balanced against power and resource considerations.

5. The Best Design for a Monitoring Program for Port
Stanvac

The literature review of monitoring designs suggested using a Beyond-BACI approach

to monitoring for an oil spill at Port Stanvac. This should not entail a large increase in
sampling effort in retum for an abilþ to differentiate variance induced by

perturbation on a range of temporal scales. Preliminary monitoring focused on two

different 'zones' within each designated site and two temporal scales. The spatial

scale of interest in the preliminary monitoring is at the level of the 'reefl. Other

design considerations include 'acceptable' error rates and the power of the design to

detect the impact of interest.

A major challenge in detecting an environmental impact is to differentiate the effect of
interest from natural temporal and spatial variation (noise), and to differentiate

between trivial and important impacts (Osenberg et aI. 1994, Keough and Mapstone

1995). In order to achieve this it is necessary to choose an appropriate variable to

monitor, and to gain some knowledge of the fluctuation range under perturbed and

unperturbed conditions over a number of temporal and spatial scales.

5.1 Statistical Power, Acceptable Error Rates, Effect Size and

Sampling Size

Null hvootheses are statements of no change, in other

not produced an alteration in the parameter being

provides a reference point against which the altemative

occurred, can be compared (Strong 1980).

words that a perturbation has

assessed. A null hypothesis
hypothesis, that an impact has
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An ecological monitoring program uses a statistic derived from sampling observation
to compare with a theoretical distribution (Fairweather 1991). This is done to test the
null hypothesis (no difference) that a certain anthopogenic activity has no impact on
the environment, and a decision is then made to reject or accept the null hypothesis
(Fairweather 1991).

In a statistical sense there are four outcomes of a monitoring program (Table 1).
These include two 'true' outcomes and two enors. There are two errors that can occur
with statistical inference; Type I error: inconect rejection of a (true) null hypothesis,
and Type II error: retention of a (false) null hypothesis (Toft and Shea 1983, Zar
1984). Errors arise as a result of the natural variability, or 'real error', which is
inherent in any system, and can also occur as a consequence of sampling error, or
'measured error' (Keough and Mapstone 1995). Variability can occur in the data that
masks or mimics the effect of a 'real' impact. The two errors have their own costs,
and need to be considered so that the risks of both are kept in check (refer to Andrew
& Mapstone 1987, Berstein &, zalinski 1983, Rotenberry & V/iens 1985, Toft & shea
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allocate sampling effort to the spatial and temporal scales that have been identified as
important during the planning and pilot-study phases of a monitoring progam
(Keough and Mapstone 1995).

The focus on a preset cr error rate with no consideration of type II errors, which have
equally severe consequences, has been the tendency in a large number of scientific
studies (Mapstone 1995). Decisions about environmental impacts have important
consequences whether they are based on correct or incorrect results (Fairweather
1991). It is therefore necessary to consider the consequences of the two error types as
part of the monitoring program and the ratio of alpha to beta should reflect the relative
seriousness of the two types of error. Alpha and Beta levels are related (see Table 1).
Performing a statistical test at a significance value of cr:0.01 instead of 0.05 will
resuFin a decrease in power. By convention many workers opt for a power of 80%

B:0.20, cr:0.05 which gives a 4:1 ratio for enor rutes (Zar 1984), but since both enor
types have their own dangers, it is better to consider the consequences of each and
then set the desired error rates a priori (Mapstone 1995).

Effect size is the degree to which the parameter being measured is present in the
population or the magnitude of the departure from the null hypothesis (Cohen 1977,
Rotenberry and'Wiens 1985). As the size of the effect increases the ability to detect
the effect (the power) also increases (Rotenberry and Wiens 1985). The difficulty lies
in determining how large an effect is to be expected. In the absence of any theoretical
considerations that are independent of the hypothesis being tested , selection of an
effect size becomes subjective ancl arbitrary (Rotenberry and Wiens 1985). It is
desirable that there is an experimental basis for selecting a particular effect size.
Effect size should be based on biological considerations and should be meaningful (in
a biological or economical sense) rather than be based on a statistical or procedural
decision (Mapstone 1 995).

The statistical power of a monitoring program is a measure of the likelihood that an
impact would be detected when one really does exist (Keough and Mapstone 1995).
Power is a measure of how well a statistical procedure can differentiate between a
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situation and the null hypothesis and can therefore be defined as 1 minus the

probability of a Type II error (Toft and Shea 1983, Gerrodette 1987, Peterman 1990).

It should be noted that if a statistical analysis does reject the null hypothesis at the

designated alpha level then no determination of the power of the analysis is necessary

(Cohen 1973).

Statistical power analysis is necessary due to the probabilistic nature of statistical

inference and its inherent error risk. Power analysis is required to indicate the optimal

replication and can also be valuable to test if the planned monitoring has the required

sensitivity to use statistical tests to evaluate null hypotheses (Bernstein and Zalinski

i983). Operationaily power analysis is important during planning of a monitoring

program to avoid wasted time, effort and resources, and to optimise a design (Toft and

Shea 1983). It can also be used to interpret results when a null hypothesis is retained

(Toft and Shea 1983, Peterman 1989 & 1990).

Statistical power analysis can be done before the start of data collection programs (a

priori) or after the data is gathered (a posteriori). Using the relationship between

po*"r, alpha, ES, N (numbãr of replicates) and s2 lsta.tdard deviation) any of these

parameters can be calculated if the rest are known or assumed (Winer 1971, Peterman

1990). An a priori power analysis is often used to determine the sample size

necessary to achieve an acceptably high power (see Gerrodette 1987) and can be used

to estimate the power of proposed monitoring programs (Peterman 1990). It can also

be used to determine the magnitude of treatment perturbations that would be necessary

to again achieve high power (see Underwood 1981, Peterman and Routledge 1983).

An a posteriori power analysis is used to interpret the outcomes of a statistical

analysis that has failed to reject a null hypothesis (Peterman 1989 &,1990).

Table 1 The four outcomes (l-a) of a statistical analysis designed to test a null hypothesis.

The probability of each outcomes is presented in parentheses. Adapted from Toft and Shea (1983).

Decision Made

Actual situation Null hypothesis retained Null hypothesis reiected

Null hypothesis true

Null hypothesis false
l. Conect (l-a) 2.Type I enor (o)

4. Correct (l-ß)*3. Type II enor (ß)

* (l-p) = power of the analysis

In recent years the realisation that the power of an analysis is an important

consideration in environmental impact studies and experiments in general has been

realised and addressed (Toft and Shea 1983, Peterman 1990, Fairweather 199i, Taylor

and Gerrodette 1993). This is of particularly importance as monitoring programs are

now having to stand up to greater legal and scientific scrutiny (Mapstone 1995).

Power analysis can be valuable when planning a monitoring program, especially in the

use of pilot study data to determine an adequate sampling design for detection of an

effect with an acceptable probability 1-B.
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5.2 Design Recommendations for the Monitoring Program at Port
Stanvac

A Beyond-BACI design is recommended for the monitoring program at Port Stanvac,
using two main temporal scales, these being 'Times' which will be two to three weeks
apart and nested in 'Periods' which will be two to three months apart. Two 'Times'
will reside in each sampling 'Period'. Such a design and allocation of sampling effort
is likely to be capable of detecting a short-term pulse disturbance such as an oil spill,
with the most likely change being detected at the temporal scale of 'Times'.

The Type I and Type II elrors inherent in any statistical test are considered to be
equally undesirable in a monitoring program and so it is recommended that both be set
at 0.05. Therefore, the recommended statistical power for the monitoring program is
0.95. The only animal suitable for use as an indicator of environmental change is the
prosobranch gastropod Bembicium nanum, and the effect size of interest is a 50Yo
greater change in Bembicium nonum abundance than is seen on average in control
sites.
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Attachment B. Flow Chart Indicating Stages fnvolved in
Intertidal Monitoring for an Oil-Spill Impact.
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Attachment B. Flow Chart Indicating Stages fnvolved in
Intertidal Monitoring for an Oit-Spill Impact.
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A Monitofing Program fot Pott Stanuao,

Gulf St Uinoent.

BacIqtound

Mobil's Port Stanvac Oil Refinery receives crude

oil for refinement and exports refined oil and

other products. One of the potential problems

associated with refinery operation is accidental

release of oil into the marine environment. In the

event of oil entering the ocean it is likely to

impact on the rocky intertidal region. Therefore'

an intertidal monitoring pro$am is needed in

Gulf St Vincent (GSV).

In addition to oil, other human and natural

disturbances can affect intertidal assemblages in

GSV. These include sand dredging, natural sand

drift, the Mitsubishi storm water outfall (which

givcs an intermittent, seasonal discharge of water

runoff), the SA Water secondary treated sewage

discharge from Christies Beach, refinery effluent

outfall, and creek inputs (e.g. Christies Creek and

Onkaparinga River Estuary). The private

ownership of the refinery can also affect intertidal
animals and plants by protecting them from the

trampling and collection pressure that occurs in

similar, but pubiicly accessed, areas.

Aims

The specific aims of this project are to:

i. Establish the baseline (existing) condition

of the intertidal area at Port Stanvac with
respect to suitable indicator organisms.

2. Design an ongoing monitoring program

capable of detecting an oil spill impact

and differentiating this from effects

associated with confounding factors.

3. Investigate the impact of trampling and

collection pressure on animals whose

characteristics and ecology suggest a

propensity for being affected by such

pressures.

The third aim will not be discussed in this

surnmary rePort.

Bio indicator Animaltsl

Environmental stress (such as oil pollution) can

be viewed as a biological phenomenon since it
acts on living organisms. Pollutants initially
affect the health of individual organisms but

changes at this level can accumulate and result in

higher level changes e.g. at population level. This

monitoring program will use a population level

approach.

The small herbivorous marine gastropod

Bembicium nanum was the only species present

in sufficient densities at the majority of study

sites to be used as a biological indicator. It shows

some response to oil exposure (petrol and crude)

hut was not extremely sensitive, and does not

travel large distances (and thus is unlikely to be

able to avoid local oil exposure). It also has a

similar lifestyle to the majority of gastropods at

the study sites, potentially representing more

general change in an affected area.

Proiect Phases

1. Pilot Study: site identification and

determination of optimal sampling

protocols.
2. Preliminarv Monitorine: examination of

GSV sites for differences over time both

within and between sites.

3. Modelline: computer simulation of oil
transport to identify likely grounding sites

(in collaboration with Dr. Bye, Flinders

University).
4. Recommendations for ongoing monitoring.

Lea¡ure Piller
Dept. of Zoology, University of Adelaide
ph. 8303 3998 or 8337 4705 (hm)

Email : IpilLer@zoolo gy. adelaide. edu. au

Fu er lnformation
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Besults

Pilot Study
Nine sites, extending from Kingston Park to
Robinson Point, .ù/ere chosen for ongoing
monitoring during 1995 and 1996. The sites
include three within the boundaries of Port
Stanvac.

Optimal size and number of quadrats and relevant
physical parameters were selected for use in the
preliminary monitoring. Three different sized
quadrats and three methods of organism census
were trialled.

Preliminary Monitoring of GSV
5Ìtes
. Community data were obtained, but animals

were the primary focus of the study.
o [ 15 month study of chosen sites was

conducted using optimal sampling strategies.
. Two sub-zones within the mid-eulittoral zone

were monitored using a Beyond-BACI design
(see below).

. Sites showed similar assemblages in the'upper'
sub-zone, rvith small herbivorous gastropods
tending to be numerically dominant, in
particular B e m b ic ium nanum.

. S ites were differentially affected by
disturbances during this phase of the project,
inclLrding a northward sand drift and storm
movemen! of mobile substrate.

The Best Monitoring Design for
Port Stanvac
A Beyond-BACI design is recommended for the
preliminary and ongoing monitoring program
(Underwood 1991, 1992 &. 1993). This involves
using a single 'impact' site and multiple 'control'
sites, sampled many times before and after an

impact occurs. .The purpose of this design is to
detect whether there are changes at the 'impact'
site and if these changes are greater than would be

expected on average at the 'control' sites. Data
collected during the sampling is analysed using a

statistical procedure known as Analysis of
Variance (ANOVA).

Modelling
. There were some seasonal patterns in oil

transport but this was highly variable
depending on the time of release and prevalent
wind, wave and tidal conditions.

¡ Therefore, retention of a broad spread of sites
within GSV is recommended.

Re com m e n dations for th e
Ongoing Monitoríng Progra m
. Ongoing monitoring using a Beyond-BACI

design.
. 8 rocky sites extending from Kingston Park to

Robinson Point are suitable for ongoing
monitoring.

. The designated area at each study site should
'oe 

sampieci using optimal samplrng strategles.
. In the event of an oil spill the affected site(s)

should serve as impact site(s) while the
remaining sites would act as controls.

. All sites should be sampled on the same day at
low tide for each sampling time.

. Tlre animal to be sampled is Bembicium
nanum and the number in each of four size
classes should be recorded.

. The presence of oil should be subjectively
assessed (on a scale of 0-4).

. The impact to be detected is a 50% greater
change (+) in the abundance of
Bembicittm nanum at the impact site(s) than is

seen on average at'control' sites.

Related litelatufe

Underwood, A.J. (1991) Beyond BACI: Experimental
designs for detecting human environmental impacts
on temporal variations in narural populations.
Australian Journal of ùlarine and Freshtvater
Research 42, 569-587.

Underwood, A.I. (1992) Beyond BACI: The derection
of environmental impact on populations in the real,
but variable, world. Journal of Experimental tVlarine
Biologt and Ecologt l6t, 145-178.

Underwood, A.J. (1993) The mechanics of spatially
replicated sampling prograrnmes to detect
environmental impacts in a variable rvorld.
Australian Journal of Ecologt 18, 99-l 16.
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BR= bedrock or sand'cemented' reef-rock, B= boulder, C= cobble, p16= pebble or gra\el, S/G= sand or grit.
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BR= bedrock or sand 'cemented' reef-rock, B= boulder, c= cobble, p¡6= pebble or gravel, S/G= sand or grit'
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oil-o=nil, 1=old weathered tar, 2= fresh oil sheen, 3= oil as obvious thin film, 4= oil as thick film (thicker and in greater volume than 3)
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Oil-O=nil, 1=old weathered tar, 2= fresh oil sheen, 3= oil as obvious thin film, 4= oil as thick film (thicker and in greater volume than 3)
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