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Abstract lv

Absttact

The abundances of invasive ânnual grasses and native perennial grasses in the mid-north of

South Australia are highly patchy. This study aimed to investigate the effects of soil moisture

dynamics on the growth and intetactions between these grâss types. I proposed that different

moisture dynamics favour different grass tJ¡pes and aimed to investigate the factors involved.

I measured grass abundances, environmental variables and soil-moisture regimes in several

grasslands. Àt most sites annual grass abundârrce was positively correlated with rainfall, soil

moisture after ninfall and higher soil productivity. Petennial grass abundance was negatively

correlated with annual grass abundance and soil moistute zfter :ilainfall., and was weakly positively

correlated with petcentage summer nìnfal),, elevation, radiation, gravel, and slope'

In a field experiment seed addition or wateting, but not removing petennial grasses increased

the recruitment of annual exotics in petennial-grass dominated areas. No perennial grasses

recruited successfully into areas dominated by annual grasses. In the glasshouse, seedlings of the

common native perennial grass Austrodanthonia caeQitosa (Gaud.) H.P.Lindet required high soil

moisture to establish. When in competition with â common annual exotic grass, Auena barbata

@ott ex Link), Austrodanthoniøhad signifrcantly lower chances of surviving a drought than

seedlings without competition.

At low soil moisture Aaena had similar gtowth rates to colffnon native perennial gtasses but

at high soil moisture its growth rates were significantJy highet. It performed best in soil moisture

regimes that included periods of extteme soil moisture as opposed to constant intermediate

moisture. Throughout the soil moisture grzdient Aaena muntained a low toot/shoot tatio. The

perennial grasses increased growth rates less with increasing soil moistute and increased

root/shoot ratios with decreasing soil moisture. In the field, regardless of soil moisture, annual

grasses had a strong competitive effect on Auslrodanthonia,whiJe Aastrodanlhonia had no

competitive effect on annual grasses.

Overall, perennial grasses responded little to the environmental variables investigated, but

strongly to annual grass abundance, while fot annual grâsses soil moisture was the driving

variable. Except for lower mortality at low soil moistute, there is no evidence that perennial

grasses have any competitive advantage at any soil moisture availability during the growing-

seâson shared with annual grasses. Increased perennial gtass abundance thus requires decreasing

annual grâsses or encouraging petennial grâsses outside the shared gtass gtowing-season.
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7. Environmental factors and the invasions of temperate

grasslands by annual grasses

Plants species that are accidentally or delibetately introduced to new 
^te 

s 
^re 

often capable

of spreading into agricultural or natural ecosystems. Some plants spread and persist without any

^pp^refltnegative 
effects on the composition or sttuctute of local plant communides, whereas

othets cause significant changes. Such changes include reductions in species divetsity and

fundamental changes in ecosystem process such as nutrient cycles and fire regime p'Antonio &

Vitousek 7992;Maron & Connorc 1.996 Crooks 2002;Heidnga & \X/ilson2002).Introduced

plants that have significant impacts on natural ecosystems are genetaþ referred to as invasive

plants or plant invaders @azzaz 1986; Ctonk & Fuller 1995).

Systems that have been extensively altered by the introduction of new plant species include

the temperate grasslands of the ,\medcas and southem Australia. Tempetate grasslands ate

defined here as natural or semi-natutal temperate systems, consisting dominantly of a perennial

graminoid understotey, with or without scattered woody overstorey. In the Americas and in

southern Âustralia, European settlement resulted in the extensive teplacement of perennial

gtaminoids and other understorey species with a relativeþ small suite of Mediterrzfleart annual

grasses and annual dicots (Haris 1.967;Mack 1981; Morrow & Stahlman 7984;Dickson et al.

1987; Huenneke 1989; Mack 1989; Heady eT a/.1'992;Morgan 1998b).

Changes tn graìtngregimes, possibly influenced by unusual climatic episodes, are usually

correlated with these changes in species composition (À4ack 1989; Heady er a/.1.992; Sttombetg &

Griffrn 1996). The details of the mechanisms driving these changes, however, âre not always

clear. Conceptual frameworks predict that invasions âre mote likely to occur in distutbed or

productive systems or systems of low diversity and that systems âre more likely to be invaded by

species fhataredrezdy invasive elsewhere, arerclatedto othetinvaders or^re clonal (Baker 1965;

Fox & Fox 1986; Orians 1986; I(olat & Lodge 2001). Newer framewotks sttess the importance

of changes in resource dynamics, competitive interactions and stochastic events that favour

different species at different times Sohnstone 1986; Davis et a|.2000).

For most frameworks, however, changes in resource dynamics and effects of resoutces on

resident species 
^ïe 

p^t^mount. Variabitity itr resources (whether due to disturbance, productivity

effects, species identity or stochastic events) affects tecruitment, growth and competitive

interactions and in tum is affectedby these factors. The diffetential uptake and accumulation of

resources between species can change resource availabilities after invasion (Vitousek et al. 7987;

Vinton & Burke 1995; Reynolds ¿/ a/. 1.997), growth ot competitive responses of other plants and

community succession $/itousek et a/.1.987 Reynolds et a/.1.997).Independently of the
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theoretical framework applied, knowledge of the tegulation of recruitment, growth and

competitive interactions under different resource availabilities are requited to predict the

outcome of invasion. The purpose of this research is to examine the effect of resource dynamics

on invasive annual and nadve perennial grasses in grasslands of the mid-north of South Australia.

As elsewhere, annual grasses have heavily invaded these systems. This ptoject aims to review the

pattems and processes of this trend in othet systems, to determine the abiotic factors that

correlate with the invasion in the mid-north of South Australia and to determine how

fluctuations in the main abiotic factor affect the key plant species involved.

Invasions of tempetate gtasslands by anfrual grasses

Few systems would have experienced a similar degtee of change since the start of intensive

pastoral and agricultural practices about 10 000 yeals âgo than tempetate low-lying grasslands.

Once major ecosystems in the Americas, Asia, South Africa and parts of Southem Australia,

lowiand temperate grasslands are flow listed as among the most endangered ecosystems in the

world (Ilrþatrick et al. 1,995). Due to their suitability for agriculture and grazing,large atezs of

naitrzlgrassland have been completely cleated and re-seeded with agricultural crops or pasture

species (Iable 1.1).

The remaining temperate grasslands are classified as semi-nzturzl,i.e. unploughed and with

native species present, but generally modified by fetiliser addition, delibetate and accidental

species introduction and stock grazing.The invasion of weeds is the largest threat to the

remaining temperate grasslands in Australia (I{rþatrick et al. 1995) and recognised as alarge

problem worldwide (1\4ack 1989).

Once annual grasses have invaded a perennial grassland, they can cause a vaiely of changes

to the plant species composition and ecosystem processes, such as lesource dynamics and fire

regimes (D'Antonio & Vitousek 1992). Thus, invasive annual grâsses do not simply add a few

more species to the species list and compete with tesident plants fot resowces. Rathet, they are

able to change the endre species composition and dynamics frorn a divetse perennial system to

an a¡nual system of lower diversity. Fitstly, annual grâsses compete successfully with petennial

grasses for soil moishrre in most systems, reducing perennial grass gtowth, reptoductive output

as well âs root formation in deep soil layers (Haris L967; Romo & Eddlemanl'987; Dyer & Rice

7999;IJamttton et a/. 1999; Ogle et a|.2003). Consecutive years of such competition from annual

grasses could reduce the populations of perennial grasses and possibly lead to their extinction

(Foster 2000). The dense litter layer produced by the annual grasses further affects plant

communities. Its physical presence and its potential effects on soil moisture and tempetate

dynamics and competitive interactions (Grime 7979; Carson & Petetson 1990; Facelli & Pickett

7997;Facelh L994;Facelh er a/. 7999) have been shown to dectease plant species dchness in

2
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grasslânds and other herbaceous communities (Grime 1979; Facelli er al.1'988; Carson &

Peterson 1990; Foster & Gross 1.998 Lenz ef al. 2003) as well as assist the further establishment

of annual grasses themselves or othet weeds, creating a potential fot positive feed-back cycles.

flWhisenant 7990;Lenz et at.2003). The effects of littet on productivity can vary with species and

site (Heady 1956; Fowler 1986; Facelli & Facelli 1993).

Reoion 0riqinal area (km2) Estimates and descriptions of current status

0,5% extantl

0.3% extantl

0.1% extant I

1 % extant 1

1olo extantl

1.3% extant 1

0% extant I

6% extantl

0.77% extant t

> 10 000 km2 cultivated, perennial grasses rare away from coast 2;

70,000 km2 dominated bY annuals I

Average of 31% extant ¿, but highly variable in space 5

24% extanl, half of which is grazed 6

454-607%extant

2.8o/o a

<1%ô

< 1% in pristine condition I

<5%e

<5%10

94o/o clearedl2; remainder largely dominated by Eurasian annualsll

1% pristine, condition of remainder generally unknown tr; grazed

Argentinean grasslands often dominated by annual grasses 1s

1/3 severely deqraded to

Table 1.1 : Available estimates and descriptions of temperate grassland cover adapted from various sources. Website estimates (March

2003) based on government data or diverse publications, some not referenced. 1) Barlow (1999, in Ross 1999); 2) Heady (1992);

3) Huenneke (1989); a) htp://www.npwrc.usgs.gov/resource/2000/grlands/pastpres.htm; 5) Reed & Peterson (1961, in Coupland 1992);

6) http://www.mb.ec.gc.calnature/whp/prgrass/df03s33.en.html; 7) Lauenroth & Milchunas (1992); 8) Smeins ef a/. (1992);

9)http//www.albertapcf.ab.calchanging-prairies.htm#4;10)http://www.mb.ec.gc.calnature/whp/prgrass/df03s34.en.html;11)Daubenmire

(1992); 12) http://biology.usgs.gov/luhna/chap10.html; 13) Fundación Vida Silvestre Argentina (2003). ldentifìcation of the last wild

grasslands of the South American Southern Cone. http://www.vidasilvestre.org.arlpastizales/index-eng,asp; 14) Zhou (2002);

15) D'Antonio (1992); 16) Soriano (1979, in Mack 1989).

Beyond changes in species compositiofl, some invasive annual grasses (as well as lflvaslve

perennial grasses) can change the fire regime of a grassland. The invasive annual cheatgrass

(Bromus leclorøm), for example, increases both the size and the frequency of fires in Idaho and it is

estimated that the frequency increased from one fire per 60-110 years to one fite per 3-5 years

-)

South Australia

Volcanic Plain, VIC

Wimmera, VIC

Riverina, VIC

Riverina, NSW

Monaro, NSW, ACT

Gippsland Plains, VIC

Midlands, TAS

Total for Australia

Californian prairie, USA

Mixed prairie, USA

Mixed prairie, Canada

Short-grass steppe, USA

Tall-grass prairie, USA

Tall-grass prairie, Canada

Coastal prairie, USA

Fescue prairie, Alberta

Fescue prairie, Canada

Palouse prairie, USA

South America

10,0001

15,000 1

'1,000 1

10,000 1

25,000 1

2,7001

ô00 1

1251

64,0041

100,000 2

475,0005-628,0004)

240,000 ô

'181,790 4)- 280,000 7)

677,300 4

7,2006

38,000I

Northem Asia

255,000 10

100,000 11

700,000 13 -

> 1,000,000 14

2,860,000 16



Environmental factors and the invasions of temperate gtasslands by annual gfasses

SØhisenant 1990, in D'Antonio & Vitousek 1992). Consequent changes included incteased

likelihood of flooding, soil erosion arid the destruction of otherw'ise intact systems (D'Antonio &

Vitousek 1,992).

Models of invasion

A variety of ecological models have been used to explain ot predict the occurrence of plant

invasions, such as this large-scale invasion of tempetate grasslands. These models can be

separated into two categories: models based on systems being in equilibrium, i.e. wit)t stable

attributes, and models based on systems with stochastic or non-equilibrium attributes.

Eqailibrium models of inaasion

Traditionally, plant invasions have been viewed either from the petspective of the invader or

the perspective of the invaded systems almost exclusively. Baker (1965) published a set of

characteristics that invasive plants seem to share, such as high growth rates and high reproductive

output. Although these characteristics proved usefill in detecting potefltial invaders (I'{ewsome &

Noble 1986), not all invasive species show these characteristics nor do all species tfrat show these

chatacteristics become invasive @aket 1965). Mote recent reseatch confirmed that there ate few

general characteristic traits of invaders. The only genetal characteristics conurtort to plant

invaders are: having a history of invasion elsewhete; having other invasive members in the family

or genus; and vegetative reproduction Q(olar & Lodge 2001). Specific predictions, however, are

difficult. For example, related pairs of exotic invasive, exotic non-invasive and native tall

grassland plants in the United States show few physiological and moryhological diffetences

(Smith & Knapp 2001).

\,)Øhether ecosystems that zrc susceptible to invasion share similar characteristics is also

unclear. Attributes that have been found to correlate to invasibility are disturbances, diversity,

and productivity (which are in tum autocorelated). Disturbances, especially, have often been

viewed as an importarLt or essential precursor for plant invasion (Fox & Fox 1986; Orians 1986).

Âlthough plants are more likely to invade distutbed communities (Flobbs 1989), disturbances are

not essendal for invasiofl to occur (Huenneke et al. 1990; Cronk & Fuller 1995). Indeed,

disturbances will only promote invasion if they increase the availabiliry of a limiting tesource fot

the invader (Hobbs 1989).

Productivity may also be positively correlated with invasibility. Invasions of less productive

systems such as arid systems are less ftequent than of other systems fox & Fox 1986; Rejmánek

1989; Cronk & Fuller 1995). On a large spatial scale, it is not cleat whether this is due to fewer

species introductions or a lower likelihood that invasions occur in these systems. However, on a

smaller spatial scale, the addition of tesoutces often promotes invasion (Huenneke et al. 7990;

4
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Harrington 1991; Hobbs & Mooney 7991;Burke & Grime 1996; Davis et a|.7999;

Thompson et at.2001,;Brooks 2003), although, like disturbânce, resource addition is not

necessâry for invasions to occur.

The correlation between diversity and invasibility is hotly debated. Some researchets atgue

that low diversity communities have more spare resources. This, combined with a dectease in

resource use for any invaders due to lack of enemies, should lead to mote invasions than in

diverse communities (Shea & Chesson 2002). Positive corelations seen in latget scale studies

may be due to othet indirect effects. The results of various small-scale expedments support the

hypothesis that increasing diversity correlates with decreasing invasibility (Iilman 7997;Naeem et

a/.2000;Diemer & Schmid 2001; Hector et a/.2001; I(ennedy et a|.2002; Stachowicz et a/.2002).

Other researchers insist that tfrese correlations do not pfove ditect cause-effect telationships and

do not apply to large scales fohnstone 1986; Rejmánek 1989; Ctonk & Fuller 1995; Levine &

D'Ântonio 1999; Lons dale 1999;Levine 2000; Moore et a/. 2001). Troumbis et al. Q002), for

example, used several measurements of invasibility fot a system and concluded that correlations

between diversity and invasibility depended on the response variable used. Other studies

concluded that species identities were more important to invasion success than ovetall divetsity

(Van der Putten er a|.2000;Dukes 2001). Fostet et a/. (2002) found that, although invasion was

greatest in high diversity microsites, further analysis suggested that this correlation was due to

extrinsic abiotic factors such as the light envitonment and soil distutbances and not drvetsity per

JE

The only traditional framework that takes interactions between the invader and the invaded

system into account is the Enemy Release Hypothesis, which states that new arrìvals can become

invaders due to the lack of predatots or herbivotes. Thete is little direct experìmental evidence

for this (I(eane & Crawley 2002). However, fhe success of many biological control programs

(r\dcFayden, 2000 in Myers &Bazely 2003) suggests that this mechanism can contdbute to some

lfivaslons

Non+quilibriam models of inuasion

More recently, the theoretical framewotks that deal with plant invasions have changed from

these broad-scale equilibrium models to non-equilibrium models that explicitly take species

interactions and stochastic events into account, regardless of climate, productivity, divetsity or

disturbance regimes. These framewotks rely less on the general assumption of the existence of

equiJibrium in a system, and the necessity of disturbance by an external fzctot to promote

invasion ftIengeveld 1938). Rather, invasion is seen as a stochastic event that telies on a 'window

of opportunity' to open zfter any barriers to invasion have been removed flohnstone 1986). Such

occurrences are system- and species-specific. These models do not predict system- or species-

5
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specific charactets that promote invasion, but rathet chatacters that influence the likelihood

of 'windows of opportunity' to open. The 'fluctuating resource availability theory', in particular,

states tlrat 'a p/anl communill becomes mlre sasc€þtible lo inuasion wlteneaer there is an inrease in fhe amoant of

unased resourcel, propagules are present and the characteristics of the species are suitable for this

particular habitat pavis eT a/.2000). The model predicts that (1) systems that experience resource

fluctuatìons are more likeþ to be invaded than systems with stable resource levels; (2) systems are

more likely to be invaded zfter an abrupt change (distutbance, disease or pest outbreak) in the

rate of supply of a limiting resource due to increased influx or decreased uptake by present

vegetation; (3) invasibility increases with the interval between an increase in resoutce supply ând

capture of resources by ptesent vegetation.

Few studies pursue detailed changes in tecruitment of new anivals and tesoutce dynamics

over time, thus direct experimental evidence for this particular model is still uncofiunon. Davies

et a/. (2001) found that different changes in resoutce availability over relativeþ short periods

resulted in different invasion levels of native plant species in a weedy North American grassland.

Pérez-Fernârrðez (2000), whjle not ditectly testing the theory, concluded that the tecruitment

success of native and introduced plants in a Western Australian woodland depended not only on

soil moisture levels, but also on variation in soil moisture levels. The theory also ties in well with

all other models pavis ef a/. 2000) and several other studies have sttessed the importance of

combinations of resource fluctuations, propagule availability and competitive interactions due to

indirect evidence or the lack of other explaining factors (Buckland et al. 2}}1.;Thompson et al.

2001; Ttoumbis et a/.2002).

Conttolling processes in temperate grasslands

Non-equiìibrium theories do not allow 'quick and easy' predictions about particular species ot

particular systems, since they rely on the intetactions between the two. Thus, they require

knowledge of the resource dynamics in a system and the responses of potential invaders and

resident species to these resource dynamics. Next to gtazing, factors that influence resource

dynamics, such as climate, soil factots, topography and fire and their intetactions, are the main

factors that control species composition and Ârnction of grassy ecosystems (lVloore 1964; Ripley

1992). The influences of environmental and biotic factors on grasslands are not easily sepatated,

since they both intera ct. Grazing, for example, not only changes population dynamics of resident

species (Facelli er a|.1,989;Dyer & Rice 1997; Morgan 1998c; Peco et a/.1998) but also tends to

increase bulk density and decrease soil infiltration rates tesulting in lowet soil moisture SVillatt &

Pullar 1984; Dormaar et a/.1989; Naeth et a/. 1,990; Naeth et al. 7991.; Chanasyk & Naeth 1995;

Greenwood er al. 1997; Renzhong & Ripley 7997;Lutge eT a/. 7998; Gibson eî a/. 2000). Further,

ovetgraz:ttrgcan promote erosion (Hewitt 1996; Mwendera et a/.7997; Lutge er a/.1998; Li Sheng

et al.2000), decrease organic carbon levels (Li et aL.1997l. Mclntosh et a/.1.997; Renzhong &

6
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Ripley 1997;Hrern vx et a\.1999) and change nitrogen, phosphorus and potassium dynamics

putge et al.1,998; Hiernaux et a|.1,999; Frank et a|.2000). Fire, similarþ, affects resource

availabiJity, often decreasing organic catbon levels (Agrawal & Tiwati 1987; Ross eî al. 7997;

Materechera et al. 1998). For the pu{pose of this section, correlations of grassland species

composition with climate, soils and topogtaphy will be considered as evidence for the importance

of environmental factors, whereas corelations with gazing and f,te history will be consideted as

evidence for the importance of a mixture of environmental and biotic factors.

The importance of envirorimental factors vetsus biotic factors in controlling species

composition in grasslands can vary along a ptoductivity gradient. In general, studies on bottom-

up versus top-down controls sensaFretwell (1977) and Oksanen et al. (1981) find that the

importance of top-down forces in tegulating plant gtowth increases with increasing primary

productivity (Forkner & Hunter 2000) due to changes in predation pressure (Oksanen et a|.7981).

V/hether or riot this generalisation is applicable to grasslands is questionable, since in most of

these systems external forces regulate grazhgregimes and ptedation is discouraged. Flowever,

similar predictions have been made for grasslands in general. Milchunas et a/. (1988) suggest that

the effect of gtzzingintensity on species composition and diversity depends on both n:nfall, and

flre evolutionary length of time the system has been grazed by large herbivores. They suggest that

the effect of grazingon plant comrnunity structure increases with rainfall from semi-arid to

subhumid grasslands. Thus, in some systems graztngcan have strong effects on gtassland species

composiúon, regardless of cuttent mânagement. However, the longer the systems have been

exposed to grazingby large herbivores, the smallet the effect of gtazingwill be on species

composition as well as the invasion by exotics (I\4ilchunas et a/.1.988; Milchunas et a/.1'989;

Milchunas et at. 1992). Furthermore, a significant number of studies of semi-arid or temperate

grasslands report environmental factors to be at least equally important (Aiyad &Dix 7964;

I(emp & Dowling 1991; Mclntyre & Lavorel 7994;O'Connor & Roux 1995; Harison 1999;

Stohlgren er at.7999).In these studies, eflvironmental factots explained most of the variation

(> 5070) in species composition, orif gtazing was included as an explanatory vanable, they

explained as much or more variation than grazing. In addition, while the effects of gtaztngtn

semi-arid grasslands can control crucial processes such as perennial grass tecruitment (Âustin e/

at. 7981.;Defosse et a/. 1997) and survival of some perennial grass species (Austin er al. 1'987)'

Burke et a/. (1.995) suggest that soil water availability is the dominant factor controlling species

composition in grasslands receiving less than 700 mm annual nnfall,. \X/ith incteasing rainfall, this

gradually changes to other factors, such as soil nittogen, grazing, f,re and light. In grasslands with

rainfall above 1200 mm these factors become the dominant factors in controlling the system.

In grasslands with annual ninfallless than 700 mm, where envitonmental factors sttongly

control species composition, they presumably can have a strong influence on the invasion of

7
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perennial grasslands by annual grasses. The following sectiorls will examine environmental

factors that control the recruitment and grou/th of and interactions between annual and petennial

grâsses in general.

General conîrollingfactors of annual and perennial grass abundance 0n Ìarge tcales

Climatic factors: Rainfall, both in its timing and amount, is one of the main factors

controlling the number of annual and perennial grass species as well as their abundance in grassy

systems. For example, in Califomian grasslands the number of perennial species increases and the

number of annual species decreases with increasing elevation, which in turn is correlated to

increasing rainfall and decreasing temperatute @artolome 1980, in Heady et al. 1992)' Similatþ,

the abundance of perennial grasses increases with increasing rainfall and altitude in "improved

pastures" ifl NSIù(i, zrrd at the same time is negatively cotrelated to annual grass abundance

(I(emp & Dowling 1,991).

Differences in the timing of rainîall, both from 
^rea 

to atea and ftom season to season, also

affect the abundance of annual & perennial grasses. -Annuals with theit characteristic rudetal life

history are favouted by cool season rainfzfr.. The invasive annual cheatgrass (Bromas tecloram), for

example, is favoured by rainfall during autumn and spring, wheteas surrlmer :lrrtnfall enhances the

growth of Agroþron sþicatum, a perennial grass that has been replaced by cheatgrass in many

grasslands in Noth.,{.merica (Flarris 1967).In their native Mediterraneanhabitat, annual grasses

also tend to be more abundant in areas where winter ra:nfall is high and summer rainfall low

Sackson 1985).

These differences are caused by the diffetent life histories of annual and petennial grasses. By

definition annuals complete their life cycle in a few months. This life history, coupled with fast

initial growth and reproductive ouq)ut under cool and wet conditions enables annual grasses to

grow in climates with long droughts, since they can in general complete theit life cycles before

the onset of the next drought @wing & Menke 1983). In an experiment on Southem African

grasses, for example, annual grâsses completed their life cycle in a few months (75-125 days),

whereas the perennial grasses did not flower within the first growing season (Emst & Tolsma

1gg2). Under optimal experìmental conditions, the annual grasses investigated in this study had

also 3-4 times faster RGR than perennial grasses for the fitst 50 days aftet germination. In

contrast, the increased abundance of perennial grasses with increasing rainfall or increasing

summer ninfalJ., on the othet hand, tends to be attributed to their higher growth rates and better

competitive ability (Flarris 7967;lrjramlttort et a|.1999). Once petennial grasses are established,

annual grâsses can have diffrculty in colonisin g 
^rc^s 

unless a disturbance such a.s overgr^zing or

drought result in patch mortality @eart 1989).

8
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Temperatures also affect the gtowth of annual and perennial grasses differently, even

when they have the same photosynthetic pathways. In several comparìsons between cool-seâsofl

annual and perenriial grasses, low temperatures tend to decrease perennial grass growth more

than annual gtass growth (Harris 7967;}{arns & \ü/ilson 1970;Jackson & Roy 1986).

Nutrient availability: A.nnual grasses have up to 3-4 times highet growth rates than perennial

grasses at high nutrient availability (X4uller & Gamier 1990; Emst & Tolsma 7992; Claassen &

Mader 1998). At low nutrient availabiJity, however, this trend is revetsed, with annual grass

growth rates dropping, while perennial grass growth rates remâin steady (Itlullet & Garnier 1990;

Claassen & Marler 1998). Consequently, annual grasses can have a competitive advantage over a

perennial grass at high nutrient availability and vice versa (Claassen & Matler 1998). Accordingly,

in many instances, annual grass invasion cotrelates with higher nutrient availability or follows the

addition of nutrients (I-auenroth & Dodd 1978; Huenneke et aL.7990; I(otanen 1'997;Morgan

1998b; Chiarucci et al.1999;Paschke et a|.2000). Sirnilarþ, mânâgement practices that decteased

nutrient availabiìity resulted in a dectease in annual grass abundances and ân increase in petennial

grass abundance in a Colorado oldfield @aschke et ø/.2000).

The effect of a pulse of nutrient addition to a grassland can result in a vaiely of long-term

changes in nutrient availability. Annual and perennial grasses affect the nutrient dynamics of a

system differently. Levels of nittogen leaching, for example, are higher undet annual grasses in

both their native Mediterranean habitat and in othet habitats that they have invaded Soffre 1990;

Maron, 2007, c.f. Svejcar & Sheley 2001). Perennial grasses in semi-arid grasslands, on the othet

hand, are often associated with resource islands of increased soil organic matter and minetalised

nutrients (Hook eT al.1,991;Vinton & Burke 1995; Schlesinger et a|.1.996). Experimentally

induced invasion of annual species can erase these tesource islands, resulting in lower nutrient

heterogeneity in the system (Vinton & Burke 1995). Since such resource islands can have

facilitative effects on other species (Nlaestte ef a|.2007), their disappe r^flce or reduction could

create further long-term changes in the species composition. However, the long-term effects of

both changes in nutrient heterogeneity as well as nutrìent dynamics atelargely unknown.

Controllingfaclors of annaal dz perennial grass abandance on neighboarhood scøles

Although the differences in life forms and growth tates of annual and petennial grasses result

in predictable patterns over latge climatic ot edaphic scales, the invasion of particular perennial

grasslands by annual grâsses, and theit te-invasion by petennial gtasses after the cessation of the

disturbance is less predictable (Harris 1967). Fitstly, temperate grasslands ate chatacterised by

large spatiotemporal heterogeneity in environmental factots such as temperature and rainfall

These environmental and climatic fluctuations are usually responsible for the small-scale ye^r-to-

yeat changes in species composition conìrnonly observed in temperate gtasslands with other-wise
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stable management regimes (Collins et ø/.1988;Tilman & Et Haddi 1992; Silvertowî et a/.

1 994; Morg an 7998c, 2001,; I{arnmer 2002) . Thus, in different systems, an increase in tainfall ot

soil moistut e m y favour perennial grass growth (N4clntosh & Allen 1998; Hamilton eî a/. 1'999),

the growth of only some, but not all perennial grasses (Ayyad & Dix 1'964), or may enhance

growth of annual grasses (Flobbs & Mooney 1991; Nicholson & Hui 1993; Hamilton et al' 7999).

This section will investigate the main causes of environmental hetetogeneity in gtasslands, their

effects on species composition and some of the possible reasorts for the complex responses

observed.

Large seasonal differences in temperature and nirrfall, togethet with varying soil types, are

âmong the environmental factots that favout the development of grasslands (Àdoore 1964).In

addition, grasslands often exhibit strong spatial heterogeneity in soil moisture, temperature or

nutrient avaüability due to physical factors such as topography (Aryad & Dix 1'964;Defosse et al.

1,997;Famiglietti er at.7998;Hook & Burke 2000), and biological processes by plants and animals

(Gurevitch 1986b; Afzal &Adams 7992;Jatamillo & Detling 1992;Ynton & Burke 1995;

Semmarin & Oesterheld 1996; Reynolds eT at.7997;Burke et a|.1,998). Plants can redistribute and

accumulate nitrogen and carbon, tesulting, for example, in the resource islands under individual

perennial grasses (Flook et at. 7997;Vinton & Burke 1995; Schlesinget et al. 1'996) or in larger

areas underneath dominant species where nitrate availability is changed (R.eynolds et al.1'997).In

¡xn, grazìns and burrowing animals can tedisttibute these nutrients (Afzzl & A.dams 1992;

Jaramillo & Detling 1992; Stromberg & Griffin 1996).

Undedying these biological processes âre physical factors such as topography and small-scale

soil variations. Grasslands in undulating areas, for example, have a range of microclimates, as

exposed aspects are generally warrner and drier than sheltered aspects (Ayyad & Dix 7964),

windward aspects are drier than shelteted upland sites, and aspects in rain shadows are drier than

other aspects (Coronato & Bertiller 1996). Slope positions can differ in soil moisture dynamics

due to short-term run-off and the long-term hydrological tedistdbution of particles, especially

finer particles, to lower slope positions. Although there is a tendency fot soil moistute to be

higher in lower slope positions (Ayyad & Dix 7964; Gvevitch 1986b; IGapp et al. 1'993), run-off

in grasslands in lower n:trrfall 
^reas 

rrray not be sufficient to distribute soil patticles and soil

moisture availability depends solely on soil texture, independentJy of slope positions (Sngh ef al.

19e8).

The correlations between invasive annual grass abundance with lower ninfall,winter tainfall'

or high nutrìent availability and perennial grass abundance with higher ralnfalJ,, summer tatnfall

and lower nutrjent availability on large spatial scales only ttanslate partially to small spatial scales.

Studies that have correlated the abundance of annuai and petennial grasses with environmental

factors on small scales suggest that annual grasses are more abundant on dder microsites such as
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exposed aspects and higher slope positions and pereflriiâl grâsses âre more abundant on

sheltered âspects and lower slope positions (À.{clntosh & Âllen 1998; Peco et a/.1998;Stngh et al.

1998). Also, increasing soil moisture can imptove the competitive ability of the perennial gtass

Nassellapølchra overinvading annual grâsses (Hamilton et a/. L999). Since annual and perennial

grasses often compete for soil moisture (Hatris 1.967;Irj.arris & \X/ilson 1970; Melgoza et a|.1,990;

Dyer & fuce 1999; Hamilton et aL.1999), it is possible that on the small scales, at which plant-

plant interacdons are most important (Singh et al. 1,996) perennial grasslands can resist invasion

by annual grasses in sites and times of highet soil moisture. Howevet, cofltr^Í! examples can also

be found. For example, in the same system whete higher soil moisture improved the competitive

ability of a petennial grass, a dtought killed a lower proportion of perennial gtass seedlings than

annual grass seedlings ftIamilto¡ et al. 1999). Even at low nutrient availability, annual grâsses carr

grow ât least equally well (l\4uller & Gamier 1,990; Claassen & Marlet 1998) ot even better (I(olb

et al. 2002) than perennial grasses. Similarþ, the abundance of some invasive annual grasses

increased significantly during unusually wet years and decteased during â severe dtought (I{obbs

& Mooney 1991; Nicholson & Hui 1993).

The above examples suggest that the effects of environmental factors on annual and

perennial grasses can be species-specif,c and vary with life stage. Not all petennial and annual

grass species respond to soil moisture in the sâme manfler. Different species of petennial grasses,

for example, c î le ctvery differently to soil moisture (Ayyad & Dix 1.964;I3app 1984; Singh al

al. 1998) and competitive hierarchies can shift between perennial grass species due to changes in

soil moisture (I.demberg & Dale 1,997). Secondly, the importance of competitive interactions

versus other processes such as recnritment may change in time or spâce. If the effects of soil

moisture on recruitmerit are very different to its effects on competitive interactions the invasion

of annual grasses into perennial grasslands will not be controlled by single factors but by a

complex mixture of controlling variables changing in space and time.

A theoretical framework for the invasion of temperate grasslands with annual grasses

in the mid-north of South Australia

The attributes of temperate grasslands, such as the frequent disturbances, the large

environmental fluctuations and the introductions of the same suite of Mediterr^rle n annual grass

species suggest that temperate gtasslands ate highly susceptible to invasion. The sttong

environmental fluctuations in time and space due to intdnsic factors and due to changes in

resource dynamics with the introduction of European grazìng systems suggests that equilibrium

theories are not generally applicable to invasions of annual grâsses, especially on small scales. I

thus propose that non-equilibrium theories that include details of resource dynamics ate bettet

suited to explain invasions in temperate grasslands with annual :urtnfall below 700 mm. I predict

that the recruitment, growth and suwival of native perennial grasses and invasive annual grasses
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in this system, as well as their competitive interactions, are closely corlnected to resoutce

dynamics atavznely of scales. Non-equilibrium theories predict LJrrata combination of resource

levels, propagule supply and seasonâI timing exists, such that each 'suitable' species can invade an

area. A. species may be 'suitable' regârdless of whether it is native ot exotic to zn atez - opening

the possibility of re-invading areas dominated by exotic species with native species (Davis,2001).

The practical applicattons of using this theoretical framework in this system 
^re ^ppmer't.

Equilibrium theories predict either that invasive plant species are supelior competitors at all times

at all sites or, orr the other hand, that the temoval of disturbance or the cessadon of tesource

addition will stop further invasion. The fitst ptediction allows only fot one post-invasion

management option (active species removal), while the second prediction has lead to the

management practice of removing all stock ftom an atea to stall further invasion or promote

restoration. Destocking tempefâte gtasslands may tesult in decreases in annual gfasses in some

cases (Grove et al. 2002) orhas mixed effects, such as incteasing petennial gtass abundance, but

lower nadve plant diversity (Grove et a/. 2002; Osem ø a/.2002). However, in other cases

destocked grasslands continue to be dominated by annuals ft{aris 7967;Heady ef al. 1992, and

references thetein; Stromberg & Gfiffin 1996; Mclntosh & Allen 1998).

Non-equilibdum theodes, orì the other hand, predict that fluctr¡ations in resoufces of

conditions can have 
^ 

rzrrge of effects on species composition, favouring either invasive annual

grasses or native species at different points in time. In this case, mânagement options are more

flexible and caninclude graz:tng, slashing, ot propagule addition at different times to create

conditions that either promote desired native species andf or discoutage the further invasion of

¡ndesired exotic species. To be successful, however, this tequites detailed knowledge of the

resource dynamics in the system and how they affect the invasive and the native species at

diffetent spatiotemporal scales.

Overview and obiectives of reseatch

Like other temperate grasslands, the grasslands of the mid-north of South ,{usttalia have been

extensively invaded by annual grasses (Chapter 2).Thereis little knowledge on ecological patterns

and processes of the mid-north grasslands in genetal and to my knowledge no published

information on the dynamics of essential resources in this system exist. In this thesis I aim to

deterrnine the most apprcpiate theoretical framework to further investigate the invasion of

grasslands by annual grâsses in this arez.I will use a serìes of surveys and experiments to establish

the resources that drive annual grass invasion, the dynamics of these resources and how they

affectannual and perennial grass recruitment, growth and their competitive interactions.

To address these objectives I aim to answef the following questions:
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1,. ìØhich resources or environmental factors correlate to the recruitment and growth of

perennial versus annual grasses, both at large scales (-ithitt the lower mid-north region) and

small scales (within the same site) (Chapter 3)?

2. How does the availability of a resoutce that corelates well with grass abundance affect the

recruitment of annual and perennial gtasses and thus theit likelihood of invasion success in

'uninvaded arcas' (ChaPter 4)?

3. FIow does the timing and amount of a tesource tfrat cortelates well with gtass abundance

tffect the growth and competitive abilities of both annual and perennial grasses? How is this

resource affected by grass abundance? Are annual grasses superior competitors in most

condidons or do the competitive hieratchies between annual grasses and petennial grasses

change undet certain conditions (Chaptet 5 & 6)?
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2. Tempefate gfasslands in the South Australian rnid-nofth

Introduction

Temperate grasslands and grassy woodlands are a majot vegetation type of southem Australia

(Figure 2.1).In South Australia, the mid-north region in particulat was dominated by grassy

ecosystems. However, the precise location and extent of grasslands versus grassy woodlands in

the mid-noth of South Australia is uncertain. Hyde (1995, p.1) states that 'true nadve grasslands

were origin ally tare, and most grassy communities contained at least some shrubs or trees in

v^rytngdensities'. The detailed original species compositions fot areas in this region will probably

never be established. Hyde (1995) concludes that the exploitation of the vegetadon by eaÃy

setffers in the mid-north resulted rn a rapid and widespread change. By 1879 some weeds

outcompeted native plants in the area (I(loot 1980). Today the majority of land is used for

cropping and sheep grazing and only remnants of native vegetation remain.

The mid-north region

Geologically, the regúon originated from uplifts along north-south faults that âre now mostly

eroded. The landscape thus consists of numetous north-south odented minor rânges and gently

undulating plains, with elevation ranging from sea level to 800 m. Soils are mainly hatd alkaline

red duplex soils with some hard neutral yellow duplex soils and some calcareous earths

(lñorthcote 1960). Factors such as soil depth, texture or organic matter vary strongly within and

between remnants (Chapter 3). The region has a Meditenzîe^n-type climate with cool winters

and hot sunìmers. Mean annual lzrlnfall ranges ftom 350-650 mm (Iable 2.1), but annual n:nfall,

câfl range from 165-880 mm. There is a tendency fot mote predictable small tain events in the

cool season and unpredictable large lilain events in the warm seasorl (higher coefficient of

variation, Table 2.1).Ftanfall amount and seasonality varies htghly between years fþte 2.2) and

between sites a few kilometres apart (data not shown, various landholders, 1990-2000).

No accurate information exists about the fire tegimes of the mid-noth areâ plior to

European settlement or during the earþ settlement pedod. Several autfrors assume fhat vast areas

of vegetation in south-easteffi Australia were regularþ burned by indigenous people (Flannery

1.994;Ryan et al. 7995,in Benson & Redpath 1997; Robertson 1998), which would promote the

occurrence of grassland or open grassy woodlands over denser vegetation types. However,

Benson (1,gg7) has atgued that earþ settfer's notes do not support the evidence of widespread

regular burning. Nicholson (1981) summarises avanely of accounts of earþ settlers and scientists

and concludes that ñre r.r,lay have been used to cre^te grasslands mainly in favourable habitats,

such as in eastem Victoria, whereas othet ateas of southern Austtalia supported grasslands that
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remained grasslands in the absence of fire. Scarlett et a/. (7992, in Davies 1997) also state

that grasslands in drier regions of Victoria are similar to the grasslands in South Austtalia and

tend to be self-sustaining in the absence of fire or gra'artg.

Mean daily temperature (oC)

Mean annual
rainfall(mm)

Mean rainfall (mm) CV rainfall (%)

Minium Maximum

Jan Jul Jan Jul Jan Jul Jan Jul

1,5

Burra (41 yrs)

Clare (> 140 yrs)

Site 3 (22 yrs)

Jamestown (123 yrs)

Mt Bryan (105 yrs)

Snowtown (> 122yrs)

Spalding (97 yrs)

Tarcowie (65 yrs)

439

631

376

463

437

407

437

416

348

24.8

25.0

15.7

20.7

19,3

19.0

18.8

25.4

20.7

57.2

81.0

43.8

57.0

54.5

49.0

53.4

48,6

38.4

161

112

116

109

125

121

116

119

127

na

13.4

na

na

na

14.6

na

na

na

na

3.1

na

na

na

5.2

na

na

na

na

29.5

na

na

na

31.2

na

na

na

na

13.2

na

na

na

15.5

na

na

na

52

46

64

50

46

49

46

49

48Whvte Yarcowie (123 vrsì

Table2.l: Rainfall & temperature statistics for selected locations (Figure 2.3) in the mid-north of South Australia

(Bureau of Meteorology; Robin Bruce, pers. com., 2000). CV = Coefficient of variation,

rùØhether or not fire was a rcgt;Jar occurreflce in the tegion, it has been rare since European

settlement. Currently grasslands and grassy woodlands of the tegion are seldom deliberateþ bumt

(R.obertson 199S). Instead gtazing, spraying or mowing is used to teduce fuel levels. \X/hile fire

may still occur in grassland remnants due to burning of nearby stubble paddocks ot the

occurreflce of wildfires, any species that may once have requited regular buming probably has

akeady disappeared from unbutrit rernnânts S'obertson 1998).

Since topography, soil properties, climate and fire regime play an important role in the

establishment of woody plants in grasslands (À4oore 1964; fupley 1992),I suggest the high

underþing variability of these factors at various scales is ükely to have corresponded with a

similar variabiJity in vegetation types. The tesult would have been a complex mosaic of both

grasslands and gtassy woodlands rathet than vast expânses of one or tlle other'

Cutrent status of the mid-noth grasslands

\øithin the mid-nofth region several communities with different species composition are

recognised (Hyde 1995; Robertson 1998), including the once extensive Lnrnandra ffisa

pindley)Ewart grasslan ds, I-.omandra nultflora var. dura (R.. Bt.)Britten tussock grassland complex,

Austrostþa eremoþhila (Reader) S.\X/.LJacobs &J.Everettf Aastrodanthoniø caeQitosa (Gaud.)

H.P.Linder grasslands with emergent shrubs, Triodia scariosø N. Burb. Humrnock Grassland,

Aøstrosfþa blacl<ii C. E. Hubb. grassland, AusTrostþa nodosa (S.T.Blake) grassland andAaslrostþa
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nilidasumrnerh. & CF.E. Hubb./Gahnia lanigera (X.. Br.)Benth. gtassland. Due to their

suitability for agricultutal pulposes these gtasslands have been extensiveþ cleated since European

settlement. It has been estimated that in r\ustralia overall only 0.77o/o of the tempetate grasslands

remain in semi-natural condition, with similar figutes quoted for South Austtalia (Barlow 1999,

quoted in Ross 1,999). Compared to other vegetation types temPerate grasslands are one of the

top coriservation pdorities in South.¿\usttalia (Davies 1982). The signifìcance of fhese systems is

poody undetstood. In at least two cases native grasslands in the mid-north were ripped for tree

planting and tevegetation Qavies 1997).

Remaining grasslands tend to be ftagments, mostly found on steep hillsides, steep or stony

areas within cleared paddocks, parHands in towns, cemeteties, tail teserves and roadsides (Ross

lggg). Few, if any, of these remnants retain what is thought to be the pte-European understorey.

Stock grzz:ng, sporadic ploughing, fertjlisers and accidental or delibetate species inttoduction

have resulted in large changes (Robertson 1993). In general, petennial dominated, diverse systems

have been replaced with annual dominated systems (Figure 2.4). Recent surveys have shown that

in South Australian grasslands or specifically in grasslands and grâssy woodlands in the Mount

Lofty Region eleven and nine of the twenty most conìmon species respectiveþ are introduced

(FIyd" 1995; Robertson 1998). The most frequent introduced species in South Austtalian

gtasslands in general are Auena barbata, followed by Glnandrìris setifolia and Saluia aerbenaca (Hyde

1995) and in the mid-north areaA. barbata, followed by Vaþia sp. and Echiøn plantagineam

(R.obertson 1998).

The invasions have negative effects on native flora and fartna. Livng A. barbala and its litter,

for example, have negative effects on perennial grass growth at tÏe Burra field site (Figute 2.3)

[,enz ef a/. 2003). Litter also decreases the abundance of small-seeded exotics and tends to

decrease the abundance of rare small-seeded native species þenz ø a/. 2003). By out-competing

perennial grasses that provide food or habitat for avanety of animals, including insects (Àdaxwell

2003) and, a bird species @avies 1,997), annual grasses can also impact on native fzuna. Ovetall,

they decrease plant diversity Q,enz et a/. 2003) and change the seasonality of productivity ftom a

more even productivity allyear round to a strong peak in productivity over wintet and spdng. In

summer annual grasses senesce and fewer perennial grasses are ptesent to take up available soil

moisture. The potential of using native perennial grasses as pasture grâsses is increasingly

recognised, since they are adapted to local conditions and can take advantage of allyeat round

nÁfalland encouraging native perennial grasses is believed to benefit both pastoral and

conservation pulposes (Lodge 1994; Crosthwait et a/. 1996; Jones 1'996).
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Extrapolating other grassland studies to the South Australian mid-north

White the temperzte natutal and semi-naistal grassy ecosystems in south-eastern Australia

and other àreas 
^re 

generally grouped together as a vegetation type, they differ considerably in

climate. The New England Tableland, fot example, has higher rainfail' than the mid-north of

South -Australia and has a summet-dominated ninfallregime (Iable 2.2;Frgure2.1).T:he volcanic

plains west of Melbourne are also wetter, considerably less variable and have a more winter-

dominated ratnfall reg'ime than in the mid-no fih area. Other areas, such as the drìer areas in the

Riverine Plains in NS\ø are slightly more summenain dominated than the mid-north zrea. On

the other extreme are the temperate grasslands of the Central Valley in Califomia, USA, with

truly M e dit ertzrîeata winte r- domin ate d ninfall re g'ime s Q able 2.2) .

Mean daily temperature (oC)

Mean
annual
rainfall
(mm)

Mean rainfall
(mm)

CV rainfall

f/'l Minium Maximum

Jan Jul Jan Jul Jan Jul Jan Jul

New
England

Tablelands,
NSW

Armidale (13'1 yrs)

Guyra (116 yrs)

Glen lnnes (93 vrsl

780 104

114

106

56

57

58

48

60

57

884

848

69

60

63

13.8 0,4 26.7 12.7

na na na na

13.5 0.5 24.8 12

Volcanic
Plains, VIC

Lismore (84 yrs)

Penshurst (121 yrs)

Mortlake (120 yrs)

625

721

675

655

B4

74

80

75

't 1.9

na

na

14

12.3

na

na

13.3

na

na

25.8

na

na

5.8

58

79

6B

48

37

35

35

48

40

38

40

48

4.6 26.8

Melbourne (146 vrs)

Riverine
Plains,

NSW

Hay (1 25 yrs)

Deniliquin (140 yrs)

Tocumwal (105 yrs)

3.8

3.4

3.1

32.8

31.4

31.7

71

66

60

27

29

33

369

407

449

31

35

42

119

121

118

17

'15.6

15.6

14.7

13.8

14

Gentral
Valley,

California,
US

Stockton (>40 yrs)

Sacramento (Rain '146 yrs,

temperature 30 Yrs)

Fresno lRain 1 19 yrs,

temoerature 30 vrs) 254 47 0 79 3 18.4 12.3

U7 70 1 69 200 na na na

446 91 1 76 300 3.2 14.5 11.5

na

34

37

Table2.2: Climate statistics for areas containing other temperate grasslands (Clewett et al.2003,

http://www.worldweather.org.) CV = Coefficient of variation.

The importance of rainfall regimes to the growth of annual and petennial grasses (Chaptet 1),

overlaid by potentially different gtazrngand fire regimes are likeþ to produce different patterns

and results in different ecological processes in different gtasslands. Thus management changes

that produce desired outcomes in terms of plant species composition in one 
^rea 

m^y be less or

not at all suitable for another area. However, research that assists us to understand the variables

driving growth and invasion in the mid-north grasslands will aid mânagemeflt of these grasslands

specifically, and potentially of other grasslands in a similat cümatic regime.
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Figure 2.1: Pre-European extent of lowland grasslands and grassy woodlands in south-eastern Australia (Lunt ef

al, 1998). The New England Tableland is located 970 km NE of Canberra at800-1000 m a.s.l..

300

E
E 200
.lt
E'ã
É,

100

0

1 960 1 970 I 980 I 990

Figure 2.21 Seasonal rainfall statistics (Summer; Autumn; Winter; Spring rainfall of each year) for Burria, South

Australia (Bureau of Meteorology, 2000).
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20 km

Figure 2,3: Location of the nine study sites, Buna (1); Clare (2); Glen Roburn (3); Snowtown (4); Spalding (5);

Tarcowie (6); Caltowie (7); Whyte Yarcowie (8); Mokota (9), Map from Geoscience Australia (2003).
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(a) (b)

Figure 2,4: Site 4). (a) Native perennial grasses and other natives (Austrodanthon,a sp., Lomandra sp., Scaevo/a

albida); (b) lnvasive annuals (mainly Avena barbata, some Echium plantagineum).
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3. Correlations between environmental factors and

grass abundances in the South Australian mid-north

Introduction

A considerable number of studies of semi-arid or temperate grasslands repofi environmental

factors to be at least important as grzz:ng factors (Ayyad & Dix 7964;I{emp & Dowlingl'991';

Mclntyre & Lavorel 1,994; O'Connor & Roux 1995; Hartìson 1999; Stohlgrcn et a/. 1999;Dodd er

at.2002).In these studies environmental factors explained more than 50% of the variation in

species composition, when grazingregime u/as fl.ot included as an explanatory vaiable, and

explained as much or more variation thzn grazing regime when grazing regime was included.

Burke et a/. (1998) suggest that soil water availability is the dominant factor controlling species

composition in grasslands receiving less than 700 mm annual ra:nfall. Similarþ, the invasion of

cool-season Mediterranean annual grasses into temperate grasslands woddwide is associated with

n:nfall, independent of rnanagement history. Fot example, the species numbers of invasive

annual grasses and their abundances decrease with rainfall, while perennial grass species numbers

or abnndances increase (Bartolome, 1980, in I(emp & Dowling 7991.;Heady et al.1'992).

Furthermore, the invasive annual Bromas tecTlram is favoured by autumn and spring tz;nfal),,

whereas sìlnmer ra:nfzll enhances the growth of a nadve perennial grass (Hatris 1967). Similarþ,

in their native Mediterranean habitat, annual grasses 
^te 

fl:rore abundant in high winter

tarnfallflow srrrìrner rainfalT areas flackson 1985).

Temperatures and nutrient availability also affect annual and perennial grass gro\r/-th

differently. Independent of photosynthetic pathway, low temperâtures dectease petennial grass

growth more than annual grass growth (Haris 7967;Hatns & Wilson 1970;Jackson & Roy

1936). Similarþ, at low nuttient avarlabrhty the growth tates of perennial and annual grâsses are

similar, but at high nutrient availability annual grasses have up to four times highet growth rates

than perennial grasses (Vluller & Gamier 1990; Emst & Tolsma 7992; Claassen & Mader 1998).

Hence, many studies show that the abundance of annual grasses correlates with higher nutrient

availability or follow nutrient addition (Lauenroth & Dodd 1978; Huenneke et a|.7990; I(otanen

7997;Morgan 1998b; Chiarucci et al. 7999; Paschke et a/.2000) or that decreasing nutrient

availability can reduce annual and increase perennial grass abundance (?aschke et a|.2000). These

pâttems of annual and perennial abundances over large tempotal, climatic ot edaphic scales do

not translate into predictable pattems of annual grass invasion or the te-invasion by perennial

grasses at smaller scales. Firstly, temperate grasslands arc chztacterised by large environmental

fluctuations such as temperature and soil moisture. Undulating topography, for example, results

in vatious microclimates and soil moisture distributions due to different âspects and slope
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positions (Ayyad & Dix 1964; Gurevitch 1986b; ISapp et al.1993; Coronato & Bertiller

1,996). Perennial grasses themselves can elevate nutrient levels undemeath their tussocks by long-

term decomposition processes (Flook er al.1997;Vinton & Butke 1995; Schlesinger et a|.1996)

and animals in tum can redisttibute nutdents (Afzal & Adams |992;JatamiTo & Detling 1992;

Strombetg & Griffin 1,996).

Secondly, responses are often species, life stage, or site-specific. Some studies that have

correlated grass abundance with environmental factors on smaller scales, such as single sites,

indicate, that - like atlztget regional scales - annual grasses are more abundant on driet microsites

such as exposed âspects and higher slope positions, while perennial grasses are more abundant on

shelteted aspects and lower slope positions (l\{clntosh & Allen 1998; Peco et aL.7998;Stngh eT ø1.

199S). Likewise, increasing soil moisture improved the competitive ability of a perennial grass

over annual gtass invaders (Hamilton et al.1999). However, this is not always the case.

Depending on species and life stage an inctease in rainfall or soil moistute can favour petennial

grass gtowth (I4clntosh & Allen 1998; Harnilton et a/. 7999), the growth of some petennial

grasses (Âyyad & Dix 1,964), or the growth of annual grâsses (Hobbs & Mooney 1991; Nicholson

& Hui 1993; Hamilton et a/.1,999). The obiectives of this study wete thus to gain an

understanding of the environmental factors that correlate with exotic annual grass abundance and

native perennial grass abundance in the mid-north of South Australia at different spatial scales

(site scale and regional scale) and tempotal scales (one-off survey versus monitoring over two

growing seasons).

Methods

Correlations of gmss abundances with enuimnmentalfaclors in spaæ

I conducted the study in nine temnant gtasslands in the mid-north of South Australia. The

grasslands were chosen using the following cdteria: a) the sites included a range of tainfall

regimes and soil types; b) no site had been stocked during the curent season so not to confound

the effect of abiotic factors on cuffent annual grass biomass u¡ith recent grazrng effects; c) each

site included native perennial and exotic annual grâsses and little overstorey; (d) there wâs no

evidence of different grazingmaflâgement u/ithifl a site, i.e. fence-lines or watering points (Iable

3.1, Fþre 2.3). Subsequently, any mention of locality rìames refets to field sites, not towns.

Samolins design: Sites 1-5 were sampled 9-20 October 2000 and sites 6-9 were sampled 71'-22

-

Octobet 2007. Ìyteach site I sampled 20-30 0.5 x 0.5 m quadrats in a random compass ditection

and tt a random distance from 1-3 central points, depending on the shape of the site. Quadrats

were sampled only when they contained mainly grasses as understorey and no overstorey.
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Site Location Name survey Annual rain
(mm¡r¡

Grazing history 0verstorey
area

Soil
tvpe2)

1 138'55'E, 33"41'S Burra

2 138'30'E,33"42'3 Clare

3 138'18'E,34'00',S
Glen

Roburn

Snow-

town
4 138'11'E,33'47',S

5 138'37'E, 33"29'5 Spalding

6 138"30'E, 32'57'5 Tarcowie

7 138'26'E,33''10'S Caltowie

B 138'53'E, 33"16'5
Whyte

Yarcowie

120mx
200 m

439

500

375

459

437

417

420

348

MO

Medium grazing,

fenced 1999

Within stubble-grazed

Paddock s)

Corridor, unmanaged
for >30 years

Medium grazing,

fenced 1999

Within stubble-grazed
paddock, fenced 1997

Parkland, unmanaged
for > 40 years

Roadside,

unmanaged

Parkland, unmanaged
for >30 years

Light grazing, fenced
1 998

3 trees

Few shrubs

Few shrubs

& trees

Few shrubs

Few shrubs

Few shrubs

Loam

Sandy

clay loam

Sandy

clay loam

Sandy

clay

Sandy
clay loam

Sandy
loam

Sandy

clay loam

Sandy
loam

Sandy
clay loam

200mx
50m

200mx
25m

100 m x
50m

100 m x
200 m

100 m x
50m

300mx
40m

200mx
50m

I 138'55'E,33'35'S Mokota Few shrubs

Table 3.1: Details of study sites. 1)Longest-term available annual average of the nearest (0.5-7 km) rain gauge.

z) Based on average sand, silt and clay % of quadrats (Thompson & Troeh 1973). 3) Stocking grain stubble with

sheep for a short period after harvest. Sheep have access to any grassland remnants within the paddock but

forage mainly in the stubble. Common management practice.

Vegetation sampling: Annual and perennial grass abundance wete sampled differentþ

(Âppendix I). In each quadrat I harvested the aboveground biomass of all annual gtasses rooted

in the quadrat. I then recorded t}re o/o frequency of each perennial grass species by subdividing

the quadrat tnto 25 10 cm x 10 cm subquadrats and tecording the percentage of subquadrats each

species was rooted in. I collected voucher specimens of all petennial grass species present per

site. Annual grasses were air-dried, sorted to species (in a few cases leaving some unidentifiable

vegetative matenalremaining), identified usingJessop and Toelken (1986), dried to constant

weight at 80 'C and weighed. Perennial grasses voucher specimens wete identified usingJessop

and Toelken (1986) and \X/alsh (1994). Nomenclature followsJessop and Toelken (1986) with

Stþa and DanThonia updated to AusTrosfþa znd Aastrodanfhonia. Voucher specimens wete checked

against type specimens of the -Adelaide Herbarium. During this process I tealised I had not

distinguished the differ enl Aøslrodanthonia spp. encountered in the freld (A. caeQìtosa, A. eriantha,

A. racemosa) consistently and thus grouped them as Auslrodanthonia spp.. Non-flowering petennial

grasses (mainly small plants) were recotded as e.g.'Ausîrodanrhonia juvenile', if they could be

identifred to genus ot otherwise 'perennial grass'.

Soil sampling: In each quadrat I collected up to three soil samples using a 6 cm auger: one at

0-5 cm depth, and if possible one at 75-20 cm and one at 25-30 cm depth, each in a different

100mx
100 m
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rafldomly selected 10 cm x 10 cm subquadtat. To estimate soil depth I continued augering

in the deepest hole until I hit a solid rock surface or teached a depth of 0'5 m. Soil depth > 0.5 m

was arbitrarily assþed the value of 0.6 m for the pulpose of numerical anaþsis.

The soil samples were ait-dried for several weeks, crushed ln a mofiat and pestle and sieved

through a 2.36 mm sieve, recotding the percentage of gtavel weight in each sample. Äll soil

samples were analysed fot organic carbon using the Walkley & Black tittation method (Allison

1965). In addition, the topsoil sample of each quadrat was anaþsed foro/o total nitrogen

$.ayment & Higginson7992, C Soil Method Reference: Method 6B3,Lab Method:

LecoCN2000, "SOILLO'V(/", Combustion at 1350 "C), available phosphorus (R'ayment &

Higginson 7992,Method 981), soil texture @ay 1965), pH and electrical conductivity (1 part soil

in 5 parts water, shake for t h, measure conductivity (EC) using an AthomCDM2d conductivity

meter and, after t h, the pH of the supematant using an Activon pH meter).

ToooqraÞhical measurements: I obtained a measure of the microtopography around the.:
quadrat by averaging the difference in elevation between the quadtat cerltre znd2 tn distance in

each of the four compass directions. This measurement is zero if the quadtat is level with its

surroundings, negative if the quadrat is elevated and positive if the quadrat is lower compared to

its surroundings. In addition, the elevation of each quadrat relative to the highest quadrat was

measured with a theodolite and if the quadrat was located on a slope, I recorded its aspect

(compass direction to within 45") and its slope (maximum diffetence in elevation within the

quadrat, converted into degrees). I converted aspect, slope and latitude variables into an estimate

of potential direct incident radiation using Equaio¡2 in McCune & I(eon Q002) and rotating

the aspect measurements 180'. This rotation su/aps north with south, but also east with west. It

thus roughly adjusts the equation to the southern hemisphete, since east and west aspects would

have more similar tadiation loads than north and south aspects.

Grazing and rainfall statistics data: I obtained ra:tnfall. data from the nearest landholder or a

Bureau of Meteorology weather station, located at distances of 0.5-7 km ftom the site. All rainfall

statistics calculated were adjusted fot the survey year (i.e.2000 ot 2001). Detailed gnz:ng statistics

such as DSE/ha were flot available for most sites due to the natute of the gtazrng management in

tine area.I collected basic gtzzìng statistics, consisting of year of destocking and relative graztng

pressure before destocking (on a scale from 1 - 5, with 5 being highest for the region as iudged

by the landholder) from landholders. Gnzingpressure over the last 10 yeats was calculated as =

(grazrngpressure x number of years stocked in last 10 yeats). While this estimation of gtazing

pressure is neither very precise rior accurâte, the study was not designed to determine close

correlations between grass abundance and grazingmanagement. The gtazing estimate was simply

added as anothet possible explanatory variable.
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Statistical analvsis: Out of 1B variables meâsured in each of 220 quadrats, I lost four

measurements and âssume a transcription error in an extremely high silt level of a soil sample.

Rathet than lowering the number of quadtats for the multivariate analysis I intelpolated these

values using the linear regression of the missing variable against e environmental variable that

had the highest correlation (0.2 < r' < 0.72¡ with the missing variable at rhzt site. This procedure

may increase the probability of introducing autocorrelation of envitonmental factors to the

dataset (I\4cCune & Grace 2002) andthus could create additional cottelations of these factots

with grass abundances. I checked the tesulting cortelation mattices for new significant

cortelations and found that none occured.

Data exploration indicated a large number of non-parametric distributions and non-lineat

correlations. To test correlations between total petennial and annual grass abundances and

environmental factors I calculated the nonparametric Spearman's corelation coefficients, using

the Bonferroni adjustment for multiple comparisons. For the individual species dataset I used

nonmetric multidimensional scaling G.JMS) Q\dcCune & Gtace 2002) with the Sørensen @ray-

Curtis) index as the distance measure. Âll analyses were petfotmed in PC-ORD 4.1 (À4cCune &

Mefford 1,999),using the "SIow and thorough",{.utopilot mode and procedures outlined by

McCune & Grace Q002).Initial ordinations tesults were poor with sttess values > 20. There was

a high coefficient of variation (C\| benveen species, both due to highly varyrng annual grasses

abundances and the different abundance measures for perennial and annual grâsses. To decrease

CV between species I tried two methods: (a) to remove all annual grass species with < 5 g total

biomass zt each site and perennial grass species with < Bo/o total frequency. This resulted in

acceptable ordinations in some cases but not in others, and þ) to give aìl species exactly the same

weight by relativising each species by the maximum abundance of itself atlhzt site. This resulted

in lower stress values in most cases. The ordinations were also visually similar to the first ones

a¡d are presented here. I then tested species and quadtats for outliets (defined zs )2.3 standatd

deviations from the grand mean) and investigated the matrix fot probable causes of each outliet.

Outlying species were removed. When an outlying quadrat tumed out to be caused by species of

low abundance I also removed the species rathet than the quadtat to maintain sample size. I only

removed quadrats if this resulted in a signif,cant decrease in the stress value. Ovetall, I removed

only one quadrat each in three site analyses and two quadrats in the overall regional analysis.

Correlalions of grass abundances with soil moisîure oaer Time

Samolins DesiEri: To monitor soil moisture in areas with different petennial and annual gtass

abundances, I selected sites 1-3 (Iable 3.1; Figure 2.3) with contrasting 
^ver^ge 

:i:ainfall. At Bura,

where there was a clear perennial to annual gtass gradient down the slope, I establishedthreeT2

m trarisects perpendicular to the direction of the slope, one ât the top of the slope where

perennial grasses dominated, one halfway within a mixtute of annual and perennial grasses and
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ofle at the bottom of the slope where anrruâl grasses dominated. Ät tandom distances along

each ttansect I marked out eight 1 m x 1 m quadrats. At Clate and Glen Robum there was no

clear gradient of grass abundance. I visually located six areas, two dominated by annual grâsses,

two by perennial grasses and two with a mixtute of annual and petennial gtasses. I established

four 1 m x 1 m quadrats in each 
^re ^ 

random direction and distance away ftom the centre.

To measure soil moisture each quadtat was subdivided into 25 subquadtats. Fot each

meâsurement date I randomly selected a different set of 3-5 subquadrats for all 72 quadrats to

take the soil moisture measurements in. I aimed to take five measutemeflts in each quadrat at

everry measurement date, but equipment ptoblems during dry conditions forced me to decrease

the sample size to three at some days. Volumetric soil moisture was measuted apptoximately

every 6 weeks between December 2000 and October 2002 n the top 6 cm of soil using a

thetaprobe ML2x (Delta-T Devices) and the general mineral soil parameters supplied with the

probe. Soil moisture values are flot comparable across sites, since sites differ in soil Parameters.

Vegetation Monitoring: I estimated perennial and annual grass abundance in all quadrats 21-

25 October 2001. In 2002 growrng seasons peaked eaÃier for annual grâsses than fot perennial

grâsses. Hence I recorded annual grass abundatce 74-76 October and perennial grass abundance

6 November 2002.I estimated perennial grass abundance by recording their percentage

frequency in 100 10 cmx 10 cm subquadrats, and identi$ring the species as described above.

I estimated annual grass aboveground biomass using a varìation of the Adelaide tecbnique

(Andrew ef at. 1,979).In this method, visual estimates of experimental quadrats ate corected

using a regression of visual estirnates and rezl dry weight p\7) of non-experìmental plots. I

selected eight non-experimental 0.5 m x 0.5 m plots that represented the whole range of above

ground biomass at each site on each measuremerit date. In these I estimated the annual grass

aboveground D\ø to the fleârest gralm, the first plot using a seties of photos of plots with known

D\X/ and the remaining seven in relation to the first one. ,\fter familiadsing myself fot some time

with estimating the non-experimental plots and other ateas, I estimated experimental quadrats,

re-visiting non-experìmental plots several times to confirm or correct my estimates. I then

harvested the non-experimental plots for annual plant aboveground DSØ (without litter) and used

the regression between the estimated and observed dry weights to adjust the estimates of the

experimental quadrats. This method corects fot consistent over- or undetestimation of biomass

and, if non-experimental plots span the range of biomâss, no extrapolation is required. The 12 of

regressions between estimated and observed annual grass biomass of the non-experìmental plots

ranged fuolnr^ 0.64 to 0.97. To be consistent, the expedmental 1 m x 1 m quadrats were

subdivided into four 0.5 m x 0.5 m quadtats for estimation.
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Rainfall and grazing data: Daily tainfall data were obtained ftom the nearest

meteotological station ot landholdet (within 0.5-3 km of the sites). The paddock surrounding the

Clare site was stubble -grazed (see Table 3.7 fot explanation) during late surnme t f autttrrn 2007 .

Goats and cattle occasionally entered the Burra paddock frorr' a neighbouring paddock' I

observed evidence of kangaroo presence at Glen Robum, and feral fallow deer (Dama dama p.))

at Clxe. However, no significant grazing or trâmpling damage wâs ever evident in any of the

monitored quadrats.

Statistical analysis: Soil moisture values were averaged for each quadrat on each measurement

date. I anaþsed the correlations between quadrat soil moistute and annual or petennial grasses

abundances by calculating Spearman p cotrelation coefficients of the conelation between end-

of-gowing-season gmss abundances and soil moistute for each measurement date and site. These

coefficients were plotted against the mean 7o soil moisture availability atthat date and site. I

estimated maximum soil moistute availabiJity as the maximum 
^ven^ge 

soil moistute measured at

any date at eaclt site and accordingly calculatedo/o mean soil moisture availabilities fot other dates.

Results

Correlations of grass abandances uiTh enuironmentalfaclors in sþace

Species composition and the relative abundance of petennial and annual grasses vaded widely

both within and between sites, with total perennial grass ftequency tanging from 8.2 o/o at Glen

Roburn to 36.80 o/o atBurra. Total annual grass biomass ranged from 18.10 g DNø 0.25 rn2 at

Bura to 68.50 g D\X/ 0.25 rnz at Clare (Table 3.2). Ovenll, twelve petennial grass species or

species groups and twelve annual species or species groups were recorded. I will subsequently

refer to unique genera by generic name only. Aasrrodanthonia andAustrostþa spp. made up the

bulk of the perennial grasses encountered,wh)IeAuenahad the highest mean biomass of

22.41 gDST 0.25 m-' followe dïry Bracþtpodium wíth 
^ 

me n of 70.37 g DW 0.25 m' ça,l:le 3.2¡'

Annual ratnfalTranged frorn375-500 mm, with 30-45% fa[ing from October - March. Soils

v/ere gerìerally of poor fertility and medium textures, with organic catbon tanging ftom0.6-7.8o/o,

total nitrogen from 0.05-0.2o/o zlnd ava:lzble phosphoms from 3.5-7 .1, ppm (Iable 3.3). Soil

depths ranged ftom ( 10 cm to > 50 cm and pH tanged ftom 6.5 to 8.3. Long-term annual

rainlall. and average levels of organic carbon, totai nitrogen and available phosphorus in the

topsoil were strongly positively correlated between sites (Iable 3.4). Four of the sites had not

been directly managed for more than 30 years. Most other sites had been destocked a few years

prior to the survey for conservation reasons and none of the sites had experienced recerit severe

grazingpressure according to the landholders. In particular, stubble-grzzingin surounding

paddocks did not result tfl 
^rLy 

visual gtaz:ng damage trl 
^ny 

grassland temnants.



(a)

Species

Aristida behriana F. Muell.

Austrodanthonia spp. H.P.Linder

juvenile Áustrodanfhonia H P.Linder

,Ausfrosfþa blackii(C E Hubb.)

S.WL.Jacobs&JEverett

A. eremophila (Reader) S.W,L Jacobs &
J.Everett

A. nitida (Summerh. & C E.Hubb.)

S.W.L.Jacobs & J.Everett

A. nodosa (S,T.Blake) S.W.L.Jacobs &

J.Everett

A. scabra (Lindl.) S W.L.Jacobs & J.Everett

juvenile Ausfrosfþa S.W.L.Jacobs &

J.Everett

Enneapogon nigricans (R Br.)P.Beauv.

Theneda h'andra Forsskal

Triodia irritansR.B¡.

Perennial grass

Total

Aira caryoPhyllea'L.

Avena barbata' (Pott ex Link)

Brachypodium distachyon' (1.)P. Beauv.

Bromus dlandrus'Roth

B. hordeaceus'L.

B. madritensis'L.

B. rubens'l.

Hord eu m ? I epori n u m' Link

H. vulgare distrcñon' 1t.¡xoem

Lophochloa crisfafa" (L )Hylander

Lollurn'spp, L.

Vulpi a myuros. (La.)C.Gmelin

Veg. material

Total

Burra
ln = 30ì

6.28 t 1,64

3.2 t 1.04

36.8 t 4.8

14.56 ¡2.83

1.35 t 0.92

0.04 t 0.03

0.58 t 0.29

0.01 t 0 01

0.003 t
0.003

0.43 t 0.25

0.50 t 0.20

0.63 t 0.19

18.1 x3.2

Clare
ln = 20ì

0.25 t 0.25

6.00 t 2.16

1,60 t 0.76

2.00 t 0.58

1.60 t 0.84

15.0 t 3.1

13.28 t 2.06

38.32 t 3.99

7.93 x2.43

0.88 t 0.22

0.07 t 0.07

8.00 t 0.81

68.5 t 5.4

Glen Roburn
ln = 20ì

2.40 x 1.12

1.40 t 1,20

2.00 t 0.84

8.2x2.2

5.28 t 0.83

37.51 t 4.19

0.12 t 0.07

0.06 t 0.04

0,22 x0.15

2.24 x0.78

454 + 4.7

Snowtown
ln = 20ì

1.80 t 1.40

0 80 t 0.68

0,820 t 0.48

0.80 t 0.48

0.80 t 0.48

14.0 t 3.2

35.11 t 6.05

17,96 t 4.64

4.32x2.30

0.002 t 0,002

0.02 * 0.01

0.37 x0.23

0.19 t 0.10

3,65 t 1.11

61.6 xl.4

Spalding
ln = 25ì

4.64 t 1.96

7.36 x2.12

1.92 t 0.68

9.28 t 2.60

0.64 t 0.48

30.7 t 5.0

0.001 t 0,001

18.19 x2.82

0.44 x0.22

7.44 t 2.97

0.13 t 0.08

0.03 r 0.03

0.29 t 0.10

1.36 t 0.55

2.14 t 0.58

30.0 r 3.6

Tarcowie
ln = 251

1,44 t 1.00

0.64 t 0.64

0.16 t 0.16

1.60 t '1.60

0.'16 t 0.1ô

18.3 t 3.1

1.17 t 0.39

29.67 x0.17

0.17 t 0.01

Caltowie
ln=25)

608 +2.12

512 t 2.51

0.64 t 0.64

3.Mx2.48

24.8 x.3.3

2.26 ¡1.32

12.50 *.2.01

0.49 t 0.31

0.002 t 0.002

0.001 t 0.001

0.001 t 0.001

0.08 t 0.03

0.05 t 0,04

W. Yarcowie
(n = 25)

5.12 x 1.17

0.96 t 0.42

0.48 r 0.35

1,60 t 0.65

1.60 t 1.06

13.0 x.1.71

42.24 x.3.38

Mokota
ln = 301

7.47 x2,15

2.67 x0.91

5.20 t 2,68

2.53 t1.06

0.13 t 0.13

30.8 t 4.6

37,00 ¡4.92

2.71 x0.75

0.23 t 0.13

0.16 t 0.07

0.01 t 0.01

0.002 t 0.002

0.001 t 0.001

0.60 t 0.15

Overall
(n = 220)

2.55 x0.47

3.76 t 0.51

2.36 t 0.52

0.40 x0.22

0.38 t 0.16

0.18 t 0.18

0.93 t 0.33

22.4 x.1.4

24.12¡3.96 1.80t0.58 2.00t0.7ô 4.00t1.80 5.44x2j6

0.92 x0,44 0.20 t 0,20

2.24 x0.88 0.60 * 0.44 0.20 t 0.20 0,20 t 0.20

4.40 x2.28

0.80 t 0.80

0.64 t 0.38

0.40 t 0.04

816 x2.02 2,67 t0.46

4.32 t 1.63 1.87 t 0,81 5.36 t 0,83

0.32:-032 0.80 t 0.46 0.13 t 0.07

0.15 t 0,08

0.09 t 0.09

5.96 t 1 ,56 4.80 t 1 .53 2.40 x0.92 10.93 t 2.64 3.46 t 0.52

(b)
0.13 t 0.05

22.41x1.49

10.37 t 1.19

2.26 x0.51

0.04 t 0.01

0.001 t 0.001

0.08 t 0.04

0.002 t 0.002

0.Ct03 t 0,003

0,002 t 0.001

0.22 t 0,05

0.39 t 0.08

1.59 t 0.22

37.5 t1.8

0.21 t 0.15

31.2 + 4,0 15.4

0.09 t 0.02

+ 3.0 423 x.3.4 40.7 + 4.7



Environmental variable
Burra (n = Glare

?nì

Aspect (") 250.96 r 7.56

Slope (") 10.98 t 1.32

Microtopography -0.33 t 0.86

Potent. direct incident radiation (MJ cm2 yrt) 0.87 t 0.01

Soil depth (cm) 38.03 t 2.27

% gravel (0-5cm) 13.15 ! 2.76

7o sravel (1 5-20cm) 23.79 ! 2.75

% gravel (25-30cm) 28.28 ! 5.01

% clay (0-5cm) 13.35 f 0.37

% silt (0-5cm) 34.50 ! 1.29

% sand (0-5cm) 52.15 x 1.43

pH (0-5cm) 7.60 t 0.16

Ec (¡rS) (0-5cm) 92.10 i 5.91

% org. C (0-5cm) 1.6'l È 0.06

% org. C (15-20cm) 0.90 t 0.05

% org. C (25-30cm) 0.65 ! 0.06

Total N (%) (0-5cm) 0.22t0.01

Available P (ppm) (0-5cm) 6.71 t 0.30

231.00 t 4.09 238.24 t 5.13 348.16 t 9.64

5.26 t 0.90 8.67 t 1.07 13.17 ! 1.31

0.69 i 0.31 -3.96 t 1.31 -0.50 t 1.20

0.86 r 0.01 0.84 r 0.01 0.97 r 0.02

45.90 r 2.06 29.55 r 3.06 39.28 r 3.12

4.26 t 1.45 2.93 È 0.45 8.45 t 2.66

14.74 t 3.29 22.76 r. 8.90 't 6.07 t 6.67

22.20 t5.23 48.79 È 10.67 35.32 r 9.95

32.09 t 1.17 24.69 t 1.42 U.44 t 1.71

13.25 t 0.64 14.54 t 0.58 12.56 f 0.86

54.66 r 1.48 60.78 ù 1.55 53.00 t 2.27

7.96 r 0.10 8.30 I 0.05 7.72!0.14

'114.50 r 5.04 127 .65 ! 5.94 111.75 ! 6.71

1.79 t 0.07 1.4'l r 0.05 '1.35 I 0.08

1.2510.06 0.75 t 0.09 0.97 t 0.10

0.90 r 0.06 0.41 r 0.09 0.66 r 0.12

0.24 r 0.01 0.17 r 0.01 0.17 r 0.01

7.15 r 0.36 4.99 r 0.38 5.02 i 0.37

ln = ?0ì
Glen Roburn

ln = 20ì
Snowtown Spalding

= 20ì ln = 25ì

1 10.00 r 6.53

7.76 t 1.15

-0.26 r 0.84

0.87 È 0.01

41.54 !2.45

9.50 r 2.46

17.61 t 4.66

28.11 x7.17

19.53 f 1.05

16.40 r 0.63

64.08 t '1.46

6.48 r 0.13

55.12 r 6.06

1.26 r 0.07

0.69 r 0.04

0.51 r 0.05

0.13 r 0.01

7.24 !0.80

Tarcowie
ln = 25ì

0.00 r 0.00

Near zero

0.90 r 0.00

>50cm

3.80 r 0.53

6.86 r '1.78

3.58 t 1.15

17.46 r 0.69

16.05 r 0.59

66.49 r 1.08

6.53 t 0.12

63.29 f 5.65

0.88 ! 0.05

0.52 r 0.03

0.51 r 0.03

0.08 r 0.01

4.92 r 0.66

Caltowie
ln=251

307.50 r 52.50

1.71 r 0.66

-0.79 ! 1.24

0.91 t 0.01

>50cm

1.21 r 0.50

't.31 r 0.46

1.67 t 0.55

35.05 r 1.91

15.60 r 0.84

49.35 r 2.09

8.29 t 0.04

123.04 r.3.43

0.87 t 0.06

0.41 ! 0.02

0.36 t 0.04

0.10 r 0.01

4.08 t 0.39

W. Yarcowie
{n = 25)

0.00 r 0.00

Near zero

0.90 ! 0.00

34.76 t2.53

4.41 r 0.65

8.77 t2.00

48.19 r 9.'13

13.35 t 0.25

14.03 !0.22

72.63 f 0.34

6.09 t 0.04

38.88 t 1.76

0.55 ! 0.02

0.37 f 0.02

0.13 r 0.03

0.051 0.0',1

3.48 r 0.31

Mokota
fn = 301

182.25 ! 26.62

7 .21 ! 1.16

0.98 t 0.71

0.91 t 0.01

34.22x3.22

10.85 ! 1.80

31.40 t 6,42

49.22t7.91

21.00 r 0.83

18.08 r 0.79

60.92 t 1.51

6.57 È 0.13

86.73 t 8.50

1.18 r 0.03

0.65 f 0,07

0.36 t 0.06

0.14 t 0.01

6.07 r 0.65

29

Overall (n =
2201

6.02¡0.44

-0.37 r 0.29

0.89 r 0.004

40.37 ! 0.90

6.84 r 0.66

16.32 t 1.M

29.73 !2.57

22.68 ù 0.65

18.00 t 0.54

59.32 r 0.71

7 .23 ! 0.07

88.53 t 2.79

1.21 r 0.03

0.71 È 0.03

0.49 f 0.02

0.14 r 0.01

5.54 È 0.19

n

Table 3.3: Environmental factors (mean t 1 SE) at each of nine grasslands and overall in the mid-north of South Australia.
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Reqression SS F Ratio P-value ¡2

% organic C (0-5 cm) = -1.M + 0.0062 x annual rain (mm) 0.62

% organic C (15-20 cm) = -1 ,'l 1 + 0.0043 x annual rain (mm) 0.30

% organic C (25-30 cm) = -1.00 + 0.0037 x annual rain (mm) 0.21

% total N (0-5 cm) = -0.27 + 0.0010 x annual ra¡n (mm) 0.02

7.26

5.63

5,M

6.65

7.58

0.03

0.05

0.05

0.04

0,03

0.51

0.45

0.44

0.49

0.52ppm available P (0-5 cm) = -3.74 + 0.0217 x annual rain (mm) 7 '52

Table 3,4: Regressions of average soil nutrients against average annual rainfall at grasslands in the mid-north of

South Australia (n = 9 sites, 20-30 samples each).

Burra Clare
Glen Snow- Spald- Tar- Mokota MeanRoburn town ing cowie

Cal- W. Yar-

towie cowie

Grazing pressure prior destocking 3

Time since destocking (yrs) 2

Gralng pressure last 10 years 24

Mean annual rain long term (mm) 439

Total rain last 1 yr (mm) 479

Total OctMar rain last 1 yr (%) 42

Mean rain last 3 yrs (mm) 425

Mean Oct-Mar rain last 3 yrs (%) 45

Mean rain last 5 yrs (mm) 460

Mean OcþMar rain last 5 yrs (%) 37

Mean rain last '10 yrs (mm) 463

Mean Oct-Mar rain last 10 yrs (%) 40

1

0.5

9.5

500

595

32

489

3B

504

33

523

35

0

>30

0

375

453

39

418

40

412

41

408

40

3

2

24

460

676

27

501

37

491

34

513

3B

0

>30

0

417

507

¿o

365

41

368

46

399

43

0

>30

0

420

483

45

381

43

369

44

413

45

>30

1.5

3

11.5

440

505

34

456

36

461

36

478

39

1.06

14.6

8,3

426.22

514.78

35.8

420.67

40.67

424.78

39,11

M7.00

40.56

437

485

1

4

6

408

42

420

37

4U

0

0

348

450

34

343

44

338

44

392

43

33

42

Table 3.5: Grazing & rainfall statistics for nine grasslands in the South Australian mid-north, Long-term annual

rainfall from 28-125 yrs data. Grazing pressure from 0 (no grazing) to 5 (heavy grazing) compared to other

management in the area,

Correlations of grass abundances with environmental factots: At the regional scale total

annual grass biomass and total perennial grass ftequency showed signif,cant correlations with

other factors. The strongest correlation was a negative one between annual and petennial grass

abundance (Spearman's cortelation coefficient P = -0.59; Table 3.6; Figute 3.1). In addition

annual grass biomass was negatively corelated with the percentage rain falling during October-

March in the last year, the last three, five and ten yeârs, and positively correlated with soil clay

content at 0-5 cm depth, organic carbon at 75-20 cm and 25-30 cm depth and average rz;infail

during the last three and five years (Iable 3.6; Figure 3.1). There wete no significant correlations

(a' = 0.001) between total perennial grass 7o ftequency with any of the environmental factors

measured. The best correlations (0.1S < p < 0.21,;0.002 < P < 0.008) were positive correlations

with relative elevation, incident radiation and grazìngpressure in the last ten years. At the site

scale, annual grass and perennial grass abundance wete also negatively correlated within six of the



Correlations between environmental factors and grass abundances

nine sites. The Spearman's correlation coefficient p rânged ftom -0.49 at Spalding to -0.81

at Burra (Figure 2.2). Caltowte tended towards a riegative, but highly variable correlation, while

\X/hyte Yarcowie and Glen Roburn did not show any trends'

Annual grasses (g DW 0.25 m¿) Perennial grasses (% frequency)

Variable p P-value o P-value

31

Perennial grasses (% frequencY)

Aspect (")

Slope (')

Microtopography

Relative elevation

Potential direct incident radiation (MJ cm'yrl)

Soil depth (cm)

% gravel (0-5cm)

% gravel (15-20cm)

% gravel (25-30cm)

% clay (0-5cm)

% silt (0-5cm)

% sand (0-5cm)

pH (0-5cm)

Ec (pS)(0-5cm)

% org, C (0-5cm)

% org. C (15-20cm)

% org. C (25-30cm)

TotalN (%)(0-5cm)

Available P (PPm) (0-5cm)

Relative grazing pressure prior to destoc*ing

Time since destocking (Yrs)

Relative gralng pressure last 10 years

Mean annual rain long term (mm)

Total rain last 1 yr (mm)

Total Oct-Mar rain last 1 Yr (%)

Mean rain last 3 Yrs (mm)

Mean OcþMar rain last 3 Yrs (%)

Mean rain last 5 yrs (mm)

Mean OctMar rain last 5 Yrs (%)

Mean rain last 10 Yrs (mm)

-0.59

0.1 0

0.12

-0.02

-0.17

-0.12

0.08

-0.09

-0.09

0.03

0.26

-0.14

-0.04

0.01

0.09

0.26

0,42

0.26

0.25

0.10

0.02

-0.'tB

0.05

0.1 B

0.25

-0.38

0.26

-0.40

0.25

-0,33

0.20

-0.39

<0.0001

0.12

0.09

0.78

0.01

0.09

0.23

0.17

0.19

0.70

<0.0001

0.04

0.52

0.84

0.17

0.0001

<0.0001

<0.0001

0.0002

0.14

0.74

0.006

0.49

0.007

0.0002

<0.0001

<0.0001

<0.0001

0.0002

<0.0001

0.003

<0.0001

<0.0001

-0.01

0.'13

0.18

0.21

-0.03

0.13

0.12

0.02

-0.19

0.12

0.02

-0.10

-0.1 0

-0.05

-0.11

<0.0001

-0.07

0.06

0.20

-0.12

0.19

0.1 3

<0.0001

0.18

0.03

0.13

0.07

-0.03

0.11

0.03

0.96

0.91

0.05

0.008

0.002

0.62

0.05

0.09

0.81

0.01

0.08

0.79

0.16

0.14

0.43

0.10

1.00

0.32

0.39

0,003

0.07

0.005

0.05

0.95

0.01

0.68

0.06

0.29

0.65

0.10

0.68Mean Oct-Mar rain last 10 yrs

Table 3,6: Correlations between grass abundance & environmental factors at the regional scale in the South

Australian mid-north (n = 9 sites) (Spearman's c; Bonferroni adjustment, 63 comparisorìsi c¿'= 0.001),
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Ordinations: Ordinations were moderately successful. They explatned 7 4-90o/o of the

variation, and stress values ranged from 8.02-14.35 for the site otdinations, with 17.50 for the

overall regional ordination (Iable 3.7). Stress typically incteases with increasing quadrat numbets,

thus the reg'ional ordination is not necessarily poorer than the site ordinations. I found no useful

ordination (stress < 20) or ariy strong correlations between gtass abundances and environmental

factots using the Spearman's p correlation coefficients for Whyte Yarcowie (Iable 3.8).

Burra Clare
Glen

Roburn
Snow-
town

Spald- Tar-
cowte

Cal- Whyte
towie Yarcowie

Mokota Allsites

(a)Axis 1

Axis 2

Axis 3

28

22

25

20

42

27

4521

39

29

28

16

37

10

43

35

16

36

25

19

32

33

12

37

10

1B

50

Total 90 89 90 87 76 89 82 78 74

(b)Stress 10.43 9.80 8.02 10.97 14.35 9.60 10.73 > 20 13.71 17.50

Table 3.7: NMS statistics: (a) % varlance explained by an axis (Coefficients of determination for the correlations of

ordination distances with distances in the original n-dimensional space, Sørensen/Bray-Curtis index); (b) stress

values for ordinations between species abundances and envlronmental factors within each of nine grasslands and

between these grasslands in the mid-north of South Australia.

Annual grasses (g DW 0.25 m¿) Perennial grasses (% frequency)

Variable o P-value p P-value

Perennial grasses (% frequency)

Relative elevation

Soil depth (cm)

% gravel (0-5cm)

% gravel (15-20cm)

% gravel (25-30cm)

% clay (0-5cm)

% silt (0-5cm)

% sand (0-5cm)

pH (0-5cm)

Ec (pS) (0-5cm)

% org. C (0-5cm)

% org. C (15-20cm)

% org. C (25-30cm)

TotalN (%)(0-5cm)

-0.13

-0.06

-0.12

-0.13

-0.25

0.21

-0.45

-0.17

0.41

-0.08

0.39

0.1 9

0.33

-0.06

0.29

0.05

0.53

0.77

0.56

0.53

0.24

0.32

0.02

0.41

0.04

0,70

0.05

0.37

0.1 0

0.79

0.15

0.80

-0.14

-0.M

0.1 0

0.19

0.1 0

0.15

0.42

-0.36

0.03

0.07

-0.43

-0.01

-0.09

-0,1 I
-0.04

0.52

0.86

0.63

0.36

0.64

0.47

0.04

0.08

0.87

0.72

0.03

0.96

0.66

0.39

0.84Available P (ppm)

Table 3,8: Correlations between grass abundances and environmental factors at Whyte Yarcowie

(Spearman's p; Bonferroni adjustment, 31 comparisolìs, 6¡'= 0.0016).
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There was no evidence of different behaviouts of the sites sampled in 2000 þites 1-5)

and 2001 (sites 6-9). At a regional scale annual and perennial grass species separated clearþ along

one axis, however no environmental variable u/as associâted with this axis. AustrosÍþa erenopbila

and Austrodanthonia spp, were positively associated with a higher percentage of summer rainfall,

Brachlpodiam was positively associated with clay and Aastrodanîhonia seedlings positively associated

with EC and pH (Table 3.9, Figure 3.3a). At the site scale annual and perennial grasses wete

separated clearþ or relatively cleaÃy at four sites, twice along elevation or gravel content, once

along organic carbon cofltent and once along an axis with no correlation with any of the

environmental factors measured (Iable 3.9). At most sites some or all annual species were

associated with higher nitrogen and organic carbon levels, deepet soils, lowet elevadon, lower

gravel content or finer soils: Burra (Figure 3.3b), Clare (Figute 3.3c), Glen Roburn (Figute 3.3d),

Snowtown €€rt. 3.3e), Spalding (Figure 3.3f),Tarcowie (Figute 3.3g), Caltowie (Figute 3'3h),

Mokota (Figure 3.3i). Exceptions to this wete Spalding, where Bromus hordeaceus.was associated

with higher elevation and Vaþia and Brachgodiøm wtth gravel and sand, and at Mokota where

Vuþia was associated with gtavel.

Glen

Roburn
Snow- Tar-

All sites Burra Clare Spalding
coufle

Caltowie Mokota
town

Annuals &
perennials Along ?

separated?

Avena

Brachy-
pdium

Bromus

diandrus

No No No
Almost

along C

C, P, silt

C, P, silt

Clay, N C, P, silt

/usfro-
danthonia

spp.

Austro-

danthonia
juveniles

EC, pH
High gravel

& elevation

High gravel

& elevation

Clay, N

Steep slopes,

high elevation,

radiation

Almost

along ?

Deep

soils, C

Gravel

Deep

soils, C

Deep

Along
gravel &

elevation

High gravel

& elevation

C,N N

Almost

along

elevation

High fertility

Gravel,

sand, N

Steep

slopes

No

N

Clay np

Sumrner

Deep High

soils, C fertility

np
High

fertility

Gravel

sitt

npc

C,N Gravel
Hgh

elevation

fertility

High

elevation

Hgh

Hgh

HghSummer npfertility elevation soils, C

Table 3.9: Summary of the NMS Ordination results for correlations of the most common species or species

groups with environmental factors at the regional scale and at site scale in the mid-north of South Australia.

ñP = not present in significant abundance.

Perennial grasses on the other hand tended to be associated with highet elevation and gtavel

content and other environmental factots denoting lower soil fertility at Butra (Figure 3.3b), to

some extent at Glen Roburn (Figute 3.3d), to some extent at Snowtown (Figure 3.3e), at Spalding

(Figure 3.3f), Caltowie (Figute 3.3h), and fot some species at Mokota (Figure 3.3i).

ran
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Exceptions to this were Snowtown, where Aastrodanfhonia juveúles andAastrostþa

eremoþhilawere associated with 'high' fertility', Tarcowie, whete Aastrostþa nitida anð,

Aa¡rrodanrboniø juvenies were associated with clay and nitrogen and Mokota, where

Aastrodanfhonia juventles and Ausfrostþa erennphila were associated with deeper soils and organic

carbon. The associattons of Aøslmstþa juvenrles, Austrodønfhonia spp. and Aastrodanlhonia juventles

with clay at Glen Roburn were not supported by raw data or due to outliers Ç4ustrostþa juveniles

= 0.8 - 0.02 clay, f = 0.03,P = 0.46;AustrodanThonia spp. without outlier = 5.8 - 0.2 clay, rz =

0.08,P=0.25;Austrod.anrhoniajtventleswithoutoutlier=0.7-0.02clay,r2=0.01,p=0.70).

Corelalions of grax abundances with soil moìstare ouer time

Rainfall varied considerably from site to site and between the two growing seasons with

ninfallbeing slightly above 
^ver^gein 

2001 and680/o of the 
^ver^gen2002 

(Iable 3'10). Annual

grass biomass was positively correlated with rainfall between sites and years, but there was no

correlation between :rltnfall and petennial gtass frequency (Figure 3.4).

Site Year
Annual grass DW Perennial grass Annual Mean soil

Buna

Clare

Glen Robum

estimate Rainfall moisture vol.

112.U t21.92

88.46 r B.'17

210.31 t 14.76

64.42 ! 4.12

160.54 t 10.41

29.99 r 2.09

Table 3.10: End-of growing-season grass abundances rainfall & soil moisture statistics (mean t 1 SE) at three

grasslands in the mid-north of South Australia.

The correlations of gtass abundances at the end of the season with soil moisture dudng the

season varied from strongly negative to sttongly positive. Thus, there wete no correlations

between the average seasonal quadrat soil moisture and grass abundances, with the exception of a

strong negative correlation between 
^ver.^ge 

quadrat soil moisture and perennial grass ftequency

at Clare. (Iable 3.11, Figure 3.5). However, the cotrelations between the soil moisture and grass

abundance at the end of the growing season in each quadrat followed a seasonal pattern

throughout both growing seasons for annual grasses at all sites and fot perennial grâsses at Burra

and Glen Roburn. During the cool and wet seâson, annual grasses tended towards positive

correlations and perennial grasses towatds negative correlations, and vice vetsa for the watm and

dry seasons (Iable 3.1,2;Fígue 3.6; Figure 3.7). \Ï/hen relating these cortelations to relative soil

moisture availability, annual grasses tended to have positive correlations at high soil moistute

availabiJity, suggesting that the more soil moisture quadrats received or retained after rain the

higher theit end-of-growing-season annual grass biomass (Fþte 3.8). Petennial gtasses, in

2001

2002

2001

2002

2001

2002

22.63 r 4.05

't3.75 i 2.50

8.13 r 1.3'l

6.50 I 1.04

6.71!1.43

8.08 r 1.74

4M.20

293.1 0

576.83

341.70

465.25

255.00

12.78 x0.24

8.27 i 0.19

20.00 r 0.30

15.83 r 0.37

15.29 r 0.18

10.20 r 0.16
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contrast, tended to have negâtive correlations with soil moisture immediateþ zftet nìnfal)',

suggestìng that the less soil moistute quadrats received or retained afrcr n:n the higher their end-

of-growing-season perennial grass frequency figure 3.8). At Clare corelations wete consistently

negative; independent of ratnfall, euadrats with the lowest soil moisture always had the highest

end-of-growing-season perennial grass ftequency.

Annual grass 12 Perennial grass 12

Site 2001 2002 2001 2002

Table 3.11 : Conelation coefficients of average quadrat soil moisture with end-of-growing-season grass

abundances in three grasslands in the mid-noilh of South Australia 2001-2002.

Burra Clare Glen Roburn

Date Annual Perennial Annual Perennial Annual Perennial

Buna 0.14n'

Clare 0.05 ns

Glen Roburn 0.02 ns

0.12 ns

0.08 ß

0.002 ns

9 Mar 01

20 Apr 01

11 May 0'1

2 Jun 01

5 Jul 01

14 Aug 01

26 Sep 01

22 Nov 01

17 Jan02

30 Apr 02

14 Jun 02

24 Jul02

5 Sep 02

28 Sep 02

17 Oct 02

-0.70

-0.28

-0.61

0.07

0.41

0.59

0.71

-0.71

-0.72

-0.59

0.34

0.53

0.20

0.46

0.01

-0.32

-0.50

-0.43

0.53

0.81

0.62

0.07

-0.72

-0.12

-0.15

0.62

-0.14

0.08

-0.27

0.21

-0.01

0.29

0.33

-0.11

0.05

-0.22

-0.06

0.34

0.15

-0.36

-0.15

-0.47

-0.53

-0.52

-0.49

-0.57

-0.01

-0.03

-0.22

4.06

0.23

0.03

0.14

0.43

-0.18

-0.05

-0.07

0.43

0.41

0.08

-0.24

0.28

-0.18

-0.07

0.03

-0.13

-0.33

-0.16

-0.14

-0.04

-0.25

-0.09

0.23

0,64

0.17

0.44

-0.41 -0.14 -0.22 -0.29 0.26

Table 3.12: Correlation between quadrat soil moisture and end-of-grow¡ng-season grass abundances at each

measurement date in three grasslands in the South Australian mid-north (Spearman's p).

Discussion

The study did not detect any consistent environmental factors that correlated with total or

species-specific perennial grass abundance in the atea. However, it detected strong correlations of

environmental factors with annual grass abundance; a sttong negative correlation between annual
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and perennial grass abundance arid concurs with previous studies on flodstic composition

and abundance.

In terms of grass species abundances the sites in this study were representative of the

temperate grassy systems in the Mount Lofty Block Bioregion, where Aaena barbaTa has the

highest abundance, followed by the Aastrodanthonia caeqitusa group, Vuþiø spp., Brlmas rubens znd

B. dianùas (Lobertson 1998). The results also provide evidence to supPort observations by Hyde

(1995), who states that in temperate grasslands of South Australia annual grass invasion is more

frequent on sites with higher rasnfall þ.33) ot deeper soils þ.33, 42). rù(/hile high exotic annual

plant abundance can occur on the drier and shallower soils of ridges and higher slope positions in

some aÍeas (Hyde et a|.2000,p26), this is usua\ due to the ptesence of sheep camps (elevated,

heavily disturbed, areas regularþ occupied by sheep), which I avoided during sampling. No

positive association between annual grâsses and higher elevation was obvious in my study'

The abundance of perennial grasses showed few clear corelations with environmental data.

Depending on site and species they were cottelated with factots associated with either low or

high productivity. Much unexplained variation remained, suggesting the presence of other

controlling factors not included in the survey, such as pzst grazing regimes or different initial

plant species composition, although limitation in the survey design cannot be ruled out.

Tbe driuing uariables of annual grass abøndance

In this study annual grass abundânce correlated positively with soil moisture and tainfall, in

contrast to the negative correlations between annual grass abundance and ntnfall observed in

their original Mediterr^fle^îhabitat in an annual r:ainfalT tange between 300-1000 mm Sackson

1985;Jackson & Roy 1986) and in central NSSø between 500-1100 mm annual n:nfall (I(emp &

Dowling 1991). Similarþ, an observed dectease in annual grass abundance and documented

decrease in annual grass species numbers occured in California between an an¡ual ra:nfall,

gradient of 160-1600 mm @artolor'rre et a/.1980).In Califomia, increasing soil moisture improved

the competitive ability of a perennial gtass ovet invasive annual grasses at 500 mm annual rainfall

(I{amilton ø a/. 1,999). The results of this study are not consistent with an increased competitive

abiJity of perennial over annual grasses at high soil moisture. Competidve interactions between

annual and petennial grasses in this system are discussed in Chaptet 6.

The abundance of annual grâsses u/as generâlly positively cottelated with higher soil fertility

as found in other Austraìian studies (l\dorgan 1998b; Petit er a/. 7998; Prober er al. 2002), howevet

cause-effect relationships between these cortelations were not established. Soil moisture and

nutrient avarlabthty are often auto-correlated, making it difficult to distinguish between the

relevance of either factot. At regional scales, increases in mean annual tainfall ate correlated with
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increases in soil nutlierits (Quilchano er at.1.995;,\ustin & Sala 2002;Fetal' et ø/.2003). At

smâller scales, nutrient availability increases with soil moisture due to incteases in mass flow and

diffusion of minerals (I\4arschner 1995). Availability of phosphorus and nitrogen teleased through

litter decomposition and soil microbiotical activity may be positiveþ correlated to soil moisture in

some systems (Cui & Caldwell 1,997),but this is not generally the case SVhitford et al.;Reynolds et

a/.1.997;Fadey & Fitter 7999;Batett et a|.2002). \)Øhile the data indicate that soil moisture and

nutrient availabiJity are positiveþ correlated on a large scale, and possibly positively corelated on

a small scale, further studies are needed to determine the relative impottance of moisture and

nutrient availability in this system.

Correlations of annual grasses with soil moistute (or nutrient availabiliry) wete also âpparent

on small scales. Although the results do not prove the cause-effect relationship bet'ween soil

moisture and grass abundance, it is evident that quadrats dominated by annual grasses received

and or retained the most soil moistute after rain. The following discussion assurnes differences in

soil moisture distributiorr after rain causes different end-of growing-season grass abundances. On

the other hand, quadrats dorninated by annual grasses ate the driest after dry periods. At this end

of the scale it is mote likely that diffetential soil moisture uptâke of quadrats dominated by

different grasses causes this pattem. Auena barbøla has significantly higher absolute water uptake

rates than perennial grasses in this system (Chaptet 5).

A large and complex combination of envitonmental variables determines soil moisture

distribution over space and time. Many of these factots zre correlated, feed back onto each othet,

and change gteatJy over spâce and time in some systems @amiglietti eî a/. 7998; Singh eî a/. 7998;

Descroix er at.2002). Assuming equal tainfall, soil moisture run-on genetally decteases with

reladve elevation, slope and decreasing contributinga;rc^ (Ayyad & Dix 1964; Gurevitch 1986a;

IGapp er al. 7993; Enoki et al. 1,996). Overall, soil moisture also increases with clay content

SX/illiams et a/.1.983;Famiglietti et a/.1.998), absence of physical or biological cmst (l\4aesße et al.

2002) aswell as soil chemical properties such as otganic carbon content (lüØilliams er a/.1983).

Another important feature influencing soil moisture distribution is vegetation density and type.

Plants modi$r soil and soil surfaces propetties within the spread of their câriopy and root system,

which can lead to feedback processes between soil properties and vegetation (Archet er a/.2002).

The exact nature of any correlations of environmental factors and soil moisture dynamics in these

systems are curtently being investigated. However, so fat the results consistently show that

annual grass abundar.ceincreases with soil moisture, as well as average ninfalT, otganic catbon

and clay, all of which can increase soil moistute.

Differences in the correlations between sites could be related to factors such as the different

rainfall,regimes and general soil properties between the sites. Fot example, the level of zccuracy
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of volumetric soil moisture measurements decteases with incteasing clay content due to the

volume changes of clay. Thus, the measuremeflt 
^ccrtr^cy 

was highest atButa and lowest at

Clate, where the measurements r.rray have underestimated moisture in wet soils and overestimated

moisture in dry soils.

The driuing uariables of perennial grass abandance

I detected no clear correlations between perennial grass frequency and envitonmental factots.

There was a trend for positive correlations with elevation, tadiation, %o summer rai¡fzll and

grazrngpressure prior to destocking. Perennial grass abundance wâs higher in quadtats that

received andf ot retained the least soil moisture after rainfaü.. At two sites, areas with relatively

higher soil moisture after dry periods correlated with incteasing abundance of petennial grasses,

while at the thitd site relatively higher soil moisture was always corelated with decreased

perennial grass abundance. While these correlations wete weaket for petennial grasses, again

survey and monitodng results 
^greei 

petennial grasses tended to dectease with soil moisture, as

well as increase with elevation, radiation, gravel, October to March tainfall, and slope factors,

which all tend to be negatively cottelated with soil moisture.

The lower degree of corelation for perennial grasses could be real or could be due to

measurìng errors. I used %o frequency to measure theit abundance, which is considerabiy less

accurate and precise than destructive sampling of perennial gtass biomass (to which some

landholders were avetse). During a pilot study at the Butta site 7o ftequency appeared appropriate

to meâsure perennial grass abundance (Appendix I). At other sites, though, tussock sizes varied

greatìy and the frequency values were likely to have a much smaller range than the actual

biomass. I have since found that measudng two orthogonal basal diameters and tussock height,

although more time-consuming, results in accutate and precise biomass estimates.

Perennial grasses also show inconsistent or few corelations with specific environmental

factors in other Australian studies. In grasslands in south-eastem r\usttalia, fot example, the most

acidic and depleted top soils were dominated by several perennial grasses species, including

Ausfrodanfhonia spp. andAustrosTþa scabra,while the least compacted and most nutrìent-rich soils

were dominated by annual exotics (Prober et a|.2002). Similatþ, soils sustainingAustrodanthonia

caespitosa grasslands in NSSø were deficient in nitrogen and phosphorus (Flunter & Williams,

undated, in Williams 1967),whereas Austrodanthoniø spp. in 'improved'pastures in NS\ü/ wete

associated with increased fertiliser addition and soil phosphorus levels (Garden et a|.2007).In the

NS\ø New England tablelands Austrodanthonia spp. occurred over a u¡ide vatiety of soils, but they

were generally associated with sites that had never been cultivated ot at least not for a long time

(Scott & Whalley 1.982). Of the species that I grouped into Aastrodanthonia spp. in this study,A.

racem7:øin the NS!ø tablelands had a slight prefetence fot undistutbed sites (Scott & \Vhalley
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1982) or higher pH soils powling er al. 7996), wbllLe Aø¡trodanthonia eriantha a¡d A. caerþitlsa

were too infrequent to conclude on theit distribution (Scott & \)Øhalley 1,982) ot A. caesþiTosa was

associated with higher pH soiìs andA. erianthawith lowet pH soils powling et aL.1,996).In this

study the Austrodanthonia juvenies tended to be associated with higher pH soil between sites.

The tendency for perennial grass abundâflce to inctease with grazing Pressure prior to

destocking must be viewed with caution. In centtal NSW, increased stocking rates have been

associated with decreases in some perennial grasses (Garden er al. 2001) and while certain gtazrng

regimes can be more advantageous to perennial grasses than complete destocking, rzte native

plants such as lilies,legumes, daisies and orchids (Stuwe & Patsons 1,977;McIntyte 1995, quote in

Davies 2000) decrease with graztng. Too little is known about pâst management ptactices and

exact stocking rates at the sites surveyed to infet clear cause-effect relationships.

Correlations between perennial grass abundance and rainfallin southem Australia have to my

knowledge only been investigated in central NSW, which has a different rainfall tegime of 500-

900mm annual ntnfallwith relativeþ even monthly distribution (Bureau of Meteorology). Unlike

in the mid-north of South Australia, perennial grass species in central NS\ø occur ftom 600 mm

annual n:nfallonwards and increase with rain, exceeding annual grass abund^nce 
^t 

900 mm

annual rainfalT ot at high elevation (I(emp & Dowling 1991).

Little published information exists on any correlation of southern Australian perennial grasses

to rainfall seasonality. Unlike related Califomian perennial grâsses paude 7953,ln \Williams

7961),most .¡\ustralian perennial grass species are able to respond to summer tùnfall (üØilliams

1.961.;Daues 7997),which would explain the slight association of perennial grasses with

petcentage October-March n;n found in this study. In the Riverine Plain of NS\W (annual rziinfzll

400 mm), Aastrodanthonia and Austrostþa species continued to gro'ù/ as long as soil water u/as

avallable; suflrmer irrigation in these areas resulted in dense perennial grass tussocks that

prevented invasion by exotic annuals (ïTilliams 1961). \ü/inter-growing annuals including grasses,

on the other hand, were unable to extend theit lifecycle independent of nlnfall during the

flowering period $Tilliams 1961).

If further confirmadon of the low degree of correlation between perennial grâsses and the

environmental factors used in this study is found, futute studies should include more

environmental factors or life stages, such as recruitment phases. In addition, perennial grasses

mây respond better to soil moisture at deeper soil depths, and this should also be considered.

Other additional environmental factots could include soil infiltration râtes, which I observed to

be higher in annual dominated areas than in perennial dominated 
^reas 

or the occurence of

extreme n:nfall everits such as consecutive years with high summet tainfall. Ovetall, though, the

strongest correlation of perennial grass abundance with any other vadable, however, was the
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negâtive correlation with annual grass abundance, âs observed in gtazed pastures in centtal

NS$ø (I(emp & Dowling 7991),but unlike general ttends ot ahger scale iri NS\ø (Garden et a/.

2OO1). Consequently, some environmental factors that are strongly positively correlated with

annual gtass abundance in this study are negativeþ correlated with petennial grass abundance and

vice versa, such as clay content, summer tain of the ptevious year arrd parlally soil moisture.

Another possible explanation, though, for the lack of correlations of perennial gtasses with

environmental factors, but negative cotrelations with annual grasses in this survey is the ptesence

of negative interactions between the two groups. In the absence of annual grâsses, nadve

perennial grasses may be able to exist in 
^ 

t^îge of environments in these grasslands. Exotic

annual grâsses, however, have strong competitive effects on petennial grass growth and fecundity

(FIarris 1967; Melgoz et a/.1990; Claassen & Marler 1998; Dyer & Rice 1999; Hamilton et al.

1999; Hoopes & Hall 2002;Kolb er a/.2002;Le¡z et a|.2003).In ateas whete abiotic factots

favour annual grass growth, perennial grass abundance may thus dectease. Since such ateas

change with spatial and temporal :øtnfall tegime and management, the outcome would be a multi-

scale mosaic of perenni al and annual grass abundance, with a negadve correlation with each

other, but with environmental factors mainly corelated to annual gtass abundance.

Conc/usions

The species compositions, levels of annual grass invasion and influences of different

environmental factors in temnant grasslands in the mid-north region of South Âustralia are

higlrly variable. In addition, past mâriagement ptactices and original species composition of

remnants arc generalTy unknown, probably leading to further unexplained valìation in the data' At

the present time, howevet, it is evident that rainfall regimes and soil properties are important

variables driving the abundance of an¡ual grasses.

The complex study desþ with nvo spatial scales and extended temporal scales successfirlly

indicated various correlations on each scale. Thus, any conclusions or predictions on the

correlation between environmental variables and grass abundances.depend on the spatial and

temporal scale of the system in question. The positive correlations of annual grasses with soil

moisture and rainfall occurred over most temporal and spatial scales measured, with exceptions

during the dry seasons, a¡d ate corrt:øiry to studies in other temPerate grasslands. Petennial grass

abundance, on the other hand, tended to be negativeþ associated with or independent of rainfall

or soil moisture, with exceptions at aII temporal and spatial scales. The controlling variables of

perennial grass abundâfìce wefe less clear and require further reseatch.
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Figure 3.1: Significant correlations between total annual grass abundance with environmental factors, grazing

and rainfall statistics (o= <0.001) between nine grasslands in the mid-north of South Australia'
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Figure 3.1 continued: Significant correlations between total annual grass abundance with environmental factors,

grazing and rainfall statistics (cr= <0,001) between nine grasslands in the mid-north of South Australia.
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Figure 3.3: NMS ordination of correlations between environmental factors and grass species abundance

(perennial grasses, annual grasses) for (a) between nine grasslands in the South Australian mid-north and (b)-(c)

within grasslands: (b) Buna; (c) Clare. Vectors represent environmental factors with vector length indicating the
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Figure 3.3 continued: NMS ordination of conelations between environmental factors and grass species

abundance (perennial grasses, annual grasses) within grasslands in the South Australian mid-north: (d) Glen

Roburn; (e) Snowtown; (f) Spalding. Vectors represent environmental factors with vector length indicating the
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Figure 3.3 continued: NMS ordination of conelations between environmental factors and grass species
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4. The role of seed limitation and fesoufce availabiltry in the

recruitment of exotic annuals among native perennial gtasses

and vice vefsa in a South Australian mid-north grassland

Introduction

The initial stage of invasion of a system by a new plant species is the emergerlce, survival and

successful recruitment of newly ardved propagules. In the absence of significant herbivory, such

as in the case of destocked or unmarìaged South Austtalian grasslands, these recruitrnent

dynamics of temperate grasslands will be driven by propagule availability (dispersal and seed bank

dynamics), abiotic conditions, ditect resource competition ot interference via litter accumulation.

Previous research has shown that the degree of control that each of those factors exelt orl

recruitment dynamics vaties with species and in space and time as abiotic conditions change.

Species-specific and proveflânce-specific properties, environmental fluctuations and

microclimates are responsible for the high variability itt the recruitment of many grassland species

QYIaze et a/.1993;Peco et at.1.998; Hamilton et a/.1999;Zobel er aL.2000; Buckland er a|.2001';

Morgan 2001; Reynoids e/ a/.2}}7;Thompson et a|.2007; Pywell et al. 2003).

In grassy ecosystems both invasive and native species ate generally more limited by propagule

availability than other factors (l\dilchunas et a/.1992; Foster & Gross 1998; Hamilton et a/.7999;

Bischoff 2002; Seabloo m et al. 2003) znd most manipulative studies that research recruitment ot

invasion in grassy ecosystems begin with the addition of propagules (Fowlet 1988; Milchunas a/

at. 1.992;Foster & Gross 1998; Motgan 19982; Foster 1999; Hamilton et aL.1999; Buckland er a/.

2001; Thompson et at.2001,;Foster 2002;Warren eT a/.2002). Local seed bank limitation is an

important fzctor, especially in unmanaged or overgrown grasslands (I(alamees & Zobel7998;

Zobel et a/.2}}};I(alamees &Zobel2002).In particular, the proportion of perennial species and

the total species richness is often lowet in the seed bank than in the standing vegetation Qeco eT

ø/.1.998). Doubling seed rain density over three yeats increased species richness and abundance in

unproductive perennial semi-natural grassland in nofthern Europe (Zobel et al. 2000). Similarþ,

restotation efforts in European grasslands are as much hampered by the lack of propagules as by

unsuitable abiotic conditions (Bakker & Berendse 1,999) an.d restoration can be achieved in

California grasslands by seed addition (Seabloom er a|.2003).

\When propagules are not lirniting, abiotic conditions (Hamilton er a/.1999;BucHand et a/.

2001; Thompson eT a|.2007), the competitive environment (Gurevitch 1986â;Mslchrnas et ø/.

L992;Foster & Gross 1998; Morgat 1998a; Foster 1999; Buckland et a|.2001) and their

interaction @owler 1988; Foster 2002) control tecruitment dynamics of invasive and native



Recruitment of invasive annuals and native perennial grâsses
55

species in grasslands. In general, small-seed species are more likely to benefit ftom gaps in

the vegetation than large-seeded species (Burke & Grime 1996;l{alamees & Zobel2002)'

Overall, however, invasion often follows changes in resoutce dynamics via resoutce addition or

disturbances (Huenneke et a/.1.990;Pérez-Fernândez et a|.2000; Buckland et a|.2007; Thompson

er a|.2001).

The theory of fluctuating resource availability ptedicts that the invasibility of system incteases

with the amourit of unused resources (due to increased supply or decreased demand), assuming

ptopagules are present and the species is suited to the habitat (Davis et al. 2000).In temperate

grasslands of the South Australian mid-north, areas with higher soil moisture and nutri.ent

availability are associated with highet biomass of invasive annual grasses, whereas perennial

grasses are associated with areas of lower soil moisture and ptoductivity (Chaptet 3). To explore

the future potential of further invasion by exotic annuals or re-invasion by perennial gtasses, I

aimed to determine the importance of increased resource and propagule availability for the

recruitment of annual exotic species in perennial grass stands and perennial grasses into annual

grass stands. Resource supply was increased directly by watering and indirectly by preventing the

gtowth of resident vegetation through regular clipping. I applied different experimental

treatments over two seâsorìs and measured resulting recruitment. While not closeþ monitoring

resource levels or competitive intetactions as necessâ1T to test for the predictions of non-

equilibrium theories of plant invasion, this study serves as a pilot study of the factots that tequire

furthet reseatch.

Methods

Field emergence ønd suruiual

The experiments were carned out in a gtassland located on a hillside 1 km north of Burra,

South Australia (138o 55' 8,33o 41' S, 500 m a.s.l., Figure 2.3).Buta has a Mediterrafle rr climate

with hot surnmers and mild winters and an 
^verage 

annual rai¡falI of 439 mm @ureau of

Meteorology). Rainfall trL2OO1. was 413 mm. InJanuary 1999 stock (mainly sheep) wete excluded

from two hectares of a southeast facing billside paddock. Pzst grazing pressure has been

estimated between medium to heavy fot the region fl. Agnew, R. \ü/illiams, pefs. com)' No

evidence of any vertebrate gtzzng (grazngdamage, pellets) was observed during the course of

the field experiment. The soil is a sandy loam and varies between skeletal to more than 0.5m

depth (Chapter 3).

The pre-settlement vegetation of the study site is unknown. ,\ grassland 1 km west that has been

unstocked for more than 30 years is a I-,amøndra multif/ora S-. Br.)Britten tussock complex (Hyde

1995). Â few l-,omandra individuals occur at the study site. Howevet, exotic annual species (Auena
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børbata (Pott ex Link), Bromas diandras Roth, B. hordeaceusL, B. rabensL., Echium planîagineum

L, Glnandriris setiþlia p.f.)FosteA Romulea spp Maratti, Saluia uerbenaca L.) dominate the base of

the hillside. The upper part of the hillside is dominated by native perennial grasses

(AasTrod.ønrhonia caetpitosa (Gaud.) H.P.Linder, AustrodanThonia eriantha (Lindl.) H.P.Linder,

Ausrrostþa eremophila (Reader) S.\X/.LJacobs &J.Everctt,Aastrostþa nodosa (S.T.Blake)

S.\X/.LJacobs & J.Evetett) v/ith some exotics in the interstitial spaces. In genetal the exotic

annuals have larger, and presumably heavier propagules than the native grasses (Table 4.1).

Species Seed size or weiqht

12-20 mm long lemma b

25-28mm long lemma a

8-9 mm x 4 mm lemma.

14-17 mnx2-2.5 mm lemma,

3.0 t\ 0.5 mg / seed.

1-1.5 mm long seed .

1mm diameter seed '
3-6 mm long lemma', < 0.001 g /caryopsis o

3.54 mm long lemma a

6-9.5 mm long lemma a

4-7 mm lonq floret a
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Avena barbata'

Bromus diandrus*

B. hordeaceus'

B. rubens*

Echium plantagineum'

Gyn and riris setifolia*

Romulea sp.*

Au st rod anth o nla caesplf osa

A. enantha

Austrostip a e remophil a

A. nodosa

Table 4.1: Available propagule size or weight for the dominant introduced (-) and native spec¡es at the study site.

a Jessop and Toelken (19S6); b T. Lenz (unpublished data, 2003); c Sheppard (2001),

Experimental design: To test for the effects of seed availability and changes in tesource

uptake and resource supply on the recruitment of annual exotics into perennial stands and

perennial grasses into annual stands I set up two blocked three-way experìments. I tan a75 m

transect in both the annual stand at the base of the slope (80-100o/o annual grass cover) and the

perennial-grass stand at the top of the slope (40-600/operennial grass covef, plus lichens, rocks

and bare ground) perpendícular to the slope. On each site of each transect I established fifteen

4mx2mblockswithlmspacingbetweeneach. Irandomlyselectedtenblocksfotthe

experirnent and in each block established eight 0.5 m x 0.5 m quadtats, with 0.5 m spacing

between each. These were randomly allocated to the eight factorial combinations of the factors:

seed addition (seed addition versus control), decreased resource uptake (temoval of standing

biomass versus control), and increase resource availability (watering versus control).

Seed addition: I used Auena barbata Gt"dy site provenance) as â potential invadet for the

perennial-grass stand, and Austrodanlhonia caetþitosa (Aubum provenance;138"47' 8,34o1'' S) as a

potential invader for the annual stand. Subsequentþ I will refet to both species by their generìc
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name. To check for seasonal differences, I planted seeds twice, oflce at the start of âutumn

(6-10 Match 2001) and once at the staft of winter (30 May -6 June 2001)'

I hammeredz0.22mx0.22 mboardwithprotrudingnails tnzT x 7 grid, each3 cmarp^rt,

into an arcainboth control quadrats and seed addition quadtats to cteate 1 cm deep holes. In the

seed addition quadrats I planted one floret in each hole using pre-prepared batches of seemingly

viable florets of each species. To assess seed viability I also randomly selected three pte-prepated

seed batches of each species, placed them at ambient labomtory temperature in Petri dishes

containing moist filter paper and tecorded the numbet of seeds with an emetging radicle daily.

Reduced resource uptake: Based on the positive relationship between plant size and soil

moisture uptake 'tnboth Auena and AøstrodanThonia (Chapter 5), I assumed that clipping reduces

moisture uptake in both species. I thus treated 'reduced uptake' quadtats initially by ciþping alive

and dead standing biomass just above ground level and temoving clippings from the quadrats. To

estimate the initial standing biomass, I collected clippings from the same two treatments in each

block, dried them at B0 oC fot72 h and weighed them. Sþiûcantly less biomass was removed in

the annual stand (45.29 g+ 76.71SD) than in the perennial-grass stand (61.50 g 121.00 SD)

(ANOVA: F = 7.51; df = 7;P = 0.009). Once the growth period started, I re-cüpped quadtats

apptoximately fortnigh{y Q5 Aptil, 9 May,30 May, 14June, 26Jvre and 13 July)'

Increased resource supply: I watered all 'increased resoutce supply' quadtats fortnightly if the

soil water content of any quadrat was below field capacity by sprinkling the equivalent of 10 mm

of water slowly over the quadrats. I had previously determined field capacity by flooding three

0.25 m x 0.25 m quadrats with 3litres each in the centre and on each side of each ttansect and

measurìng volumetric soil moisture with a thetaprobe ML2x pelta-T Devices) earþ the next

moming. The freld capacity was 74.33 + 1.99 a¡d 1.2.53 + 7.70 o/o volumetric moisture

(mean t SE) in the perennial-grass stand and the annual stand transect respectively.

Harvest: I harvested exotic annuals in the perennial-gtass stand quadrats on 30 May and 31

August by clipping tlte 0.22 rn x 0.22 m inner quadtats at gtound level and discarding native plant

rnatenal and litter. Exotic plant material (mostly annual grasses, Glnandriris seffolia, and Medicago

spp.) was dried at 80 oC for 72ln znd weighed. ,{.fter log-transformation, data conformed to

assumptions of normality (Shapito-Wilk \üø, JMP 3.1..4) znd homoscedasticity (Brown-Forsythe,

JMP 3.1.4) at P < 0.05. I analysed the data using repeated-measure MANOVA, followed by

separate ANOVAs on the two harvests and Tukey-I(ramer Honestly Significant Diffetence

(HSD) multiple comparison tests flMP 3.1.4). The conservative Tukey-I(ramet HSD test differed

in both cases from the ANOVA. To increase its powet I repeated the test aftet pooling factors

that wete not significant in the ANOVA.
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I examined the quadrats within the annual-dominated stand for the presence of

perennial grass seedlings (defined as those with basal diameter < 1 cm) on both dates but found

no obvious seedling within the dense cover of live annuals and Poa bulbosa.I te-examined all 40

quadrats on 31 March 2002, aftet the annual vegetation had died back, intensively within five

replicâte blocks and briefly within the remaining five blocks.

Glasshouse em€rgence and suruiaa/

Due to the lack of petennial grass recnritment in the field I ran a glasshouse experiment to

determine the effect of competition by annual grasses, soil moisture and nutrient availability on

the emergence and then survival dudng a drought of Austrodanthonia undet controlled condidons.

The experiment included eight factolilal combinations of the following factors: Aaena competition

Q4viableAuenaseedpettr^y,snowtownprovenance, 138o 1,7'8,33o 47' S,versus noAuenø),

soil moisture (watered to field capacity three times a week versus misting the top layer (30 squirts

with hand mister) three times a week) and nuttient availability (15 squirts with hand mister

containing 19 l1 Hortico Aquasol 'tll (23o/o N, 47o P,1.8o/o I( f trace elements) in tap water versus

15 squirts tap water fortnightly). Each combination wâs applied to eight repìicates of 1 litre

plastic trays (9-11 cm wide, 1,4.2-76.5 cm long, 6 cm deep, 6 d:rainage holes), that contained Nu-

Erthru Special Native Plant mix (20o/o sand,807o composted pine bark, trace elements) and were

planted with 0.1 g (l 0.0005) cleanedAastrodanthonia seed (X4onarto provenânce: 139o8'E; 35o1'S)

on 2 l'{ay 2003. I counted seedlings numbers of both species pet tr^y weekly and weeded any

dicot seedlings. ,\fter eight weeks, when little furthet recruitment was recorded, I discontinued

watering and nutrient addition and terminated the experìments ten weeks latet, when no more

recruits survived. I also assessed initial seed viability by germinating three batches of both species

in Petri dishes as described above.

The majority of data distributions, where more than one tray contained living seedlings (z'e.

) 1 replic¿te + 0) were rrorlnal, but vâÍiances were uflequal. Departures from homoscedasticity

have little effect on F-ratios and associated ptobabilities if samples sizes are equal and the

experiment has more than five treatmeflts and six teplicates pnderwood 1'997, p. 193). I thus

performed repeated-meâsufes MANOVAs, followed by ANOVÄS on each pedod.

Results

Field reffaiîment

Rainfall (daily readings 1 km west of field site; Bureau of Meteorology) was 58.6 mm during

âutunui (Àdarch - MaÐ arrd 754.6 mm dudng wintet 0*. - August). The watering plots teceived

an additionzl20 mm during each autumn and winter (25 April,9 May, 30 May & 26June).
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Recrrritment of exotic annuals: Under laboratory conditions 70.89 t 3.1'5o/o (mean *

SE) Auena seeds of the autumn run germinated and 80.25 + 4.23o/o (mean t SE) of the winter

run. In the field the mean dry weight of exotic annuals harvested was 0.34 + 0.02 g (mean t SE)

at the end of autumn and 1.87 t 0.07 g at the end of wintet. Treatment effects diffeted with

season. Watering strongly incteased exotic annual dry weight during autumn and seed addition

slightþ increased exotic annual dry weight during winter (Iable 4.2;Frgxe 4.1). However, the

significant effect of block in both pedods suggests further small-scale factots, such as soil

properties, have a stroflg effect on the tecruitment of exotic annuals. Plotting the initial quadrat

biomass harvested against final harvest of exotic annuals of the same quadrat showed a trend

towards positive correlations (log autumn harvest = -5.5 * 1.0 x log initiat biomass, 12 = 0'37,P

= 0.09; log winter harvest = -2] * 0,8 x log initial biomass, 12 = 0.40, P = 0.05), suggesting that

the recruitment of exodc annuals may be more likely in highet productivity sites. Quadrat

moisture or nutrient availability was not monitored'

Repeated-measures MANOVA ANOVA Autumn (rz=0.63 ANOVA Winter (rz=0'76)

Factor Numerator DF F P-value DF F P'value DF F P'value

Seed addition (S)

Clipping (C)

Watering (W)

Block (B)

Time (T)

TxS

TxC

TxW

TxB

ùXU

SxW

SxB

CxW

CxB

WxB

1

1

1

I

1

1

1

o

1

1

1

I

I
1

1

I
1

I
I

3.71

0.59

11.44

3,53

836.30

0.1 5

0.03

16.30

2.12

0.06

0.45

0.001

0.001

<0.000'1

0.70

0.85

0.0001

0.04

1.74

0.14

14.72

2.33

0.19 1

0.71 1

0.001 1

0.03 I

0.52

0.79

0.74

0.71

0.49

0.31

6.62

2.03

0.27

7.23

1 0.13

1 1.68

I 1.72

I 0.01

I 1.41

I 1.53

0.0'l

0.16

0.60

<0.0001

0.72

0.20

0.12

0.94

0.22

0.17

0.42

0.07

0.66

0.14

0.95

1.23

Table 4,2: Effects of seed addition, clipping & watering on log-transformed exot¡c annual biomass during autumn

& winter 2001 in a grassland in the South Australian mid-north. Higher interactions not signifìcant at P < 0,05.

Denominator DF = 67 for MANOVA.

Native perennial grass recruitment: Under laboratory conditions 40.52 + 4.90o/o (mean t SE)

AusÍrodanfhonia seeds of the autumn run germinated. I also tested winter run viabiìity but data
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were lost. The same batch of seed was used for both runs and I assume seed viability to be

similar in the second run.

There .was no evidence of perennial grass recruitment in the field. I could not locate any

perennial grass seedlings in the experimental quadrats 
^t ^ny 

time after planting, including the

planned cerisuses in May & Âugust 2001 and the later census of March 2002.Durng other

extended fieldwork at this site I occasionally notìced what appeared to be perennial grass

seedlings (1-3 leaves), but never located an obvious larger juvenile petennial gtass (2.e. not a tiller

ftorn a nearby plant or a plant re-shooting after dotmancy) in areas dominated by annual grasses.

In comparison, I located 0.38 + 0.18 (mean + SE, n = B) apparcntAustroúþajuveniles pet square

metre in att area co-dominated by both annual and perennial grasses and 1.00 t 0.38. âpparent

Aastrostþajuveniles per square metre in a perennial-grass-dominated area Ç.Len2,2002,

unpublished data).

G la ¡ s h o a se re craitm e nl

The 0.1 gAusTrod.anthonia seed added to each experìmental replicate contained 41'8 + 7.7 seed

(mean t SE). Under controlled conditions 62.1. + 0.970 (mean I SE) of tlne Aastrodanthonia seeds

that did not decay with ñrngal disease (60-80 seed per dish) germinated. Auena germination was

1,00o/o.

Neither nutrient addition nor its interactions with other treatments had any effect on

Aastrodanthonia tn the repeated-measures MANOVÂ model of the complete dataset (data not

shown), thus I removed the nutrient addition factor from the analysis. The tesulting Mr\NOVA

(Iable 4.3) showed a highly significant three-way interaction between watering level, Auena

presence and tìme, indicating strong and complex changes of the different factors over time.

Source Test Exact F Num DF Den DF P'value

Allbetween F

Water (W) F

Avena(A) F

WxÁ F

Allwithin Wilks'I

T (Time) F

TxW F

TxA F

TxWx A F

109.56

315.68

10.15

2.84

15.89

128.75

123.59

7.50

4.26

60

60

60

60

128.94

43

43

43

43

<0.0001

<0.0001

<0.01

0.10

<0.0001

<0.000'l

<0.0001

<0.0001

<0.0001

3

I

1

I

54

18

18

1B

18

Table 4,3: Effects of water availability and Avena barbata on Austrodanthonia caesplfosa seedling numbers

(Repeated-measures MANOVA; Num = numerator; den = denominator).
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In the high watering treâtments 80-100 Aasfrodanthonia seedltrtgs emerged in the fitst

two weeks, while in the low watering treâtmerits 10-20 Ausrrodanthonia emerged over seven weeks

€rgnt. 4.2a).'Whtte the ptesence of Auena seedlings appeared to dectease Aurtrodanthonia seedltng

numbers in both watedng treatments, Aaenahzd alarget telative negative effect in the low

watering treatment, where it halved the numbet of seedlings compared to a 1.0o/o dectease in the

high watedng treatmeflt. Aaena emerged a lot faster, especially in the low watering treatment.

Furthermore, the difference between the number of seeds emerging in the low vetsus the high

watedng treatment was much smaller in Avena than in AøstrodanThonia (Frgre 4.2a;trigx.e 4.2b).

In both watering treatments Auena decreased the survival of Austrodanlhonia seedlings by 2-3

weeks afterwzter. and nutrient addition ceased in \X/eek 8.

To investigate the differences in the experimental effects in further detail, I analysed the high

watering and low watering treatments separately. In the low watering treatm.ents, the number of

Austrodanthonia seedlinqs tended to be reduced by nutrients and by the plesence of Auena between

Week 6 to Week 13 (Iable 4.4).ln the high watedng tteatments, neithet nutrient not any of its

interactions had zny effect ot Aastrodønthonia emergence and survival (data not shown). \)7ith the

nutrient factor removed ftom the anaþsis, the effect of Aaena changed over time (Iable 4.5).

Inäally Auenøltadno effect o¡Auslrodanthonia numbers, but from Week 11 on Aaena increasingly

decreased the number of AasTrodanlhonia seedlings.
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Source Test Exact F Numerator DF Denominator DF P.value

NxA F 0.24 28 0.63

(b) Nutrients Avena

Period F P-value F P-value

1-2 <0.01 1.00 2.24 0.1 5

3-4 <0.01 0.95 1.01 0.33

5-6 2.00 0.17 0.84 0.37

7-8 8.27 0.01 7.07 0.01

9-10 5.99 0.02 6.32 0.02

11-12 3.80 43.93 <0.0001

13-14 0.16 0.69 6.60 0.02

1 5-16 1 .00 0.33 1.00 0.33

Table 4.4: Effects of nutrient addition & Avena barbata on Austrodanthonia caespltosa seedling numbers in low

watering treatments ((a) Repeated-measures MANOVA; (b) effect of nutrient addition & Avena barbatain

ANOVAs (No interactions signif¡cant at c¿ = 0.05; numerator DF = 1, denominator DF = 28)).
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(a) Source F Numerator DF Denominator DF P'value

0.02

<0.0001

<0.01

(b) Period F P-value Period F P-value

9-1 0

10-1 1

11-12

12-13

13-14

14-15

15-16

16-17

17-18

Avena

Time

Time x Avena

6.28

86.77

5.16

I

18

18

30

'13

13

0-1

1-2

2-3

3-4

4-5

5-6

6-7

7-8

8-9

1,40

1.22

1,52

1.92

1.85

1.03

1.28

1.65

1.35

0.25

0.28

0.23

0.18

0.18

0.32

0.27

0.21

0.25

0.94

2.15

8.28

21.59

55.77

16.79

11.51

3.46

Too few
data

0,34

0.15

0.01

<0.0001

<0,0001

<0.01

<0.01

0.07

Table 4,5: Effects of Avena barbata on Austrodanthonia caespifosa seedling numbers in high watering

treatments ((a) Repeated-measures MANOVA; (b) ANOVAs (Numerator DF = 1, denominator DF = 30))

Discussion

Recruitment of exotic annuals

Exotic annual species were able to recruit in all expedmental plots, and their biomass was

considerably increased by watering in autumn, and slightly increased by seed addition in winter.

Although soil water coritent in all plots fell below field capacity in winter and received as much

additional wâter as during autumrl., soil moisture was not as limiting as seed availability. Using the

same plot for two seasorls may also have resulted in teduced seed availability for the second run

and this confounding effect cannot be excluded. Origtnally, I had planned to use new blocks for

subsequent seasons but time and resource limitations prevented this. Thus, overall, the

recruitment of exotic annuals u¡as not strongly affecteð by any of the experimental tteatments

during winter. This suggests that ptopagules of exotic annuals are present and that exotic annuals

can recruit well in areas still dominated by petennial grasses. Their recruitment is mainly lirnited

by the supply of soil moisture through ratnfall, or run-on rather than strong resource uptake by

perennial grasses. The latge effect of block on the results suggests that site-specific properties are

a further important aspect in the recrrritment of annual exotics and tequires further research. The

trend towards a positive correlation of initial biomass of the quadrats and harvested biomass

suggests that differences in productivity, fot example due to soil properties, are the most likely

cause of this variation.



Recruitment of invasive annuals and native perennial grasses
64

Not only does the gemination, recfl.ritment and gtowth of Aaena strongly increase with

soil moisture @érez-Fernândez et aL.2000, Chapter 5), but also it is relatively drought toletant as a

seedling. Its drought tolerance during the recruitment phase is shown hete by its ability to survive

almost as long during a drought as Aøstrodanthonia. Due to their need for yeaÃy seed production

Fo*g & Evans 1989) annual gtasses llke Aaena tend to be adapted to the driest possible

conditions rather than zverage conditions flackson & Roy 1986). \Tithin a few hundred years of

arriving in Califomia diffetert Aaena popdations have adapted to specific local climates fain &

Rai 1980;Jan 1982). Aaena seed are also unaffected by dryitg out during germination Qétez-

Fer¡ânðez et a/. 2000). Overall, it is thus unlikely that annual grasses decrease signifrcantly in

density compared to perennial grasses during periods of drought.

Recruiîment of natiue perennial grasses

Given suitable moisture and temperature conditions provided during at least the winter

period, perennial grass seeds ftom both the natural seedbank, if any, and experimental seedbank

should have been able to germinate. The lack of evidence of the survival of arry perennial grass

seedlings coutd be due to several reasons. Firstly, the tecruitment of native grasses ftom seed may

be naturally rare. Perenniai grass species are adapted to long-term survival :ather than high

recruitment, and the increase in resoutces ot seeds rrray have been of an insufficient magnitude ot

with inappropriate timing to allow the survival of any petennial grass seedlings that emerged.

Secondly, the exotic annual vegetation rnay have changed the biotic and abiotic envitonment to

such a degree that perennial grass seedlings are flot suited to this habitat âny mole. Events of an

extreme magnitude, such as a severe gtazing event to reduce standing biomass and litter, followed

by high surffner rainfalls may be required to encourage perennial grass recruitment. Thirdly, the

planting density of perennial grasses may have to be considerable highet for a successful

fecrutment event.

Without further research none of these possibilities cân be negated or confirmed. The results

are consistent with findings ftom studies in most other temperate grasslands that petennial gtass

recruitment from seed is relatively rare. In Victorian grasslands in south-eastem Austtalia the

recruitment of native species is tate, especiaþ in unmanaged sites (À4organ 2001).In Califomia

grasslands the recnritment of one native perennial grass species is sttongly moisture and seed

lirnited, with moisture limitation due to the high water uptake by invasive annuals (HamiTton et al.

1999).In the northern tablelands of New South Wales, south-eastern r{usttalia, whete annual

grâsses are less abundant and ratnfall is evenly distributed thtoughout the yeat, rz;tnfzll events

over 40 mm in spring and summer drive the emergence of other native perennial grasses

(Huxtable & Whalley 1999). Aastrodanthonia,ln particular, getminates over â broad range of
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temperatures, but requires high soil moisture (l\[aze et al. 1.993), âs corifi.rmed by the

glasshouse experiment.

A factor that canlead to recruitment limitation in perennial grasses is seed predation by ants.

IØhile viable seed was added to half the quadrats, predation of both annual and perennial gtass

seeds by ants is an important factor in other grasslands (Capon & O'Connor 1.990; O'Connor

1991; Heady et aL.1.992; Haase et ø1.1991;Veenendaal er a/.1996; Vila & Lloret 2000; Mayor et a/.

2003).I observed some seed predation by ants dudng extended fieldwork at the site. Hear,y

predation within a short period aftet seed production may be all that is tequired to remove

significant amounts of seed from the seed bank. However, the glasshouse results also indicate

that even low levels of annual grass presence have a negadve effect on the emergence and

survival of Auslrodanthonia seedlings, especially at low soil moisture or at times of decreasing soil

moistute. Even the short, but dense, cover of annual grasses and Poa bølbosa that still remained in

the field quadrats after fortrrightly clipping could have had â strong negative effect on âny

perennial grass seedlings that emerged, especia\ in the plots whete soil moisture was amended.

Although soil moisture availabiJity was the main factot that controlled seedling numbers in the

glasshouse, the ptesence of a short, but dense cover of activeþ growing vegetation would have

had a strong effect on available soil moisture. Neithet -4 uena nor Aastrodanîhonia are sttongly

affected by temperature during germination Qvlaze er aL.1.993; Reynolds et a|.2001). Thus,

assuming the initiation of germination in both grass types aftet heavy rainfalls, annual grasses

tend to getminate faster arrd at higher tates than r\ rly perennial grasses, which may have

dormancy periods or lower seed viability (Flards & Wilson 1970; Reynolds e/ a|.2001). The wetter

winter season may have been more suitable for perennial grass survival undet annual grass

competition, however experimental treatments v/ere discontinued at the end of wintet z¡d annual

grâsses did regrow to some extent. Longer continuation of the experimental treatrnents and

higher planting density may have been requited to allow the survival of. any perennial grasses that

emerged.

Conc/usions

Overall, I suggest that the successfrrl recruitment of perennial grasses in unmanaged areas

dominated by annuals in the mid-north is either unlikely due to permânent changes to

environmental conditions produced by annual grass invasion andf or dependent on an extended

\r7ârm-season-dominant ra;nfalTreg'ime and specific grazing events. Âlthough soil moistute

appears to drive the recruitment of annual exotics and will be important to the recruitment of

native petennial grâsses, their responses to, and their effects on, soil moisture are very different'

Dudng the cool season the relatively low soil moistute uptake of perennial grasses (Chapter 5)

rnay cteate unused resources enabling annuals to recruit, while the rapid watet uptake by annuals
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(Chapter 5) may cre te few windows of opportumty for petennial grâsses to tecruit

amoflgst them. During high warm-seâson ntnfall, or after low cool-season rainfall the invasibiJity

of annual stands by perennial grasses may increase, however to what extent still temains to be

determined. The extent of recruitment ümitation for the native petennial grasses in this system

also remains unknown, but cannot be excluded as a majot factor.

These results stand in stark contrast to recent findings by Seabloom et al. (2003),who were

able to restore a field site in Califomia with native perennial grasses through ploughing and heavy

seed addition. After introducing seeds of annual exotics and imposin g 
^ 

range of experimental

treâtnents over several seasons, they found that the resident petennial grasses wete strong

competitors in all instances. The abundance of exotic annuals tended to increase with

disturbance, but annual species were unable to resisted invasion by native petennials under any

circumstances. They concluded that the persistent dominance of Califomia grasslands by annual

exotics was mostly due to their strong recruitment, and dispersal limitation of perennial grasses,

and only parttally due to envitonmental factots.

In my study a mole extreme disturbance, such as ploughing, heaviet seed additiott or 
^ 

longer

experimental period may well have led to the tecruitment of perennial grasses in the field.

However, unlike in Seabloom et al. Q003), annual grasses in the South Australian mid-north

grassland are able to recruit in stands dominated by perennial gtasses and as adults strongly

compete with perennial grasses (Chapter 6). Species-specif,c or environmental differences may be

responsible for this difference between the invasion process in these lwo quite similar systems

and between similar species groups. This lends further indirect evidence to the recent conclusions

by several authors that invasiorì. everlts ate not a result of predictable habitat or species

charactedstics but depend on the outcome of specific interactions between invader and invaded

system in terms of resource availability, species ttaits and seed availability peishman 7999;

Buckland et a|.2}}7;Thompson et a|.2007; Milbau et a|.2003; Pywell er a|.2003).
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Figure 4.1: Aboveground biomass of exotic annuals after three months under different environmental conditions

(not irrigated (tr); inigated (E); no seed added (N); seed added (S); unclipped (U); clipped (C)) at (a) the end of

autumn 2001 and (b) the end of winter 2001 in a grassland in the mid-nofth of South Australia, Different letters

show significant differences at o¿ = 0,05 (Tukey-Kramer HSD test on significant treatment effects only). Note

different scales for both graphs.
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Figure 4.2: Effeclof water availability (low ( " ); high (-)) and nutrient availability (low (Aor Ä); high (r or !))

on (a) number ol Austrodanthonia caesprfosa seedlings without (f or A) or with (A or !) Avena barbata as

competitors and (b) number ol Avena barbata seedlings acting as competitors. Grey lines indicate final water and

nutrient addition, Note different scales for both graphs.
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5. Effects of spatial and tempora,l soil moisture gradients on

growth of four common South Australian grasses

Introduction

The theoreíczl framework of the process of plant invasion has changed from models

examining characteristics of invasive plants (Baket 1965) or invaded habitats (Fox & Fox 1986;

Orians 1986; Hobbs 1989; review in Levine & D'Antonio 1.999) to models that include non-

equilibrium conditions, stochastic events and neighbourhood interactions, regatdless of whether

these processes âre driven by ptoductivity, diversity, disturbance regimes or species

characteristics Sohnstone 1986; Hengeveld 19SS). Several recent experimental studies have

directþ suppofted the importance of interactions between resource fluctuations, propagule

avzrlabtLtty and neighbouthood interactions to invasions or have implied the importance of these

interactions via the lack of other explaining factors (Buckland et a/. 2001; Davis & Pelsot 2001;

Thompson et at.2}}1,;Troumbis et a|.2002). The'fluctuating resource availability theory', in

particular, states that 'a plant commaniTl becones more sasceþtible to inuasion wheneuer there i.r an innease in

the amoanl of anused resoarce.f , when ptopagules arc of the invasive species are present and the

species chatacteristics âre suitable for the habitat (Davis er a/.2000).

According to the fluctuating resource availabiJity theorf, envitonments in which resource

availability fluctuates due to changes in their rate of supply ot uptake should be more susceptible

to invasions than environments in which resource availability tends to be constant. Sirnilatþ,

species that tolerate 
^ 

range of conditiofls or resources are predicted to be more likely to become

invasive than species that tolerate only narrow ranges of conditions and resources. Beyond these

genetal predictions, a detailed understanding of resource fluctuations and species biology is

requited to predict the outcome of introducitg a particular species into a particular system at a

particular time. Considering the large number of actual and potential invasions it is not viable to

monitor all systems for all resource fluctuations and to test the response of possible invaders to

these fluctuations. However, with an understanding of the dynamics of the main resources that

control a system and how they affect focal species, it should be possible to identift combinations

of resources and conditions that favour the abundance of potential invaders and resident species.

Some growth respoflse parameters of a species may be indicative of its overall abundance and

competitive ability, such as the level of and plasticity in growth tates and root/shoot ratios. Plants

with higher root/shoot nttos andfor highet growth tates or final biomass tend to have higher

abundances or better competitive ability in high resource conditions S.oush & Radosevich 1985;

Aerts ü at.7991.; Goldberg & Landa 1991; Theodose et a/.1.996; Cahill & Casper 7999;Wardle et
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at. 1999). Flowever, in many cases species vary toot/shoot rados or growth rates with

resource levels, presence and identity of competitor or even pot size (Goldberg & Fleetwood

1987; Gurevitch. er a|.1990; \X/ilson & Tilman 7995;Dietz eî al. 7998; Bakker & \Wilson 2001). In

general, plants shift biomass allocation towatds the tesoutce that is limiting gtowth (Poorter &

Nagel 2000) and llrràr\y studies find a decrease in toot/shoot ratios with incteasing belowground

resource availabilities and vice versa (Aerts et a/.1991; ìØilson & Tilman 1995; Reynolds &

D',{.ntonio 1996; Poorter & Nagel 2}}1;Levang-Bnlz & Biondini 2002). Furthetmore, plasticity

in response to environmental fzctors can change competitive outcomes (I\4cGraw & Chapin

19S9). Levels of plasticity vary between species; for instance, rapidly growing species from high

nutrient habitats show considerable more phenotypic plasticity in root/shoot tatios than species

from low nutrient habitats (Chapin 1930). Plasticity can eliminate any tight correlation of

competitive ability with growth parameters tinat zre measured ât orie level of resoutce availability

(l\rtcGraw & Chapin 1989). Instead, the competitive ability is determined by the interactions

between the environment and species-spectftc patameters in response to the envitonment.

In the grasslands of the South Australian mid-north, increasing annual grass abundance is

associated with highet levels of soil moisture or ::ainfall, whereas native perennial grass

abundance and soil moisture show few ditect associations with envitonmental factots (Chapter

3). This study aims to establish growth ntes, rootf shoot ratios and long-term water uptake

parâmeters of a common annual and three commofl perennial grâsses to spatial and temporal soil

moisture gradients to determine the abiotic conditions that favour one species over another in

this system. The aim was not to simulate soil moisture fluctuations exactly as they occur in the

field but to determine the differential responses of the species to possible soil moistute gtadients.

I predict that along a soil moisture gradient the growth rates of the four grass species inctease

and their root/shoot ratios decrease. The possibility of a trade-off between maximum gtowth

rates and tolerance to low resource availability (Chapin 1980) and the typically higher gtowth

rates of annual grasses at high resource availability (\4uller & Gamiet 1990; Emst & Tolsma

7992; Claassen & Marler 1998) suggest that the perennial grasses should be more tolerant to low

resource availability (Figute 5.1). These differences between the species should allow ptedicdons

on the competitive outcomes at diffetent resource availabilities in the field. \X/hethet these

predictions agree with competitive interactions in the field will be tested in Chapter 6.

Methods

Species seleclion and desniption

I chose three native perennial grasses (AastrodanThonia mespilosa, Austrostþa eremophila and

Enneaþogon nigricans) and one exotic annual grass (Auenø barbata) that occut in the mid-north of
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South Australia as well âs other areas in Australia. They occut in a range of abundances lrt

the mid-north and include various growing seasons (Iable 5.1). Little information exists on

growth parameters for the perennial grasses and both published and unpublished parameters are

highly variable (Iable 5.1). Subsequently I will refet to the species by generic name.

Attribute
Austrodanthonia

caespifosa
Austrostipa
eremophila

Avena barbata*
Enneapogon

nigricans

Life form "

Australian distribution'

Lofty Block Bioregion %

occurrence (51 3 quadrats o)

Mid-north mean %

frequency (220 quadrats c)

Growing season d

Pot growth (g shoot DW

day-1), various conditions

Field growth (g shoot DW

day-1), various conditions

Root/shoot ratio

Perennial

Widespread except
NT, QLD

62#

30

Cool & warm (C:)

0.004-0.02 t; 0.003-

0.03 ¡; 0.003-0.02 r

(ü w/ latitude)r

-0.02-0.04 "

Perennial

Southern SA, WA,

NSW, VIC

26

27

Cool & warm (C$

0.02-0.18 f

0.0040.2 f

Annual

SA, WA, NSW, VIC,

(orig. Mediterranean)

63

90

Cool(Cr)

0.04-0.18 r, 0.008-

0.02 s; 0.002-0.02 i

Q-Q.QI t; Q.lt tt

Buna (138'55' E,

33"41'S)

Perennial

Mainland states

except WA

13

2

Warm (Cr)

0-0.07 f

-0,003-0.003.

Blyth ('138'32' E,

33'49' S)
Provenance of experimental

plants

1.5-6.0 j,0.5-0.11

(ü w/ temperature) I

Auburn (138'42' E,

34'1'S)
Buna (138'55'E,

33'41'S)

Table 5,1: Species attributes. a Jessop (1986); b Robertson (1998); 'Ch. 3 (this study); d Williams (1961); Davies

(1997), Ch. 6 (this study), Watson (19S0); ' Ch, 6 (this study); rWilliams (2003); s Callaway (2003); h Jackson

(1986); i Marshall (1969);jWilliamson (2002); k Quinn & Hodgkinson (1983); I Hodkginson & Quinn (1976);

* includes A. eriantha and A. /aevis,

Efects of spøtial and Íemþoral soil moistare gradienTs on rootf shool ratios and growth rates

For the two soil moisture regime experiments I planted one individual of similar sized 2-3-

month-old perennial grass seedlings or one-week-old annual gtass seedlings into 130 mm

diameter pots f,lled with 740 g of Nu-ErthrM Special Native Plant mix Q}'/o sand,80o/o

composted pine batk, trace elements) and 7 gof Osmocote PlusrM (16% N, 3.5o/oP,1,0o/oK,

trace elements). To aid establishmeflt, pots were misted with water for 5 min. daily fot a week.

On 13 June 2001 I randomly allocated individuals to the treatments of the two experiments:

1) 'spatial gradients': To determine the gtowth response of the species to different levels of

soil moisture in different 
^nea;s,I 

randomly allocated four individuals of each species to each of

eight levels of gravimetric soil moisture (5, 10, 1,5,20,30,40,50 and 600/o grav'trnetric soil

moisture, with 60% equivalent to field capactty). Soil moistures were maintained as constânt as

possible thtoughout the experiment.
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2) 'Tenporal gradients': I randomly allocated five individuals of each species to each of

thtee treatments: pemanent medium gravimetric soil moisture level Q0'/ù, earþ high soil

moisture level (60%, later 70o/o) or late high soil moisture level (10%, later 600/o). These

treâtments were meant to represent different seasonal n:nfall tegimes (even rainfall throughout

winter and spring; wet winter, dry spdng; dry winter, wet spdng). I changed soil moisture levels

ten weeks into the experiment. At fourteen weeks roots became strongly pot-bound and plants

had to be hawested. Thus the time frame for the 'second seâson'had to be cut short.

I watered all pots three times a week by slowly poudng water on the pot until the cotrect

weight was reached. In addition, pots to be kept at 600/o were placed under an irigation system

that sprayed daiþ for 3 min. Due to highly variable growth tates and fresh weight/dry weight

ratios between species and treatment I could not estimate the plants weights accuntely enough to

adjust the watering weights for growth of the plants. Jtdg-g from the harvest weights, the

amount of soil moisture in pots with heavier plants was 75-9870 that of lightet plants.

Biomass estimates: I estimated biomass of each plant aI the start of the experiment by

calculating the cone volume of each plant using the following measurements: average ofihogonal

basal diameters (BD, n = 2) to the flearest 0.05 mm and height (H, extension of the longest leaf

or culm to the nearest mm) (t). This volume was converted into a total dry weight estimate, using

regressions determined ftom non-experimental plants of the same volume range and species, but

grown under optimal conditions (fable 5.2).

cone volum" =!-lÐl' *r *H (1)
2 \4 )

Spatial Temporal Water uptake

Species ¡2 nÊnr2n

Enneapoqon

0.92

0.97

0.56

Table 5,2: Statistics of regressions used to estimate the dry weight of the study species.

Harvest I harvested all plants in the 'temporal gradients' experirnent for shoot and root

biomass after 14 weeks, when roots became pot-bound. 'Spatial gradients' pots were also

harvested as species became pot-bound: Aaena after 1,1, weeks, Aastrostþa and Austrodanfhonia

after 1.3 weeks and Enneapogon aftet 17 weeks. I washed the potting mix through a 300 pm sieve,

dryirg the remaining roots and potting mix and separating the roots ftom potting mi" by hand.

Roots and shoots were dried at B0 "C for72 h and weighed.
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Analyses: Using the initial biomass estimates and harvest datal calculated the growth

rates. Relative growth râte was not calculated since it is extremely sensitive to initial weight, which

was only estimated. I tested zll data distributions for notmality (Shapiro-ì7ilk W, JMP 3.1.4

soft'ware) and homoscedasticity @town-Forsythe, JMP 3.1.4) 
^t 

s. = 0.05. Most of the twelve

growth rate and root/shoot ratio distributions of the 'tempotal gradients' experiment confotmed

to assumptions of normality. Root/shoot tatio distributions also conformed to assumptions of

homoscedasticity, wbile growth rate distributions did not. Flowever, depaffures from

homoscedasticity have little effect on F-ratios if sample sizes ate equal and there are more than

five treatments and six replicates pnderwo od 7997 , p. 193). This experiment had only five

replicates, however, I decided to analyse gtowth rates and toot/shoot tatios using an Identity

MANOVA, followed by ANOVAs and Tukey-I(tamet HSD multiple comparison tests. This

may have slightly increased the ptobability of. a Type I error.

Most'spatial gradients'growth :rate and toot/shoot tatio distributions conformed to the

assumption of normality but not heteroscedasticity and it was not possible to use ANCOV,\ to

compâre the curves of the species. Rank-transfotmation resulted in the loss of crucial non-linear

differences within the species and the multiple comparison tests orl tank-ttansformed data

produced complex significant differences between the 32 treatment combinations, resulting in

lettering such as 'cdefgh'versus 'jklmnop'. No software was available to nrn other non-

patametrìc non-linear regressions. I thus tested first for diffetences between the species and then

anaþsed the response to soil moisture within each species separately. To teduce variances I log-

transformed the distributions, resulting in root/shoot ratio distributions that confotmed to the

âssurnption of homoscedasticity and less hetetoscedastic growth rate distributions @ = 0.01

compared to < 0.0001). I then tested for differences between species using a MANOVA on both

response variables followed by an ANOVA and a Tukey-I(ramer HSD test on each tesponse

variable. To test for the effect of soil moistute on the growth nte and root/shoot tatio within

each species I ran linear regressions on the log-transfotmed data. \)lhile this analysis pathway is

not strictþ suitable to the experimental desþ, the differences between the species are evident.

Ln ng- r e rrzt w ate r aþ ta ke

To estimate relative differences in long-term wâter uptake rates of the four species, I prepated

30 pots with equal amounts of potting mix as described above. I randomly assigned ten pots to

controls and planted 20 pots with f,ve individuals of each of the four species and measured their

cone volumes. Âfter thoroughly watering all pots to f,eld capacity,I tandomly selected five

control pots and measured their gravimetric soil moisture. The remaining control pots ând the

tfeatmerit pots were randomly distributed on a glasshouse bench without irigation. I harvested

all pots for shoot and root biomass (dtyitrs at 80 "C to constant weight) after 23 days when some
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plants started to wilt. In addition I measured the wet and dry weight of the potting mix of

each treatment and control pot. Using these measurements I was able to estimate the D\Ø gain of

each individual plant, the initial soil moistute and the evaporation in the control pots. From these

estimates I was able to estimate absolute daily watet uptake, daily water uptake per average g DìØ

biomass and water use efficiency (IX/UE), i.e. dry weight increase per gram wâter uptake for

Austrodanthonia,AwsTrostþa andAuena.The estimates forEnneaþogoftwere exttemeþvariable and

were excluded from the analyses. Overall its water uptake u¡as very low (with 0.1-5 g d"y t).

Anaþses: -All data distributions of water uptake and ìØUE confotmed to assumptions of

normality (Shapiro-\7ilk lùø, 
JMP 3.1.4 softwate) and homoscedasticity @town-Forsythe, JMP

3.1.4) ato¿ < 0.05. I analysed the two response variables using an Identity M,\NOVA., followed

by ÄNOVAs and by Tukey-Iftamer HSD multiple comparison tests ofl all tteatment

combinations.

Results

Efects of spatial and temporal soil moisture gradients on rootf shoot ratios and growth rates

Soil moisture treatment accuracy: The large diffetences in water uptake of the fout species

(see below) not only resulted in large differences between the amounts of water that had to be

added to maintain the same soil moisture level, but also tesulted in differences between the actual

period the moisture treatments were imposed. Depending on species and soil moistute level, the

growing medium took between four to ten weeks to dry out to the lower soil moistute levels,

diminishing the tteatment effects.

'spatial gradients': Increasing soil moisture incteased growth tates in all four species (Iable

5.3; Figure 5.2), but the responses differed between species. Ovetall, Aaena had the highest

growth râtes, rângring from 0.03 to 0.32 gDW day 1 and the sttongest cortelation with soil

moisture, i.e. tlne most plasúc response to soil moistute. Its growth tate showed no signs of

saturation at the highet soil moisture levels; on the coîtraLry, it increased sharply between 5070

attd 60o/o soil moisture. Although 607o soil moisture represented field capacity, the watering

frequency was presurnably too low to saturâte water uptake in this species. Aøstrodanthonia and

Ausfrostþahad generally lower growth rates, tangring from 0.02 - 0.13 g D\X/ da¡1. Whereas

Aastrodanthonia showedlower increases in growth rate with increasing soil moistute and

approached saturation level from 40o/o on'wards, AustrosTþa,l7ke Auen¿ showed alarge inctease in

growth rate between 50o/o and 600/o soil moistute, where it teached the growth rate levels of

Ausrmdantbonia. Enneaþogonhadmuch lower ovetall growth rates, ran8ring from 0.002 - 0.05 g DSØ

day 1 and also did not appear to teach moisture saturation. Its cotrelation with soil moisture was

overall the weakest.
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Grovuth rate (g DW day't) RooUshoot

Species Reqression R2 Reqression R2

Austrodanthonia

Austrostipa

Avena

Enneapoqon

Log (GR) = -3.86 + 0.04 x moisture ò

Log (GR) = -4.43 + 0.04 x moisture b

Log (GR) = -3.97 + 0.05 x moisture a

Log (GR) = -6.17 + 0.05 x moisture "

Log (FYS) = -0.88 - 0.02 x moisture "

Log (R/S) = 0.15 - 0'03 x moisture "

Log (FyS) = -1.17 + 0.003 x moisture b

Log (R/S) = -0.13 - 0'02 x moisture "b

075

069

0 95'

059

056

077

0 04^

044

Table 5.3: Effects of soil moisture on Ausfroda nthonia, Ausfrosfrpa, Avena and Enneapogon growth rates and

root/shoot ratios. Different letters denote significant differences between species at o = 0.05 (ldentity MANOVA;

ANOVAs, Tukey-Kramer HSD on log-transformed data).'.'Regression slope significantly +zero (P < 0.0001);"'

slope not signifìcantly +zerc at cr = 0.05.

Overall, Enneapogon andAasrrostipahzdthe highest and most variable root/shoot ratios

ranging between 0.15 - 1, followed by Auena with a root/shoot ratio range of 0.25 - 0.5 and

Aasrrodanthoniawtth a root/shoot ratio range of 0.10 - 0.35 (Figure 5.2Ï>). The three perennial

species showed a decrease in their root/shoot tatio with increasing soil moisture, wheteas soil

moisture had no consistent effect on root/shoot ratio in Auena.

'Temporal gradients': There was â ltghly significant interaction between the effect of species

and temporal gradients in soil moistute on the gtowth rate ar'd root/shoot ratio of the four

species (Identity MANOVA: \X/ilks ?," = 0.24; F æ 8.18, Numerator DF = 12, Denominator DF =

g4,P < 0.0001; ANOVA: Table 5.4). Overall, temporal variability in soil moisture had little effect

on the growth rates of Aaslrodanthonia and AasfrosTþa frigure 5.3). Auena, on the othet hand, had

higher growth rates with varying temporal watering regimes than with the constant intermediate

soil moistur e. Enneapogon, z C4 species, sulprisingly did better with constant intermediate soil

moisture or earþ high soil moisture than with the late high soil moistute, although ambient

temperatufes increased with time.

Growth rate (g DW day't) (rz = 0,94) RooUshoot ratio (rz = 0.82)

Factor DF SS F- ratio P-value SS F'ratio P'value

Whole Model

Species

Soil moisture

Species x soil moisture

Enor

Total

Table 5,4: Effects of temporal variability in gravimetric soil moisture on Austrodanthonia, Austrostipa, Avena and

Enneapogon growth rate and rooUshoot ratio (ANOVAS).

11

3

2

o

48

59

0.31

0.28

0.01

0.03

0.02

0.33

66.57

214.72

'10.91

11.05

< 0.0001

< 0.0001

0.0001

< 0.0001

1.16

0.59

0.38

0.19

0.25

1.41

20.31

38.06

36.57

6.O2

< 0.0001

< 0.0001

< 0,0001

< 0.0001
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Root/shoot ratios tended to be quite similat between temporal variability treâtments

(Figure 5.3) and did not differ between watedng tegimes tn Aastrodanfhonia and Enneaþogon.In

Aaena they were higher in the earþ high soil moisture treatments than in the other tteatments.

Aøsfrostþa also had higher root/shoot ratios in the earþ high soil moisture tteatment and in the

medium constant soil moisture treatment than in the earþ low soil moistute treatment.

LongJerm water uþlake

Aaena differed significantly fromAustrodanîhonia andAastrostþ¿ in some water uptâke

parameters (Iable 5.5; Figute 5.4). Auenahad the highest absolute water uptake of 8 g day 1,

compated to < 4 g d^yt for Austrodanthonia arrd Austrosrþa. This was due to the larger. sizes of the

Auena plants, since the relative watet uptake to per gtam of 
^vena;ge 

biomass thtoughout the

experimental period was equal þetween 8-17 gdayt DV/ 1) for all species. However, the water

use efficiency was almost twice as high in Auena,0.008 g D!Ø gt HrO compated to 0.004 g D\Ø

gt HrO 'tnAu¡trodanThoniaandAastrosTþa.The power of the testwas low (Powet = 0.54; effect

size = 0.0018) and this difference was only marginally statistically sþificant (Iable 5.5; Figure

5.4). Further research is required to confirm wâter use parameters in more detail, however, the

subsequent discussion will assume thzt Auena is at least slightly more water use efficient than the

perennial grasses.

Absolute water uptake (¡z=0.771 Relative water uptake (rz= 0.19) WUE (r2 = 0'37)

Factor DF SS F Ratio P-value SS F Ratio P-value SS F Ratio P'value

0.06

1962.31

Table 5.5: Absolute and relative water uptake estimates and WUE estimates of Austrodanthonia, Ausfrosfþa and

Avena (ldentity MANOVA on all response variables: Wilks l, = 0.06, F = 9,90; Numerator DF = 6; Denominator

DF = 20, P < 0.0001; ANOVAS),

Discussion

Austrodanlhonia caesþiTosa, Ausfrosfþa eremoþbila, Auena barbata and Enneøpogon nigricanr exhibited

different responses to different soil moisture reg'imes. The thtee perennial grasses responded little

to increasing soil moisture and teached their maximum growth r^tes 
^tintermediate 

soil moisture

levels, while the shape of the growth rate curve of Auena suggests that even at the highest soil

moisture level the gtowth râte was not ât its maximum. Ovetall, the growth rate of Aaena w^s 
^t

least as high or higher than the growth rates of the thtee perennial grasses 
^t ^ny 

soil moistute.

This result is contrary to the expected ttade-off between maximum growth rates and toletance to

resource availability (Figute 5.1). A sirnilar lack of trade-offs has been found in othet grasses
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(Femândez & Reynolds 2000). Altemativeþ, the trade-off rrlay occur at even lower

resource levels and be expressed in survivorship tather than in gtowth.

Of the perennial grasses, Austrodanthoniahzd the highest ovetall growth rates and the highest

plasticity. Below 40o/o gravimetric soil moisture its gtowth rates were similat to the rztes of Aaena

and sirnilarþ to Ayena it had a low root/shoot ratio. Perennial grasses tesponded little to the

different temporal soil moisture reg'imes, whlle Auena perfotmed best in tempotal soil moistute

regimes that included at least some period of high soil moisture, regardless of timing ot the soü

moisture in other periods.

The growth rates determined are similar to other estimates available (Iable 5.1), with the

exception of Auena, where I found higher gtowth tates. The low growth :rate of Enneapogon is

most likely due to its Co pathway combined with low temperatutes during the experirnental

period. Other pârameter estimates arc zvz:trable only for Auslrodønlhonia, a highly variable species

across alatge latitudinal range (Quinn & Hodgkinson 1983, 7984;Maze et al.1'993). Plants from

the same provenânce Itave a once-off measuted water use efficiency of 0.007 g C 91 H2O

transpired flWilliamson 2002), compared to 0.004 g D\X/ gt HrO taken up in this study. Given the

differences in units these estimates are comparable. Root/shoot ratios of Auslrodanthoniavary

highly, including the range found in this study. In othet studies they decreased with increasing

temperature when grown at optimal belowground resource availabiìity (Hodgkinson & Quinn

1,976),while root/shoot ratios of plants with a 300-400 mm annual rainfallprovenance under

very low belowground resource availability were much higher fiVilliamson 2002).

\Thereas perennial grasses responded to decreasing soil moistute by increasing their

root/shoot ratio, the root/shoot ratfo of Aaena rernained unchanged. Plant species with high

'competitive ability'and growth rates tend to have high root/shoot ratios (R.oush & Radosevich

1985; Aerts et øt.1.997; Goldberg &Landz 1991; Theodose et a/.7996; Cahill & Caspet 1999;

\X/ardle er a/.7999),t¡utAuena exceeded the toot/shoot ratio of the othet thtee species only at the

highest soil moisture level. Several explanations are possible for relatively low toot/shoot ratios

in Auena. For example, the range of soil moisture levels may not have been large enough to zffect

biomass allocation, or growth was lirnited by factors that did not influence biomass allocation.

However, growth ntes of Aaena rcsponded strongly to the range of soil moistute levels and it is

thus unlikely that other factors were strongly limiting growth. Comparing ovetall toot/shoot

ratios and species abundance (Figure S.2;Table 5.1) indicates that the two species with the

highest abundance have overall the lowest root/shoot ratios. Generalisations between growth

rates or other ttaits with competitive abiJity are genetally tirnited (l\dcGraw & Chapin 1989). It is

thus possible that in this system lower root/shoot ratios, possibly together with faster gtowth tate

and higher SøUE cotrespond to a better 'competitive ability'.
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Irnþ lìcatio ns for in uasio n pro ce sse s

In terms of growth, Auena has a cleat zdvzntage over perennial grasses at high soil moisture

Ievels. Years with wet winters and springs could provide good opportunities fot annual gtass

populations to expand. Their high growth rzte and high watet uptake while maintaining a

relatively low toot/shoot ratio is likely to lead to reduced above- and belowground resource

availability for plants that are not able to respond quickly to soil moistute. Furthermore it is

possible that their high water uptake in the top soil layer decreases infiltration into deepet soil

layers, which may negatively affect perennial grâsses later in the season, after anntal gtasses have

died off. Competitive effects of annual grasses on petennial grasses should thus be greatest when

soil moisture levels are highest, but may continue into the dry season.

Furthet factors that rnay assist the invasion of annual grasses are disturbances such 
^s 

gr.^zirtg,

which can change soil inf,ltration rates or decrease soil moistute uptake by petennial grasses.

Since water uptake is related to plant biomass, grazed perennial grasses will take up less soil

watet. In addition, hard-hoofed stock tends to destroy any soil lichen crust (Ândrew & Lange

1986; Hiemaux el at.7999),which affects soil moisture dynamics, either decteasing or incteasing

infiltration rates depending on the system peFalco et a/.2007; Maestre et a|.2002).In the mid-

north of South Australia, lichen crusts are developed at some sites and are associated with lower

inflltration rates and higher perennial gtass abundances than at sites without lichen crusts þers'

obs., 2000-2002).It is possible that the destruction of these crusts may have incteased soil

moistute availability and thus promoted annual grass invasion.

In addition to rainfall amount, its frequency and event size and site-specific edaphic factors

will also play a major role. Heavy, prolonged rain in areas that experience run-on are likeþ to

recharge soil moisture to fi.rll field capacity more frequently than intetmittent rainfallin areas that

expetìence run-off. Annual grasses will have a gtowth zdvantage in areas whete soil moisture in

the top soil is more ftequently recharged to full field capacity, independent of rainfall.

Overall, Auena performed best at high soil moisture avarlzbility, both compared to low soil

moisture availability and compared to the petennial grasses. With decreasing soil moisture

availabiìity the perennial grasses decreased less in growth than Auena, but nevet perfotmed better

than Auena in absolute tems - corrtrairy to predictions by ttade-off hypotheses. Thus, during the

shared gtowing seâson no opporhrnities exists for established perennial grasses to outgrow Auena'

Overall the growth response to soil moisture is limited in the perennial grasses. This suggests that

opporhrnities for perennial grasses to inctease in abundance in ateas where annual grasses have

invaded exist only in terms of recruitment and growth in the remaining growing season or

possibly through survival in drought conditions (Chaptet 6). These results pzrnally reflect the

differences between the life forms of the fout species. Perennial gtass recruitment appears to be
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lirnited in this system (Chapter 4), nther it appears that perennial grasses have adapted for

survival between years than regular tecruitment to maintain population levels. They use water

conservatively and increase their root/shoot ratio dudng drier periods to continue to access

available soil moisture. Auena, on the other hand, has a high water uptake and water use

efficiency, since its strategy relies on yearly seed production. \X/hethet ot not these glasshouse

observations agree with competitive intetactions in the field will be investigated in Chapter 6.

P ra cti ca li 6t of app ro a c h

Customatily, ecological experiments use two to three levels of a resource gradient Q.e.lttgh

versus intermediate versus low), allowing ptedictions of the behaviour of a system at different

resource availabilities. Howevet, non-linear and vadable growth responses of different species to

a resource that is highty pztcby will tesult in predictions of low 
^ccrtt^cy, 

especially fot specific

sites and specific seasons. By determining the response curves in more detail, I was able to

compare the relative petformances of the perennial species and Auena at more levels and to

document the most and least favourable conditions for the species. However, the experimental

soil moisture levels caririot be directly ttanslated into specific gravimetdc soil moisture levels,

since it was difficult to zttaln and maintain the specified gravimetdc soil moisture levels with the

approach taken here. Thus, furthet research is necessary to test how these changes in growth

with soil moisture tr¿nslate to soil moisture levels in the field and furthetmore whether the

observed differences in growth actually result in diffetent competitive outcomes in the field.

However, traditional experiments with two - three levels have the sâme caveâts.

Neither nutrìents nor water at the highest soil moistute level were supplied ad libitun, and the

maximum growth rates found in this study may not reflect the true maximum growth tates or the

true rânge of root/shoot ratios and other parameters in these species. Thus it must be

remembered that the results are based on relative comparisons only. Interactions of soil moistute

availability and nutrient availability, which would change the relative shape of the response curves

at different nutrient avatrabtJtty cannot, however, be excluded. Although soil moisture has been

found to influence competitive interactions between grasses (I{arris & \X/ilson 7970;Melgozz et

a|.799};Nernberg & Dale 1.997;Dyer & Rice 7999;H:amiJIor. et aL.1999), nutrient availability has

been implicated in other studies (Bakket & !üilson 2001; I(olb er al. 2002). Generally, nutrjent

availabiìity increases with soil moistute due to increased mass flow and diffusion of minerals

(l\{arschner 1995). However, while phosphorus and nittogen availability may be positively

correlated to soil moisture in some systems (Cui & Caldwell 1997), this is not generally the case

(V/hitford et al;Freynolds eT al. 7997;Fatley & Fitter 7999;Batett eT a/. 2002). Studies to

determine the corelation between soil moisture regime and nuttient availability have cornmenced

at three sites.
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Figures

Resource availability

Figure 5.1: Potential trade-off between max¡mum growth rate and tolerance for low resource availability:

expected effect of resource availability on growth rates in annual (--) and perennial (-) grasses,

(b)

o
g

=e(,

(a)

03
.E
!,

=o
E)
o)
t!
E

=o
c,

0

a

ab

bnt

c

oo
E
to

oo
L

6 05
.E
l¡-

0

a

ab

b

-iF-- i c

0.0 0.0

0 10 20 30 40 50 60 0 1020 3040 5060

Gravimetric soil moisture (%)

Figure 5.2: Effects of soil moisture on (a) growth rate and (b) rooUshoot ratio of Austrodanthonia (Â); Austrostþa

(.-.o.-.); Avena (...r...); Enneapogon (..-*'.-). Error bars represent t 1 SE. Different letters denote significant

differences between species at ct = 0.05. *** regression slope significantly * zero (P < 0.0001); n' not significantly +

zero at cx, = 0.05,

-t' T--t- {-&



Effect of soil moisture on four grasses
81

(a)

0.3

(b)

0.75
é a

ef

ab

25

oo.cU.
U'

oo
(E

.=^t¡- u.

a

bc

02

!i

aú!t

=c¡
ctt
(l,
as

=o(,

bc
bc bc

bcd
b

cde cde

0.1
cd cd

cd cd d

0,00
MM MM HL

Figure 5.3: Effects of temporal variability in gravimetric soil moisture (soil moisture first 10%, then 60% (LH); soil

moisture always 30% (MM); soil moisture first 60%, then 10% (HL)) on (a) grov'rth rate and (b) rooVshoot of

Austrodanthonia (l); Ausfrosfþa (E!); Avena (tr) and Enneapogon (r), Enor bars represent 1 SE. Different

letters denote significant differences at cr = 0.05.

(c)

0.010 (b)

(a)

00

efef

LHHLLH

E

=o
3\t
!t
o
¿
ctt
(¡):t!
CL

=
q,
É,

a
(ú

=lo
!
att

6'
Jo
o-

j
o
ah¡¡

(b)

20

(a)

bb 0

o
!

E
ct)

=ô
ctt
ul
f

=

0,000

Figure 5.4: Water use estimates of Austrodanthonia (l); Ausfrosfþa (E!) and Avena (tr), Enor bars represent 1

SE. Different letters denote significant differences at c¿ = 0.05 in (a) and at cr = 0.10 in (c) (ldentity MANOVA;

ANOVAs; Tukey-Kramer HSD tests; Table 5.5).



Effect of soil moisture on competition between annual and perennial glasses
82

6. Effects of soil moisture on competitive interactions of

exotic annuals and native perennial grasses in a South

Australian mid-north grassland

Introduction

While some invasions occur only after disturbances telease resources that become available

for exotic plants (Hobbs 1989), other invaders are able to establish in undistutbed vegetation

ftIobbs 1989; Huenneke & Vitousek 1990) and alter the community composition by out-

competing native species (Hamilton et al. 1,999; Callaway & Aschehoug 2000; Bakket & Wilson

2001; Davis & Pelsor 2001; Blicker et al.2002;Hoopes & Hall 2002;Lenz et a|.2003).

Understanding these competitive interactions between native plants and invaders is vital for

predicting the effects of an invasion, the envitonmental factors regulating invasions and the

tirning and hot spots of future invasions (Davis eT a/. 2000).

Competitive interactions between plants have long been central to the study of comrnunity

and population ecology. \ùØbile this reseatch has provided us with various theoretical models

(Iilman 1,977; Gnme 7979; Tilman 1982; Goldberg & Novoplansls¡ 1997; Arü & Turkington

2001), experìmental designs (Goldberg 1994; Gibsot et a|.1999; Connolly et al.2007; Inouye

2001.;CahrJl2002),vadous competition indices and anaþsis strategies (Austin 1982; Goldberg

1996; Markham & Chanway 1996; Freckleton & Watkinson 7997a; Goldbetg et a/.1,999; Inouye

2001; Navas et a|.2002), hundreds of expedments have shown that competitive interacdons are

higtrly complex and not readily predictable. Care has to be taken to compare like with like in

terms of response variables fü/elden & Slauson 1986), scale (Gartett & Dixon 7997), type of

productivity gradient (Carson & Pickett 1990; Goldberg & Novoplansky 7997), ptoductivity level

(Gurevitch 7986a; Connolly eT a/.1990; Flotes-Martínez et a/.1998; Dyer & Rice 1999; Fostet

2}}2;Jtqavcic eT a|.2002),life stage or size of organism (Goldberg 1990; Hamilton et a|.7999;

Connolly er a/.2001; Foster 2002), density (Freckleton & \X/atkinson 7997b), timing of factors or

responses (Goldberg & Novoplansþ 1997) as well as taking into account non-linear responses

(À{ilter & lü/emer 1987; Foster l999),intetactions between root and shoot competition (Cahïl

7999), resource transpolt mtes (Huston & DeÂngelis 1994) and othet processes that affect

competitive interactions (Hartnett & \X/ilson 1999; Suding & Goldbery2007;Callaway et a/.

2003).

In conclusion, there is no evidence to support notions that competitive hierarchies between

organisms, the type of lirniting resource,levels of ptoductivity and importa¡ce of competition in

a system are fixed in time and space. Moreover, indices of intensity of competition are flot
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generally useful to predict species abundances in the field, especially under diffetent

environmental conditions (Goldbery1996).Indices based on plant physiological petformance

have been developed and. zppeat highly suitable to investigating and predicting changes in

competitive interactions under changing environmental conditions, especially at higher levels of

resource availability (Äustin 1982; Navas et a|.2002; Groves eI a/.2003). They include the species-

specific properties flecessaly to compâre neighbourhood interacdons between different species

and thus not only offer opportunities fot developing and testing new theoretical models, but also

have import att p:z'cijcal implications. If competitive interactions play an important tole in

invasions, an improved understanding or ptedictability of the competitive interactions under

different environmental conditions will allow better weed management efficiency by manipulating

competitive interactions to advantage native species zndf or disadvantage invaders.

In grasslands, annual exotic grasses compete with native petennial grasses and other grassland

species for soil moisture and nutrìents (Harris 7967;I{zrris & rü/ilson 1970; Melgoza el a|.7990;

Claassen & Marler 1998; Dyer & Rice 1999:'F{amJlton et ø1.1999; I(olb et a|.2002) and this

interaction can be affected by the presence of mycorrhizal fungS (Flartnett & \X/ilson 1999;

Callaway ø ø1. 2003).In general, annual grasses have highet growth rates than petennial grasses

under high soil moisture and nutrient availabiJity (Flarris 1.967;I{arris & \Øilson 1970; Muller &

Garnier 1990; Emst & Tolsma 1992). They tend to outcompete perennial grasses at high nutrient

availability (I{oopes & Hall 2002;I{oIb et a/.2002; Groves eî aL.2003) ot high soil moishrte

availability (l\delgoza eI a/.1990; Dyer & Rice 1999), although irigation during winter and spring

can improve the competitive ability of a perennial grass in competition with annual grasses

(Hamilton et at.7999). Under conditions of low resource availabiJity the growth rate of annual

grâsses is equal to or still bettet than perennial gtass gro\¡vth rates (l\4uller & Gamier 1990;

Claassen & Mader 1998; I(otb et a|.2002). Petennial grâsses may have an absolute competitive

aðvantzge, if they are seeded eadier than the annual grasses. They will then perform better zt any

nutrient availability (Claassen & Mader 1998) or only at low nutrient availability (I(olb et a/.2002).

Perennial grasses can also have higher suwivorship tl:ran annual grasses at low resource

availability (Harnilton er a/.7999).

While the general trend of competitive interactions ovet envitonmental gradients between

annual and perennial grasses is predictable, the competitìve advattage of one life fotm ovet

another is species-specific and system-specific. In an ungrazed gtassland in the South Australian

mid-north perennial grasses experience competition from annual grasses and the intensity of

competitive interactions appears to change with slope position þrobably because of different

resource dynamics) on a small spatial and short temporal scale (I-enz et al. 2003).In this chaptet I

aim to detetmine the effect of soil moisture dynamics on the perfotmance of annual grâsses

(representedby Auena barbaTa) and selected established native perennial grasses Q4ustrodanthonia
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caespiTosa and Enneaplgun nigricans) in above- and belowground competition. Auena barbatais

the dominant annual exotic grass in the area (R.obertson 1998, Chapter 3). I chose Austrodanrhoniø

caesþilosa as â representative native petennial grass due to its high abundance (R.obertson 1998,

Chapter 3), its similar growth rate telative to Auena barbata (Chapter 5) and as a representative Cu

species and Enneapogon nigricanJ âs a representative Co species'

Short-term experirnental dzta indicate that the growth ntes of Aaena 
^re 

equal to perennial

grass gro\Ã7-th rates at low soil moisture and higher than perennial grass growth rates at high soil

moisture. It also has a higher water uptake and highet wâter use efficiency the perennial grasses

(Chapter 5). Comparing these growth parameters suggests that perennial grasses are unlikely to

outcompete Auenain any environmental conditions during theit shared growing seasort in terms

of growth. To investigate whether this is the case I grew annual and perennial grasses in the fieid

in areas with different soil moisture dynamics and compared theit competitive interacd.ons over

two growing seâsons. I also compared their water use, root/shoot ratios and competitive

responses with and without competitors under controlled conditions in the glasshouse to

investigate the differences in growth parameters in plants with and without compefitors.

Methods

Field Experiment

The field experiments were run at the Burra field site (see Chaptet 4 for desctiption) in 2001-

2002.Ranfallwas 413 znd293 mm in 2001 a¡d2002 respectively, with a dry autumn and a

particulatþ dry spring :lr'2002. During autumn/u/intet 2002 goats entered the site on several

occasions and cattle once. I removed any dtoppings from experimental quadtats at the next visit

and noted gtaz:ng damage to experimental plants. Most of the outliers in the data were due to

this grazing.

Experimental design: I set up three transects perpendiculat to the main direction of the slope

along the base, middle and top of the slope ('slope position), tepresenting three different soil

moisture dynamics. While avena;ge soil moistute availability is sirnilar in all slope positions, soil

moistute decreases with increasing slope position during wet seasons and incteases with

increasing slope position during dry seasons @igure 6.1). Every 4-5 rn along each transect I

located the nearest patch with high annual grass abundance (= 24blocks/transect). Each block

was randomly assþed to târget taxa (Aastrodanthonia caespitosa, Enneapogon nigricans, annual grasses

(rnarnly Auena barbata)), cteating eight replicated blocks of each t^rgetia;x per transect.

Subsequently I will refer to the species by theit genetic nâme. Each block contained thtee

0.5 m x 0.5 m quadrats that were randomly assigned to a competition fteatment (no, pzttial, ot

full competition).
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Perennial grasses had to be added as competitors or targets, since low perennial grass

abundance in the lowest slope position prevented the standard ptactice of removing competitors

close to established targets. In the blocks allocated to Austrodaniltonia and Enneaþlgzn,I planted a

S-month-ol d Aastrodanthonia ot Enneaþogon individual in the centte of each quadrat on the 1 -

2Jvre 2001. To aid establishment I watered each individual on 27 June and 6 Jnly, after a dry

spell, with 0.725 L, cotresponding to a 72 mm :ølinfall event. I manipulated annual grass density

by.hppirg the aboveground biomass in the remaindet of the quadrat, half the remainder or none

of the remainder (Figure 6.2a) every thtee weeks during the gtowing season, Aptil - Octobet, and

every six weeks during the temainder of the year until the harvest of the abovegtound biomass of

both target species and competitors on 23-24 October 2002.

In the blocks allocated to annual grasses as target plants, I manipulated perennial grass density

by planting Ausrrodanrhonialn different densities (nil, four or eþt individuals pet quadrat) @igure

6.2b).I clipped other perennial grasses once initially to improve transplant survival. A large

number of perennial grasses þoth target and competitot individuals) did not survive the

experimental period. Between April and November I replaced dead individuals with individuals

of sirnilar size, recorded their biomass estimates and watered them with 0.1'25 L, taking care to

water only around the plant, not other areas of the quadrat. I did not replace plants that died after

November until the following April due to low survival chances during summer.

Biomass estimates: I estimated changes in above gtound perennial grass biomass every six

weeks allyeat round and annual grass biomass every six weeks from April to November and

noted the presence of flowers, when mote than one infloresceflce of the t^rget species was

present in a quadrat. To estimate annual grass biomass I used an adaptalon of the -Adelaide

technique (Andrew et al. 7979, see Chaptet 3). The r'values between observed and estimated

biomasses ranged fuor.rr0.76 - 0.99. I tested this method once by using the technique prior to

harvesting the experimental plants and found good cotrelations between estimated and harvested

DW G' = 0.67 for annual grasses as competitors; 12 = 0.71. for annual grasses as target species).

I estimated perennial grass biomass by converting their cone volumes (sèe Chapter 5) into an

estimate of total plant dry weight using pre-determined regressions based on potted plants of a

wide range of sizes (AusTrodanfhoniaDW: = 0.0084 x conevolume ountu, t = 67,t2 = 0.94;

Enneapogon D\ü/ = 0.0061 x cofle volume 06816, n = 53, f = 0.93). ,{.gain, this method was tested

once for Aøstrodanthoniaby rneasuring cone volumes prior to harvesting the experimental plants.

The f values for the regressions between estimated and observed DW were 0.83 and 0.87 for

Austrodanthonia as competitors and as target species respectively. Flarvest dztz reflected growth

lzte data and are not further presented. Due to high mortality itt Enneapogon I could not test the

method for that species.
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Glasshouse experiment

Set-up: To determine competitive interacdons between Aaena ard Austrodanlhonia in relation

to v/ater use I set tp a factonal experiment with one individual of the target species per pot

Q4uena or. Aøstrodanthonia), different numbers of intetspecific competitots (nil or two individuals

per pot), different watedng treatments (5, 30, 600/o gravimetric soil moisture) and eight teplicates

per treatment combination. I washed the growing medium of the toots of severâl-month-old

Ausrrodanthonia'tndtvtduals (Freeling provenan ce, 1,38" 49' E, 34"27'3), clipped their leave blades

to 50 mm to reduce transplantation shock and planted them into 130 mm diameter pots filled

with 740 g of Nu-ErthrM Special Native plant mix zndT g of Osmocote PlusrM on 19 June2002,

Five-day-oldAuena (Burra Provenance, 138o55'F,,33"47'S) seedlings wete planted on 24June. I

watered each pot with 100 ml every 2-3 days until the start of the experiment.

Biomass estimates and replacement of dead plants: Prior to the start of the experiment I

estimated the biomass of all individuals by converting their cone volume into a total dry weight

estimate using regressions determined ftom non-experimental plants of the same volume range

and species (see Chapter5) (Aurtrodanthonia:12 = 0.84,n = 38, Auena:f = 0.81,n - 4). I also

replaced individual plants that had died during the first four weeks of the experiment (nvo Auena

and o¡eAastrodanrhonia) with spare plants and watered each with 10 ml. I measured each of the

replaced individuals and corrected the number of days when calculating growth tates.

Soil moisture levels: On 1 Juty I randomly allocated each pot to one of three watering levels

(5, 30, 600/o gravtrnetric soil moisture), with eight replicates for each combination of target

species, competitor density and watedng level. Äll pots were'wâtered thtee times a week to the

cotrect weight by poudng tap wâter slowly around the experimental plants. Water that drained

immediately was slowly replâced until the correct amount of water was absorbed. To estimate the

amount of evapotranspiration (hence 'watet use) during the experimental period I measured the

amount of water each pot received by recording the pot weight before every watering event to an

^cctrte¡cy 
of 1 g. I also misted all pots with a hand miste r zfter each water-ing event to improve

relative humidity, shuffled pots ât every waterìng event and completely te-randomised pot

placement nvice during the expetimental pedod'

I watered all pots in the 57o soil moisture treatment out of turn twice; on29 July with 15 ml

each and on 5 August v/ith 5 ml each. Many pots had not dried out sufficientJy to be watered, but

the topsoil where roots u/ere concentrated was dry and plants were highly stressed'

Hawest: I harvested all plants aftet 1.4 weeks and measured individual shoot and root DW in

the control pots and individual shoot DW and total pot root D\X/ in the competition pots. Since

roots could not be separated by species in the competition pots I used the 
^verage 

root/shoot

ratio of the norì-competition plants of the same soil moisture level and species to calculate the
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expected root biomass in the competition ffeatments. Expected root biomass added up to

the observed total pot root biomass with some exceptions. Not all roots mây have been retrieved

and root/shoot ratios were not completeþ coristânt. I adjusted expected results by corecting the

expected root biomass of each plant by its share of the observed ettor by shoot weight. Each

individual plant was also scored for survival þtesence of green meristems or shoot apexes) and

flowering (exserted inflorescences present). However, changes in D\ø were meâsured regardless

of whether plants were alive or dead at the end of the experimental period.

Statìstical anaþsis

None of the competition indices suited the data distdbutions due to negative values and non-

ünearities. Consequently, I compared absolute and relative performance of perennial and annual

grasses under different environmental conditions and densities and correlated these with pattems

of water use under controlled conditions. I tested zll data. distributions for normality (Shapiro-

Søilk\ø,JMP 3.1,.4) and homoscedasticity (Brown-Forsythe,JMP 3'1.4) at P S 0.05.

In the field experiment I analysed growth rates between measurement petiodt ((D\ø at end of

measurement period - D\ø at start of measutement perio d) / + days) and gtowth rate per D\W

competitor ((D\ø at end of measutement pedod - D!ø at start of measutement pedod) / (# days

* DW of competitor at the end of the measurement period)) as response variables for all target

groups plus the total number of transplant deaths per quadtat for the two petennial grass species.

While competition level was alteady an independent variable in the analysis, it accounted only for

the reduction in ambient competitot biomass within each block, but not between blocks or slope

positions. To determine the effect of these different competitot densities between blocks or slope

positions I used gro\r/th râtes per DW competitor as the response variable. To calculate the

annual grass growth nte per D\X/ perennial competitot I excluded quadrats without petennial

grasses. To calculate the perennial growth r^te per D\ü/ annual grass competitor I set the

competitor biomass in quadrats with frrlly clipped annual grasses to 0.46 g0.25 m-2, just below the

minimum annual biomass in unclipped quadrats during the experimental period. This accounts

for some growth that occured between clippings'

I used absolute growth rate as the response variable, since using changes in plant size between

measurement periods relies on low mottality and relative grou/th rates are highly sensitive to

initial size, which was only estimated. They also do not show the absolute comparisons necessalT

to judge whether or when the diffetent species arc able to outgrow each other and thus to iudge

competitive interactions outcomes.

Most of the mortality distributions conformed to the assumption of homoscedasticity but not

normality. Log transformation improved distributions a little forAøstmdanthonia, but not
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Enneapogon. The majority of grou,th nte distributions confotmed to assumptions of

normality and homoscedasticity. Most of the growth rate per D\X/ competitor distdbutions of all

three species did not conform to the assumptiofl of normality, but conformed to the âssumption

of homoscedasticity. ANOVA is robust to departures from normality pnderwood 1981) and

thus the data were analysed using analysis of vadance techniques. I analysed the response

variables using ANOV-,\ for the mortality response variable and repeated-measures M-,\NOVr{.

for the gro\rrth rates and growth rates per D\X/ competitot response vadables. \When the

sphericity assumption v/as fl,ot met in repeated-measures M,\NOVAs, the Greenhouse-Geisser

epsilon adjustment (G-G e) was used to test the effect of time and the interaction of time with

treatments (von Ende 1993).

In the glasshouse experiment I anaþsed growth rates, final root/shoot ratios, watet use and

growth rates per D\X/ competitor between treatments as response variables. In addition I

regressed gtowth rates over competitor biomass within each competition treatment to determine

competitive response within treâtments. In all response variables the majodty of the data

distri,butions were normal, but in some variables varìances were strongly unequal. However,

sample sizes were equal, with eight teplicates in each of the 72 fteattnent combinations and I

proceeded with ANOVA pnderwood 7997, p. 193). I ran separate ,A.NOVAs on each response

variable, followed by Tukey-I{tamer HSD multiple comparison tests flMP 3.1.4.). No softwate

was available to run non-parâmetric multiple regtessrons.

Results

Field experiment

Motality of perennial grass transplants was differently affected by slope position and annual

grass competition. It Austrodanthonia there was a rnargþally significant effect of slope position

and a trend towards slope position intetacting with competition (Iable 6.1; Fþre 6.3). Wheteas

competition levels had no effect on mortality in the two lower slope positions, increasing

competition levels appeared to increase Aastrodantbonia rr:ofialily in the highest slope position.

Mortality of Enneaþogoz was considerably higher than mortahty of Aastrodanfhonia and at the end

of the first season almost 1.00Yo of Enneapogon tndividuals died. Due to drought I could not

establish Enneaþogon during the next seâson, thus there are no results for 2002.

Growth of the three target species or groups was also affected differently by slope position

and interspecific competition. Annual grasses were unaffected by interspecific competition with

the planted perennial grasses, and the effect of slope position changed strongly ovet time (Iable

6.2a;Ftgve 6.42).They grew equaþ well in all slope positions at the start of the season, but later

in the seâsorr grew substantially better in the two lower slope position in the fitst year, and
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somewhât better in the second year, u¡ith small diffetences only between the two lowet

slope positions. The lack of a competitive effect of the perennial grasses is not surprising, since

the perennial grasses planted as competitots did not perform well at any slope position' At

harvest the aboveground petennial grâss averâged 1'.94 g+ 0.24 g DW 0.25 m-2 (mean + SE) at

their highest density (8 plants 0.25 m2) compared to 
^n ^ver^ge 

of 28.07 g + 3.48 g DW 0.25 m-2

for annual grasses.

Log (Ausfrodanthonia deaths quadrat'1) Enneapogon deaths guadrat't

Source DF SS F P-value rz SS F P'value ¡2

Model 29

Slope position (S) 2

Block (B) [S] 21

Competition (C) 2

CxS 4

Error 42

Total 71

8.79

1.61

4.39

0.62

2.16

10.68

19.47

1.19

3.17

0.82

1.23

2.13

0.30 0.45 11.38

0.25

7.63

2.08

1.42

38.50

49.88

0.43

0.14

0.40

1.14

0.39

0.99

0.87

0.99

0.33

0.82

0.23

0.05

0.68

0.30

0,09

Table 6.1: Effects of slope posit¡on and competition by annual grasses on mortality of perennial grass transplants

over the experimental period (ANOVAS).

Austrodanthonia, on the other hand, was riot affected by slope position, but by competltlon

intetacting with time (Iable 6.2b). During late spring in the fttst season, and autumn, wintet and

spring in the second season, grou/th rates were teduced by more than 50o/o by the presence of

annual grasses, independent of whethet their density was at half or firll ambient levels (Figute

6.4b). The impact of annual grasses ot AustrodanThonia grou/th rates appeared stronger during the

second, dtier season, despite the lower biomass of annual grâsses. Enneapogon performed very

poorly. Initially it did significântly bettet in the lowest slope position (Iable 6.2c; Figure 6.4c), but

later experienced considetable mortality in all treatments.
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Source Test Value F Numerator DF Denominator DF P'value

(a) Annualgrasses All Between

Slope position (S)

Block (B) [s]

452

19

0.35

0.91

0.83

0.80

0.48

0.70

0.01

0.76

0.87

0.44

(b)

SxC

G-G e 0.32

G-G s 0.32

G-G E 0.32

G-G e 0.32

G-G E 0.32

Table 6,2: Effects of slope position and interspecific competition on the growth rate of (a) annual grasses, (b)

Austrodanthonia and (c) Enneapogon between measurement dates (Repeated-measures MANOVA),

\X/ith growth :irLte per D\ü/ competitor as response varìable, slope position still had an overall

positive effect on annual grasses and initially on Enneaþogon Çzble 6.3a, c; Fþre 6.52, c), but not

on Austrodanthonia (Iable 6.3b; Fþre 6.5b), indicating that its competitive resPonse per annual

G-G e

G-G a

G-G

4.56

0.05
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grass D\X/ did not change along the slope. Aaslrodanfbonia growtll râte per annual gtass DrX/

was highly vadable, which was partially due to tlne gtaztng damage, but measurement error or

other factors that control growth rates canflot be ruled out.

Source Test Value F Numerator DF Denominator DF P'value

91

(a) Annual grasses AllBetween

Slope position (S)

Block (B) [S]

AllWithin

Time (T)

TxS

TxB[S]

(b) Austrodanthonia AllBetween

s

B tS]

AllWithin

T

TxS

TxB[S]

(c) Enneapogon All Between

S

B tS]

AllWithin

T

TxS

TxBfSl

F

F

F

G-G e

G-G e

G-G E

G-G e

F

F

F

G-G e

G-G e

G-G s

G-G s

F

F

F

G-G e

G-G e

G-G E

G-G e

5.39

1.67

3.46

0.39

0.39

0.39

0.39

0.31

0.02

0.28

0.34

0.34

0.34

0.34

0.36

0.03

0.33

0.40

0.40

0.40

0.40

4.22

14.99

2.97

1.38

8.27

2.16

1.22

0.39

0.33

0.40

0.65

2.06

0.84

0.59

0.67

0.71

0.68

1.43

0.58

3.36

1.30

23

2

21

44.5

1.9

3.9

40.6

21

2

19

72.1

3.4

6.9

65.3

23

2

21

37.1

1.6

3.2

33.9

18

1B

18

34.8

34.8

34.8

34.8

27

27

27

92.7

92.7

92.7

92.7

43

43

43

69.4

69.4

69.4

69.4

< 0.01

< 0.01

0.01

0.17

< 0.01

0.10

0.28

0.98

0.72

0.98

0.97

0.10

0,56

0.99

0.85

0.50

0.83

0.1 0

0.53

0.02

0.18

Table 6.3: Effects of slope position on growth rate/DW competitor of (a) annual grasses, (b) Austrodanthonia and

(c) Enn e apogon between measu rement dates ( Repeated-measu res MAN OVA).

At the measurement dates, where more than one but not all replicates of a target taxa Itad

inflorescences present, the annual grasses \ilere more likely to flower in the lowest slope position,

whlTe Austrodanthonia was more likely to flower at the highest slope position (Iable 6.4). There

'was no 
^ppzLrent 

effect of Austrodanlhonia on the presence of inflorescences in annual grasses,

whjle there appeared to be a negative effect of annual grâsses on the presence of inflorescences in

Aasfrodanfhonia tn 2002. \ùøhile tlne y2 caflnot be seen as reliable due to low counts, the diffetences

between some treatment levels are faäy large.
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Competition Level

Ta species Date Sl

Annual grasses 24-2519101

00,5 1x P-value

20.57 0.0085

Top

5

0

1

6

15

2

4

21

5

1

1

7s

Austrod anthonia 2Ç2519101 Base

Middle

Top

x

0

1

5

6

2

2

4

I

2

2

6

10

4

5

15

24

16.88 0.03

Au stro d a ntho ni a 20-22J 1 I I 01 Base

Middle

Top

t 19 ',14

5

3

6

6

b

7

4

4

7

15

15

13

20

48

9.00 0.34

Austrodanthonia 1 4-1 51 10102 Base

Middle

Top

x

4

3

11

18

22.67 0.004

4

Table 6.4: Effects of competition & slope position on the number of replicates flowering at measurement dates

when >1 but less than all experimental plants flowered (Pearson ^¡2 Íor all treatment combinations; 12 suspect,

since 20% of cells have expected counts < 5).

Glas¡hoase Experiment

Interspecific competition along the soil moistute gradient affected most growth parameters of

AusfrodanThonia and Auena. Grcwth rates increased with soil moisture in all cases, howevet, the

:zrte ofchange differed depending on species identity and interspecific competition (Iable 6.5;

Figure 6.6a). Growth rates were equaþ low forAuslrodanfhoniazndAuena at the lowest soil

moisture but three times highe r 1n Aaena than in Aastrodanfhonia at the highest soil moisture.

Interspecific competition had little effect at the lower soil moistutes, but at 600/o gravimettic soil

moisture it decreased the growth nte of Auena to 690/o ot by 0.05 g day t, and of Aaslrodanthonia

to 47o/o or by 0.03 g dry t. Thus, the growth rzte of Auen¿ decreased most in absolute terms, while

the gtowth rate of Auslrodanrhonia decreased most in relative terms.

Changes in root/shoot ratios along the soil moisture gradient also interacted with species

identity and interspecific competition (Iable 6.5; Figute 6.6b). The root/shoot :rziúo of Aaenaw^s

not affected by competition but decreased from 0.84 at 5o/o gtavirnetric soil moisture to 0.38 at

600/o gravimetric soil moisture. I¡Austrodanthonia root/shoot tatios of plants w'ithout compedtors

decreased with increasing soil moisture. Interspecific competition futther decreased toot/shoot

0

1

2

3

3

1

7

11
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râtios at 5o/o gravlmetric soil moisture but had no effects at the other moistute levels. Thus,

the drop in root/shoot ratios from plants without competitors to plants with competitors at 570

gravimetric soil moisture was both relatively and absolutely latget tn Aøslrodønlhonia.

The amount of water use per pot depended on the combination of the treâtment factots

flable 6.5; Figure 6.6c). Water use increased exponentially frorn 5o/o to 600/o soil moishrre. There

was no difference in water use between species and competition levels at the two lowest soil

moisture levels. At 600/o soil moisture, however, interspecific competition doubled the water use

of AttstrodanThonia pots but did not affect the water use of Auena pots.

Growth rate per D\X/ competitor increased with soil moisture but thete was a large variability

within some treatment levels and the A.NOVA model had a low frt flable 6.5; Figure 6.6d). On

âverage Auena had a higher growth r^te pet DrùØ competitot than Austrodanthonia, especially at

60% soil moisture.

Growth rates (r2 = 0.83) RooUshoot (rz = 0.68) Water use (rz = 0,91)
Growth rates/

competitor (rz= 0,16)

D D
Source SS F P-value SS F P-value SS F P-value SSF

F F

P.

value

Model 7

Moisture (M) 1

Species (S) 1

Competition (C) 1

SxM 1

SxC 1

MxC 1

MxSxC 1

Enor 88

Total 95

0.21

0.13

0.04

< 0.01

0.03

< 0.01

< 0.01

< 0.01

0.04

0.25

3,37

1.33

1.49

0.18

0.26

0.02

0.08

0.01

1.60

4.98

0.2

0.1

0,1

2.72

4.42

2.83

0.06

0.04

0.1 02.69

15.1 6

4.32

19.75

20.65

16.1 0

63.24

273.96

80,42

7.79

63.75

1.66

14.69

0.44

< 0.0001

< 0.0001

< 0.0001

0.01

< 0.000'1

0.20

0.0002

0.51

0.75

4.24

1.21

5.52

5.77

4.50

24.60

288.34

0.10

0.0002

0.04

< 0.0001

< 0.0001

0.0001

26.47 < 0.0001

73.11 < 0.0001

81.90 < 0,0001

9.83 0,002

14.46 0.0003

1.04 0.31

4.22 0.M

0.72 0.40

263.74 134.78 < 0.0001 3

241.75 864.77 < 0.0001 I

1

1 < 0.01 0.92 0.34

44 0.08

47 0.10

Table 6.5: Effects of gravimetric soil moisture (5, 30, 60%), species (Austrodanthonia; Avena) and interspecific

competition (no or two competitors) on growth parameters (ANOVAs).

The competitive response within each treatment also depended on soil moisture. Both species

showed little change in competitive response to increasing interspecific competitor biomass

within the two lowest soil moistures. At 60% soil moisture both showed an incteasing

competitive response, i.e.lowet gro\r/th rates, with increasing interspecific competitor biomass

flable 6.6; Figure 6.7). The slope was steeper tn Austrodanthonia, suggesting that the response to

the same increase in biomass by an interspecific competitor was much stronger ln Aastrodanlhonia

than in Auena.
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Soilmoisture Species Reqression F P-value ¡2

5% Austrodanthonia GR = -0.018 + 0.061 x competitor
DW

GR = 0.009 -0.001 x compet¡tor DW

GR = 0.023 -0.008 x competrtor DW

GR = 0.025 -0.00'l x competitor DW

GR = 0.179 -0.020 x competitor DW

GR = 0.155 -0,006 x competitor DW

6.20 0.44 0.10

30%

60%

Avena

Austrodanthonia

Avena

Austrodanthonia

Avena

0.70

3.74

0.48

19.02

9.20

0.05

0.10

0.52

< 0.01

0.02

0.51

0.38

0.07

0.76

0.61

Table 6.6: Effect of average competitor dry weight on growth rates at different soil moistures (Regressions)

-{lthough.4 uena gaìned more weight overall, it had also higher mortality ntes at 5o/o

gravimetric soil moisture, where only two Auena plants survived wtth Aastrodantbonia competitors

and five without competitors (Iable 6.7). The number of Aaena individuals flowering also

increased sharply with soil moisture and competition appeared to have a small negative effect on

these numbers. The survival of Aastrodanlbonia, on the other hand, was independent of

competition and soil moisture (Iable 6.7). Also, a much lowet ptoportion of Austrodanîhonia

flowered and they appeared to be mote likely to flower at 600/o soil moisture.

% Survival % Flowering

Competitor 5% 30% 60% y2 P-value 5% 30% 60% y2 P-value

Austrodanthonia 0 8 8 I 50.5 <0.0001 1 0 2 48.6 <0.0001

788002
588 168
288067

Avena

Table 6,7: Effects of gravimetric soil mo¡sture (5, 30, 60%), species (Avena, Austrodanthonla) & competition (no

competitor, two interspecific competitors) on surv¡val (n = 8) and presence of an inflorescence (of surviving

replicates). Pearson f for all treatment combinations; X2 suspect, since 20% of cells have expected counts < 5.

Discussion

Interspecific competition and soil moistute gradients had diffetent effects on the survival,

grou/th rates and likelihood of flowering of the annual grâsses and the two perenriial grass

species. As expected, annual grasses had the highest growth rates and a higher likelihood of

flowering at the highest soil moisture availability, both in the field and in the glasshouse. Overall,

competition l:y Austrodanthonia had no effect on annual grass grorr,th rates in the field,

independent of soil moisture and whether absolute or relative levels of competition were

considered. In the glasshouse Auslrodøttthoniahad a negative effect on Aaena growth tate at the

highest soil moisture and on Auena survival at the lowest soil moisture.

2

0

2
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In contrast, the suwival of Ausîrodanrhonia was relativeþ independent of competition or

soil moisture in the field and the glasshouse. Its gro\rü-th râte was less affected by soil moisture

than by competition. Increasing annual grass biomass strongly reducedAuslrodanthonia grou¡th

rates both in the field and glasshouse. In the fteld Austmdanthonia wâs most likeþ to flower

without competitors. There was no evidence thatAusTrodønthonia is able to out-compete annual

grasses at any moisture level, although its rate of suwival at low soil moisture was highet than

th,at of Auena.Lasrly, Enneapogon did not appe r to be strongly affected by competition or slope

position. It occurs at the site naturah in low abundance, mostly in lowet slope positions. No

obvious cause wâs apparent fot its high mortality. As a Co species Enneaþogon may only establish

successfirlly during seasons with high sufiìrner rain, which did not occur during the experimental

period.

These results agree with the initial predictions of the competitive advantage of annual grasses

at higher levels of soil moisture avarlabthty and with other studies (\[elgoza et al. 1'990; Dyer &

Rice 1999). They also colìcur with studies that propose a cortelation between relative

performance in monoculture and relative petformance in competition at patticular tesoutce levels

(Austin 1982; Navas et a/.2002; Groves et a/. 2003). Furthermore, they provide details of

competitive interactions time and competitor level and in different envitonmental conditions and

thus allow predictions of competitive outcomes over a wide spatiotempotal scale.

The effect of competition depended strongly on resource supply and resource uptake rates, 2s

proposed by Huston (1994). Whether in competition or not, Aaena took up significantly more

water and has significantly higher growth rates than Auslrodanthonia at high soil moistute, while at

lower soil moistures there are little differences in growth rates and watet use for both species.

Thus, the effects of the presence of competitors were largest when the diffetences between

growth ntes andf or resource uptake of the competing species were largest, i.e. at the highest

resource availability level in the glasshouse and the winter/spring seasons in the field.

However, at low resource availability this trend did not continue. The dztz suggest that

AustrodanTltoniahas a competitive advantage over Auena in terms of surr.ival at low resource

availability, as found in other petentialf annual grass comparjsons (Flamilton et al. 7999). Tbts,

howevef, is not reflected by relative higher gro\rvth tates or lower watet use of AustrodanThonia

compared to Auena in the glasshouse. Similarþ, in the driet year Q002) in the fteld Ausrrodønthoniø

did not have higher growth râtes per D\X/ competitor than in the wettet year. Its higher survival

rate lmày be due to physiolo glczl cltancters other than growth rate ot u/âter use. This requires

further investigation of other physiologic al characters important in competitive interactions in

addition to tesoutce uptake and use.
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Overall, the intetannual variability in soil moisture €ig*t" 6.1)and the spatial soil

moisture variability had similar effects on competitive interacions. Attstrodanfltonia growth tates

and growth râtes per DW competitor were similar in the drought year 2002 and the zvera'ge

lztnfall ye r 2007,while the growth lzLte of Auena in the lowest slope position was twice as high in

2007 than 2002.The glasshouse results suggest that the drier conditions in 2002 should have led

to a decrease in the competitive effect of Auena on Aøstrodanlhonia. However, there are no clear

differences between the years in the growth rz;te of Auslrodanthonia @igute 6.4b; Figute 6.5b). If

anything, the competitive effect on the growth rate was actually stronger duringJuly to

September of 2002 tlran of 2001 (Fþre 6.4b). This unexpected tesult may be due to

experimental conditions (newly established plants after a disturbance ln 200L versus well

established plants tn 2002) or othet processes or resources that affected the competitive

interactions, such as changes in nutrient dynamics.

The ovetall outcome of any competitive interactions between the annual and perennial

grasses investigated here will depend not only on soil moistute, but also on the initial density of

the two groups and on the time spent in competition. ,\t high soil moisture levels in the

glasshouse the highest density ratio of 2:1. Au¡lrodanthonia: Aaena test;dted tn Austrodanlhonia arrd

Aaena gaining 
^Í'L ^verarge 

of 3.6 g and 1.0.7 g respectiveþ over â shared growing seâson. Thus, the

overalT Austrodanthonia: Auena rzrjo will have to be considetably higher before an Aastrodanlbonia

population can outgrow anAuena population during a shared growing seasort experiencing high

rainfall. These high ratios of perennial to annual grâsses tend to be found at sites teceiving the

least soil moistute after øinfall (Chapter 3). At these sites Aaena does poorþ, independent of

competition , and Aastrodanrhonia or othet perennial grasses are more Iikely to temain dominant.

In sites with high ratios of annual to perennial grâsses Aastrodanthoniats unlikely to outgrou/

Auena at any soil moisture level during a shared growing seâson. Even half the ambient density of

annual grâsses still had more or less the same competitive effect o¡Aasîrodanthonia than the total

ambient density of annual grasses.

Concløsion

The results of this study are consistent with the mechanistic and stochastic theories of

competition and invasion, in which the intensity and importance of competitive interactions or

the occurrence of invasion are related to resource dynamics and species-specific physiological

factors such as resource uptake and use (Austin 1982; Huston & DeAngelis 1994; Davts et a/.

2000; Navas eT al. 2002; Groves et a/. 2003). \)7hile the results indicate an increase in absolute

competitive intensity at higher productivity as suggested by Grime (1'979), the relative

competitive effect on Austrodanthonia per unit competitor of annual grasses is similat across

seasons and areas with differerìt resource dynamics. I suggest that the increasing competitive
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effect of Aaena on Aøstrodantbonia at higher ptoductivity is due to the latger diffetence in

resource uptâke rates and growth rates between the species :ralher than any difference in

productivity. Compared to the performance of Aastrodanlhonia the performa¡ce of Aaena sl.rongly

increases in ateas receiving/retaining the most soil moistute after tatnfall,. Thus, even though the

competitive effect per unit annual grass is similat in all ateas, the absolute amourì.t of annual

grasses and thus their absolute competitive effect ot Aastrodanthonia is higher in areas

rcceiv'tng/tetaining the most soil moisture after ntnfallthan in areas teceiving/rctanng the least

soil moisture after ninfall.

While the factots that controlled the initial invasion of annual grasses into perennial

grasslands in the mid-north are unknown, any future invasions in now ungrazed systems ate likely

to be driven by these competitive interactions and by resource dynamics, as suggested by Davis

(2000). The relativeþ low water uptake and growth râtes by the dominant perennial grass species

in this system (Chapter 5) could result in surplus soil moistute during periods of high ra:nfalJ,,

especiaþ in areas receiving rufl-on, and thus ptovide opporhmities for annual grasses to invade

without other factots, such as disturbance ot nutrient addition.
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Figures
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Figure 6.1: Mean volumetric soil moisture t SE (n = 8) at different slope positions (base; middle; top) during the

experimental period. Data summarised from Chapter 3,
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7. Summ^ry and Conclusions

Grasslands in the mid-north of South Australia

The species composition of remnant grassland in the mid-north of South Australia rânges

ftom ateas dominated by native petennial grâsses, graminoids and some hetbaceous species to

areas consisting entirely of exotic annual grâsses and some exotic annual dicots. Large differences

in species composition and abundances occur within and betweefl remnants. My tesults confitm

that underlying large-scale and small-scale heterogeneity in belowground resource availability is an

importaflt fzctor associated with this patchiness in plant species composition. The recruitment

and growth of invasive annual grâsses respond strongly to soil moisture avztlabthty and my results

suggest tbzt n:tnfall on a large scale and soil moisture distdbution on a small scale are the main

driving variables of annual grass recruitment, growth and competitive interacdons with perennial

grasses. I found no clear envitonmental variables that ddve the recruitment and gtowth of

perennial grâsses. They are negatively associated with annual grasses and experience strong

competition by annual grasses.

Soil moisture - a driving variable of annual and perennial grass abundance?

Surveys showed the abundance of annual gtasses was strongly positiveþ correlated with

rainfall and soil moisture received/retained after :i.:ainfalT, while the abundance of perennial

grasses, on the other hand, tended to be negatively cortelated with soil moisture, rainfall or othet

factors denoting lower productivity. Sevetal exper-iments indicated the ptocesses undetlying these

results. Firstly, the recruitment of annual exotics in the field is limited by soil moisture or by

propagules, wh-ile recnritrnent of perennial grasses in the field appears uncofiìmon. Under

controlled condidons the common perennial grass AaslrodanThonia caetpiTosa required high soil

moisture to germinate and establish in high numbets. Secondly, the gtowth tates, long-tem u/ater

uptake and water use efficiency of the dominant annual grass Auena børbata exceeded those of

commofl perennial grasses at high soil moistute. At low soil moistute Aaena had similar growth

rates to perennial grasses. No clear differences in water use were evident at low soil moisture

between Aaena a¡d Auslrodanlhonia, except fot a highet tate of survival at low soil moisture in

Au stro dantho nia thzn Aue n a.

Overall, thete was little evidence of any combination of factots atwhich Au¡trodanthonia or

otlrer perennial grasses have an absolute competitive advantage ovet Auena or other annual

grasses, with the excepd.on of highet surwivorship at low resource availability in the glasshouse.

Consequently, exodc annuzlgrasses had a sttong competitive effect onAastrodanthonia in terms

of survival, growth and possibly recruitment, as found in other grasslands (Harris 7967;F{atris &
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\Wilson 1970; Melgoza. et al.7990; Claassen & Marler 1998; Dyer & Rice 1999; Hamilton et

a/. 7999; I(olb ¿l a/.2002). AusrrodanThonia appeared particularþ vulnerable to competition by

Auena at the seedling stage, since competitive effects v/ere apparent at both low and high wâter

availability and prior to and after an imposed drought. Established Austrodanthonia plants were

less vulnerable in terms of survival at afly wâter availability. However, when gtowth tate was

measured as a response variable, the competitive effect of Auena on Austrodantbonia increased

with soil moisture. This increase was due to the increased biomass of annual grasses not changes

in the competitive effect pet unit biomass of annual grasses.

Overall, while soil moisture may drive annual gtass abundance, annual grass abundance

appears to drive perennial grass abundance. It is thus unlikeþ that unstocked grasslands in the

mid-north of South Australia would retum to a dominance by native perennial grâsses in avetage

climatic condid.ons and without acdve manâgement of annual grâsses. Whether annual gtass

abundances in remnant sites stabilise or further increase will depend on climatic condidons as

well as the demographic dynamics of the perennial grasses. The lack of knowledge of petennial

grass demography in this system thwarts long-term ptedictions.

Assumptions and caveats

In addition to the strong effect of soil moisture on annual grâsses thete wete avaieLy of site-

specific and species-specific responses in the survey and the monitoring study. rùØhile it would

have been preferable to run experimental tdals at several sites, the survey and monitoring tesults

of several sites agree with the expetimental results of the strong response of annual grâsses to

below-ground resource availability and their stÍong competitive effect on perennial gtasses. Due

to the lack of knowledge of the vegetadon prior to European settlement and site-specific

management, the causes for most of the site-specific responses ate unlikely to be tesolved. Thus,

when extrapolating these results to otfrer species, sites or past and futute processes in grasslands,

the following three issues need to be considered: Firstly, the conclusion that below-ground

resource availability for annual grass invasion is more important than biotic factors such as

grazingand other changes intoduced since European settlement relies on the assumption that

moisture and nutrìent dynamics have not been altered by long-term grazing or by annual grasses

themselves. It is possible, for example, that grazrng may have change belowground tesource

avatlablrtt¡ through changes in cryptogams. Visually, cryptogam communities diffet between

areas, with lichen dominating perennial grass âreas, and mosses dominating annual grass areas.

Gnzingby hard-hoofed animals can destroy, change or create cryptogamic crusts (Andrew &

Lange 1986; Hiernatx et a/. 1.99|' Eldridge er al. 2000).In other systems these crusts affect soil

moisture dynamics; either decreasing ot increasing infilttatiori rates depending on crust type and

system peFalco et al. 2007; Maestre et al.2002) ot incteasing nutrient avatlabitty peFalco et al.
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2001). Changes in crusts produced by grazng could thus affect soil moisture ot nutrìent

availability and thus annual grass invasion. To my knowledge no published information exists on

lichen crusts in the mid-noth of South Âusftalia. Experimental itrigation indicated that lichen-

dominated areas had lower infiltration rates thari moss-dominated areas þers. obs., 2000-2002),

however experimental evidence is needed to establish furthet cause-effect relationships or

feedbacks.

Secondly, only few species were studied in detail and intetactions only between two taxa, as

opposed avanety of species intetacting. Care needs to be taken when exttapolating to other

species. Vlhile Aaena is the dominant exodc annual grâss ât this site and in othet grasslands in the

area S.obertson 1998, Chapter 3), thete is a wide range of othet nadve perennial grasses in the

^rea. 
as well as other graminoids and dicots. I chose to study mainly Ausrrodanthonia due to its high

abundance (R-obertson 1998, Chapter 3) and comparadvely high gtowth rate (Chapter 5). \X/hile

there may be differences in the reladve competitive effect of other annual grâsses on other nadve

perennial grasses, there is no evidence to suggest that other native perennial grasses in this area

are able to outcompete annual grasses at high resource avalJ:abthty. Only annual grass abundance

tends to be positively associated with high tanfall and soil moisture, independent of ptevious

malr.agement history (Chaptet 3). Furthermote, perennial grass abundance was strongly negatively

correlated with annual grass abundance within and between most other sites. This suggests that

competitive effects of annual grâsses on petennial grasses occur between sevetal species a¡d at

most sites.

Thirdly, while soil moisture avatlal;dtty is cleatþ an important vadable driving the invasion of

annual grasses in this system the results do not indicate whether the resoutce responsible is

moistute or nutrients. Soil moisture and nutrient avatlabitty are often positively related

(À4arschner 1995) and the two factors cannot be readily sepatated in the field. Even the

glasshouse experiments may have confounded soil moisture with nutrient availability, since

nutrient release in slow-release fet 'liset depends on soil moisture (Dawson &,\kratanakul (1973)

in ICng & Balogh 2000). Nutrient availabiJity alone can drive competitive interacdons between

annual and perennial grasses (\4uller & Garnier 1990; Claassen & Marler 1998; Hoopes & Hall

2002;I{oIb et a/.2002; Groves et al. 2003) and lowering nutrient availabiìity can teverse the

invasion of annual grasses in unstocked grassland (Paschke et a/. 2000).I chose to monitor soil

moisture in this project since it could be monitoted at a larger scale and at a much lower cost

than nutrient availability. \7hich resource is more important in the initial stages of invasion or in

the potential re-invasion of perennial grasses remains to be investigated. For the pu{pose of the

remaining discussion I will refer to belowground tesoutce availability.
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The ability of invasion theories to explain the invasion of the mid-north

grasslands of South Austtalia by annual grasses

The woddwide invasion of perennial grasslands by annual grasses and the inherent

spatiotemporal resource availability of grasslands make them an pedect candidate for testing

predictions of invasion theories. \Øhile this thesis did not set out to test various invasion theories

in one system or ofle invasion theory in several systems, it aimed to explore the overall

predictions of invasion theories in the grasslands of the mid-north of South Australia.

EquiJibdum theories predict that plant invaders share certain characters such as high growth rates

and reproducdve ouq)ut, ot that invaded systems share chatacters such as low diversity, high

productivity and high frequency or intensity of disturbance. The non-equilibrium theories, on the

other hand, stress the importance of environmental fluctuations and stochastic events. The

fluctuating resource availability theory (Davis er al. 2000) broadly predicts that when ptopagules

of a species âre present and the habitat is suitable, (1) systems that experience resource

fluctuadons are more likely to be invaded than systems with stable resource levels; (2) systems are

more likely to be invaded aftet an abrupt change (due to, for example, distutbance, disease or

pest outbreak) in the rate of supply of a limiting resource due to increased influx or decteased

uptâke by present vegetadon; (3) invasibility increases with the interval between an increase in

resource supply and capture ofresources by presentvegetaíon.

The predictions of the latter theory wotked well for the introduced annual grâsses. Assuming

that incteased recruitment, growth, biomass, likelihood of flowering and survival all contribute to

a large-scale invasion (signifrcant increase in abundance of a species previously at low abundance

or absent), then higher annual grass biomass and growth was associâted with areas that

experienced both higher soil moisture fluctuations (even though the zverage was the same in

most cases) and higher resource supply (mote soil moisture after rainfall). The third prediction

was not tested for directly. However, competition by petennial grasses (removing perennial

grasses by ctipping in the tecruitment experiment or adding a perennial grass in the field

competition experiment) had no effect on annual grass recruitment ot biomass. In addition, the

perennial grâsses tested had relative low water uptake and growth rates. This suggests that

immediate water uptake by perennial plants is low and slow, increasing the interval between soil

moistute supply and water depletion.

However, the results are also consistent with equilibrium-theories. Annual grasses shate some

of Baker's characters of invaders (Baker 1965) such as quick gtowth, earþ flowering and high

competitive ability. In addition annual grâsses recruited better when resource availability was

increased by irrigation, although clipping (a disturbance) did not affect their recruitment.
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All predictions worked less well for the nâdve petennial grasses. Austrodanthonia also

shares several chatacters of invasive plants, such as being a plastic perennial, being able to

reproduce vegetatively and being able to germinate in a wide tange of condidons. In addition, the

areal attempted to invade with perennial grasses was of higher productivity than other areas and

it contained adult perennial grasses, suggesting it was suitable fot tecruitment in the past.

Moreover, I increased resource avatlabthty by decreasing resource use (clipping) and incteasing

resource supply (irrigation) as well as added viable seed. Nevertheless I was not able to trigger an

invasion in areas dominated by annual grasses. Two explanations are possible. Fitstly, the

environment dominated by annual grâsses mây not be suitable to perennial grasses anymore.

Annual grâsses in the system modi$r abovegtound and belowground tesoutce availability and

condidons through growth and litter production Q-enz et a/.2003). This may potentially linit

sexual recruitment of perennial grasses, independent of the biotic effects of annual gtasses. In

general, if an introduced species limits future recnritment of nadve species by irreversible habitat

modification, the fluctuating resource availability theory would ptedict a low likelihood of re-

invasion by native species. \X/hethet recruitment of perennial grasses is natutally r^re ot only rare

in areas dominated by annual grasses remains to be investigated. Over sevetal field seasons I did

not observe any significant recruitment by perennial grasses 
^t ^fly 

field site. Secondly, it is

possible that the addition of resources and the dectease in resource uptake were not sufficient to

allow perennial grass recruitment during the 6-month experìmental period. Howevet, if the

invading species requires extreme resource and habitat modification fot a long time, its likelihood

of recruitment decreases shalply. Even though the habitat may still be suitable for adult plants

and seeds are present, the recruitment of the species is not ptomoted by resource fluctuadons or

additional supply. This suggests that species identity is still an important factor in the invasion

process, regardless of whether a particular habitat is suitable for a species. A species with a

demography driven by high recruitment and fast gtowth Q.e. rudetal strategy) will react differently

to resource availability than a species with a demography driven by low growth tates, longevity

and high stress tolerance (i.e. stress toletating strategy). \)7hile species of both extremes of these

strategies can become invadets (ÌrTewsome & Noble 1986), the mechanisms of these invasions

may be quite different. I am not âu/are of any studies that have set out to compare different

mechanisms of invasion for plants with different life histoly strategies. This maybe a fuixtful area

for further research for both ecological theory and management/risk assessment applications.

Implications for management of temperate grasslands in the mid-noth

Ovetall, tlrete was no evidence of any combination of factors atwhich Auslrodanlhonia or

othet perennial grasses have an absolute competitive advantage ovet Auena or other annual

grâsses. Thus, it is unlikely that grasslands in this system would retum to a dominance by
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perennial grasses in avetage climatic condidons and without acdve management of annual

grasses. lWhether annual grass abundances stabilise or further increase will depend on climatic

condidons as well as the demographic dynamics of the perennial grâsses. Active management is

necessary to stop further competitive exclusion of established perennial gtasses and presumably

other nadves in unstocked systems. Annual grasses must be managed, using selective herbicides,

slashing, or pulse grazing (Davies 7997), not only to reduce theit competitive effect on perennial

grasses but also to decrease their effect on ovetall diversity and to decrease the positive feedback

they appear to have on their own abundance I,enz et a|.2003).

The management system must be opportunistic in order to be able to adapt to local climatic

condidons, events and particularþ current plant species composition. At orie extreme it would be

necessâry to increase the performance of established perennial grasses in areas whete annual

grasses arc zheady highly abundant, and on the other extreme to prevent large increases in annual

grass abundance in areas whete annual grass abundance is still low. Yeats where soil moisture

during the shared growing season (April to October) is often at field czpacity ate high pdority

yeats for actively decteasing annual gtass abundance in all areas. In years whete soil moistute is

nrely at field capacity during the shared growing season, areas high in annual grass abundance

remain a priodty, while areas that have low annual grass abund^Ítce 
^te 

unlikely to be invaded

further. The rare years where soil moisture is high during the perennial-gtass-only growing season

Q.Jovembet -March) may be especiaþ advartageous to perennial grasses. '\ management system

that is based on a flow-chart type progress would be more suitable than the fixed management

plan currently in place ât most sites (set stocking fot grazrng/destocking for consewation).

Conclusions

The results suggest that belowground resource availability is the main factor controlling the

invasion of annual grasses, but less important to perennial grasses in unstocked grasslands with

the exception of its interaction with the strong competitive effects by annual grasses on perennial

grasses. Similarþ, various predictions of non-equilibrium and equilibrium based invasion theories

fitted the behaviour of annual grasses, but to a lesser degree the perennial grasses.

Out of necessity these conclusions are based on studies and expetiments of two growing

seasons or less and hence are tentadve. lWhile this approach is suitable for annual grasses, it

proved highly unsadsfactorily fot the petennial grasses. The population dynamics of petennial

grasses are presumably based on longer periods, although to what degtee is unknown. For

example, it rnay be possible that significant sexual recruitment only occurs in the rate years of

high summet t:rinfall. On the other hand, changes in mycorrhizal acivity and lichen crusts may

have led to long-term or even irrevetsible changes in resource dynamics. The perennial grasses
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present may simply be persisting in an environmeflt that has changed dramatically and

thus no obvious correlations between envitonmental factors and perennial grass abundance exist.

Wide fluctuation in resources that control dominant species will tesult in similat fluctuadons

in the abundance of these species and their interacdons with othet species. Similarþ, the

abundance of species it is not always controlled by the average resource levels, but in this case, by

the maximum resource levels. I(nowledge of resource dynamics and how different species

respond to these dynamics is vital fot an understanding of a system where resources fluctuate

widely or â system in which variables other than 
^vera'ge 

levels regulate abundances. Resoutce

dynamics are also paticulatþ important in understanding plant invasions. It will only be possible

to formulate targeted management plans that are suitable to dynamic systems if we undetstand

the mechanisms of an invasion and the dynamics behind the factors regulating the mechanisms.
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8. Appendix I: Pilot study of correlations between

environmental factors and gtass abundances

Introduction

Casual observadons suggest that gtasslands in the South Ausftalian mid-north with high

nadve perennial grass abundance tend to be restricted to steep hill slopes and poot soils. These

patteffis suggest that native grasses perform telatively bettet ot invasive grâsses worse in these

environments. However, these sites are simply not suited to agticultural cultivation. In addition,

the past and current management of the sites such as grazing, fertiliset addition and delibetate

and species introduction further confounds species-envitonment coteladons.

The invasion of exod,c annual grâsses in temperate grasslands of South Australia, on tfre othet

hand, is ubiquitous. Auena barbata is present at most, if not all sites and varìous Bromø¡ spp. and

Vuþia spp. are frequently found S.obettson 1998, Chapter 3). Hyde (1995) suggests that annual

gtass invasion is mote ftequent on sites with higher rz;infall. (p.33), deepet soils þ.33, 42) or

alkaline, dry soils (p. 20). Also, sheep camps at higher elevadon and ridges, where soils ate

generally shallow may be associated with high abundance of annual grasses and othet exodc

weeds (FIyd. et a/. 2000, p. 26).

While vadous surveys have studied the floristic composition of grassland temnants in the

mid-North of South Australia (Hyde 1995; Robettson 1998), to my knowledge no quantified

published information exists on the corelation of nadve petennial grasses and exodc annual

grasses with abiotic factors such as ratnfalJ, textute and nutrient avatlabthty. Flowevet, the

observations suggested coreladons of grass abundance with factots involved in soil productivity.

The following study wâs â pilot study fot the study in Chapter 3. I aimed to establish whethet

corelations between envitonmental factors determining soil moisture and nutrient availability

existed and to assess the method I had planned to use fot measuring the abundance of the

different grass types.

Methods

I catried out the study at the Bura site (see Chapter 4 for a description) 24-27 July 2000. I

read five plots on the first afternoon. It rained heavily that night confounding the soil moisture

readings for the remaining quadrats 2 days later. In total I selected ten 0.5 m x 0.5 m quadtats at a

random clitection and distance from the centre of fout ateas along the slope (low, mid-low, mid-

high and high slope position). In each quadrat I tecorded the percentage frequency of petennial

and annual grasses by subdividing the quadrat into 25 0.1m x 0.1 m subquadrats and tecotding
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the percentage of subquadtats the species was rooted in. Because no inflotescences were

present, perennial grasses could only be identified to genus and annual grasses not ât all (mainly

Auena barbata at this site, Chaptet 3). If the quadrat was located on a slope, I recorded its slope

(maximum difference in elevation within the quadtat) and noted its mictotopogtaphy in

comparison to its surroundings within 1 m (owet ot higher than sutrounditgt). I also collected

up to three soil samples in each quadrat using a 6 cm diameter auger, one at 0-5 cm depth, and if
possible one at 1,5-20 cm and one ât 30-35 cm depth, each in a different randomly selected

subquadrat. To estimate soil depth I continued augedng in the deepest of these until the auger hit

alarge solid rock surface or reached a depth of 40 cm. Soil depth mote than 40 cm was arbitrarily

assþed as 45 cm.

I determined gtavimetric soil moistute conterit of soil samples (dtyitg at 80 oC to constant

-eghÐ and esdmated soil texture by sieving the soil samples from 0-5 cm and of 30-35 cm depth

tlrrough sieves of varying diameter (2000, 1000, 500, 250,725,63 pm) and recotding the ftaction

left in each sieve. Fot statistical analysis, texture was divided into ftactions larget than 250 pm,

representing coarser pardcles, and smaller thar' 250 pm, representing finer or clay particles.

For the MANOVAs and ANOVAs on o/o frequencies and gtavimetric soil moisture I tested

all.data distributions fornormality (Shapiro-$TilkW,JMP 3.1,.4) andhomoscedasticity @town-

Forsythe, JMP 3.1.4) at P ( 0.05. The 7o frequency data conformed to assumpdons of notmality

in the majonty of distdbutions and to the assumption of homoscedasticity. The soil moistute

data did not conform to the assumption of homoscedasticity and I used a \Welch ANOVA,

followed by non-patamettic Tukey-type multiple comparì.son tests (Zar 1984).

Results and Discussion

Sunel design

Most environmental and vegetation variables measuted showed significant corelations with

each other (Table 8.1). Results confumed a negadve coreladon between annual gtass abundance

and the abundance of the most common petennial gtasses, Aastrosrþa spp. at a 0.5 m x 0.5 m

scale, which was the minimum scale I subsequently used in all other srrveys and expedments.

The strongest coreladons were negadve cottelations between annual grass 7o frequency and

Austrostþa spp. % frequency €rgnt. 8.7a), a negative coreladon of annual grâsses with soil

paticles larger tha¡ 250 pm and a positive corelad.on of AustrosTþawith soil paticles latger than

250 ¡tm Ë€ot. 8.7b) Austrodanthonia spp. were tecorded only in low numbets and did not show

any corelations with othet variables.
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The lack of significant correlations between variables lhat appeared visually obviously

conelated (such as annuzlgrass abundance and slope position) indicated that percentage

ftequency wâs not a suitable measure fot annual grasses and their corteladons to environmental

vadables. The presence of annual gtass in a 10 cm x 10 cm subquadrat can indicate both a high

and a low density, and there were visually large density and biomass differences within a 700o/o

ftequency. I thus decided to harvest annual gtass aboveground biomass for any furthet surveys.

Howeveï, even with improved resolution of estimating annual gtass abundance, there is also

cleady a need for increased replication to include futthet species and to determine telationships

âcross ranges of abundances and vadables.

For perennial grasses, on the other hand, 7o frequency on this scale appeated to be an

appropriate measure of abundance, since their obsewed range in density at this site was much

lower. In addition,landholdets or stakeholdets were averse to the destrucdve sampling of

petennial grasses.
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% Soil

moisture 15-20 cm

30-35 cm

Table 8.1: Correlations between environmental factors and species abundances at the Burra site in July 2000

(Spearman'sp;finetextures=coarsetexturesx(-1)),nsP>0,10;+P<0,'10;'P<0.05;"P<0.0'l;"'P<0,000'1,

Grass abundance and soi/ moislure

While the soil moisture at 1.5-20 cm depth showed a significant correladon with annual grass

frequency, this was due to the confounding effect of rain between the fitst and second half of the

readings. Initially, soil moisture was highest in the top soil layer than further down, but on the

second survey day hear,y rain had wetted all layers measured equally (Iable 8.2). To take into

account the confounding effect of rzin,I included survey day into the MANOVA and the
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subsequent r{,NOVAs of the corelad,on of soil moisture with annual gtasses and

Aastrostþa at different depths (Iable 8.3). Day, but not soil moistute at 0-5 cm had a significant

coneladon with both annual grasses and AusTroúþa spp.. This suggests that the coreladons

between moisture and grass frequency resulted from different gtass abundance being recorded on

days with different soil moisture. I thus decided to exclude soil moisture as a response variable in

the larger survey, but include further variables that ddve soil moisture, such as topogtaphical

varìables, tainfal-J and othet edaphic vadables. A regulat and longer-term monitoring of soil

moisture was required to determine the corelations between this variable and gtass abundance.

Day 0'5 cm 15-20 cm 30-35 cm

I

2

20.94 t 1.80.

21.51 t 0.53.

11.88 + 0,98b

18.69 r 1.54,

11.53 r 10.63b

17.20 x12.22ab

Table 8.2: % gravimetric soil moisture (mean + SE, n = 5) with depth and day in July 2000 at the Burra site,

Different letters denote significant differences at cr = 0.05 (Welch ANOVA, Tukey{ype multiple comparison test)

Source Test F Numerator DF Denominator DF P-value

(a) 0-5 cm depth Whole Model

Soil moisture

Day

Day * soil moisture

1$20 cm depth Whole Model

Soil moisture

Day

Day 
" 

soil moisture

3G35 cm depth Whole Model

Soil moisture

Day

Day ' soil moisture

Wilks'À

F Test

F Test

F TeSt

Wilks'À

F Test

F Test

F Test

Wilks'À

F Test

F Test

F Test

1.80

'1.49

6.41

1.64

1.03

0.30

0.81

0.14

1.07

1.23

0.39

0.44

6

2

2

2

6

2

2

2

6

2

2

2

.10

5

5

5

10

5

5

5

10

5

5

5

0.20

0.31

0.04

0.28

0.46

0.75

0.50

0.87

0.44

0.37

0.69

0.67

(b) Annualgrasses Whole Model

Soil moisture

Day

Day * soil moisture

Ausfrosfrpa spp. Whole Model

Soil moisture

Day

DaV ' soil moisture

F Test

F Test

F ïest

F Test

F Test

F Test

F Test

F Test

4.98

2.30

13.81

3.43

2.17

2.51

6.02

1.69

0.046

0.1 B

0.01

0.11

0.1 9

0.1 6

0.M95

0.24

6

6

6

o

o

6

6

b

?

I

I

I

?

I

I

1

Table 8.3: (a) Correlation of soil moisture at different depths and measuring day (ldentity MANOVAS); (b)

corelat¡ons of soil moisture at 0-5 cm and measuring day on the frequency of annual grasses and Ausfrosf,pa

spp, (ANOVAS).
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9. Appendix II: Pilot study on the existence of resource

islands at a gr^ssland in the South Australian mid-north

Introduction

Reseatch in arid, semi-add grasslands and sub-ttopical gtassland has indicated that petennial

tussock grasses often fotm so called 'resource islands' by accumulating total and mineralizable

soil N and total and respirable organic C, resulting in highet resource levels than the soils in

adjacent openings (Hook et a/.1997; Vinton & Burke 1995; Bennett & Adams 1999). The

pÍesence of these resource islands often has facilitative effects on othet species, especially in the

case of resource islands under shtubs and ttees in arid systems @ugnaite et a|.1,996; Facelli &

Brock 2000). Grasses may petform a similat facilitative role (l\4aestte et a/. 2001). Thus, both in

terms of understanding resource heterogenei|y ar-.d species intetacdons, it is vital to detetmine

whether resource islands are present in grasslands that have not pteviously been investigated for

resource levels. Results of such â study will aid in directing tesearch into the apptopdate avenues.

This pilot study aimed to assess levels soil otganic catbon and moisture in a grassland in the mid-

north of South Australia and to detetmine sees whether heterogeneity in these levels corelates

with types of vegetadon.

Methods

The study was carried out in a grassland 1 km north of Bura, South Austtalia (see Chapter 4

for description). In May 2000 I placed three transects in each of two slope positions, one at the

very base of the slope in an ^re dominated by exotic annuals, and one towards the top of the

slope in 
^n ^te dominated by native petennial gtâsses with open interstiúal spâces. The üansects

were placed along the slope 5 m apart. Along each ftansect I located five points every 30 cm,

starting from a random point along the ftansect. At each point I noted the type of vegetation

present (annual, none, perennial) and took a soil sample at 0-5 cm depth. I removed litter, tocks

and vegetation from each sample, stoted them in aittight sealed containets fot transport ând

analysed them for organic carbon using the Walkley & Black titration method (Allison 1965) and

gtavimetric s oil moisture.

I tested the data distributions of soil organic carbon and soil moisture by vegetation type for

notmality (Shapiro-I7ilk \ø, JMP 3.7.4) ar'd homoscedasticity (Btown-Fotsythe, JMP 3.1.4) at P (

0.05. All data distdbudons conformed to the assumptions of normality, howevet the organic

carbon distributions did not conform to assumptions of homoscedasticity. I thus analysed the
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organic carbon distribution using a \)Øelch ÀNOVÀ and a Tukey-type multiple

compadson test with unequal sample sizes (Zar 1984,p.200).

Results

Results confirmed that the slope positions cleady differed in vegetation types, with annual

grasses dominating all of the sample sites in the lower slope position and perennial grasses with

interstitial spaces in various combinations dominating the uppet slope position (Table 9.1).

Bottom of slope Top of slope

Vegetation type Transect 1 Transect 2 Transect 3 Transect 1 Transect 2 Transect 3

0

60

40

Annual weeds

Perennial grasses

Open space

100

0

0

100

0

0

100

0

0

0 0

20

80

40

60

Table 9,1: Vegetation types (%, n =5) by slope position and transect at the fleld site

Organic carbon levels varìed between 1,.5-2.5 o/o and gravimetric soil moisture levels varied

between 8-1.0o/o. While thete was no significant diffetence between soil moistute with vegetation

€rgor" 9.7a;Table 9.2a), organic catbon levels showed high vatiation, both between the

vegetation types and within annual vegetation itself (Figute 9.1b; Table 9.2b). Average organic

carbon levels were 2%o tn the annual vegetation (or lower slope position) compared to 7.6o/o

under perennial grâsses and 7.Bo/o in ateas whete no vegetatrofl was present.

Source DF SS F P-value ¡2

(a) Soil moisture (o/d Model

Error

Total

2 1.17 0.52

30.33

31.50

0.60 0.04

27

29

Numerator DF Denominator DF F P-value

(b) Organic carbon (70) 2 13.06 6.40 0.0'1

Table 9.2: (a) Conelations of vegetation type with (a) % gravimetric soil moisture (ANOVA) and (b) % organic

carbon at 0-5 cm depth (Welch ANOVA) in May 2002 at a grassland in the South Australian mid-nofth.

Resoutce islands undet petennial grasses in othet systems have atound20-25o/o more catbon

(total or organic) than adiacent open ateas ffinton & Butke 1995; Bennett & Adams 1999).

\When just compadng the otganic catbon levels under petennial grasses and in the open using a

standard ANOVA with the standard errors and numbets of the data distribution here, thete

would have been sufficient power powet > 0.95) to detect a minimum effect size (difference

between the means) of 0.1.9o/o organic carbon or more at a. = 0.05 (Table 9.3). This conesponds

to a difference of cttca 13o/o between organic carbon levels under petennial grasses and in the
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open. This suggests that the sampling procedute should have resulted in sufficient power

to find a diffetence of 20-25o/o easily.

o Effect size

17

O( n Power

Table 9,3: Power of ANOVAs between means of organic carbon levels underneath perennial grasses and in the

open, given different effect sizes (differences between the means).

Discussion

There was flo evidence that petennial gtasses at the Butta field site are associated with

resource islands. tü/hile the survey does not estabüsh afly câuse-effect relationships, thete is a

clear association of annual grâsses with highet otganic catbon levels on one hand, and petennial

grasses with lower organic catbon levels on the other. Furthertnote the variances of the

distributions of soil otganic carbon undet the different vegetation types were unequal. The data

suggest that there is actually mote vadadon among soil organic carbon under annual grasses tlan

undet perennial grasses.

There are several explanations for the lack of evidence fot tesource islands. Firstly, resoutce

islands may exist for other resources than organic catbon or soil moistute ot fot theit more labile

fractions (y'inton & Burke 1995). Secondly, resource islands may have existed ovet the whole site

prior to European settlement, but have since disappeared with maflagement and not re-

established since gtazing ceased. Resoutce islands may take decades to establish @urke et al.

1998), but can disintegtate within 36 months after the death of the individual plant (I(elly &

Burke 1997). Moreover resource islands can be teduced or eliminated by the invasion of annual

glasses S/inton & Burke 1995). Thirdly, substantial resource islands may never have existed in

this system in the fust place or may only be very small and of little diffetence to the surounding

vegetadon. The grasses in this system may be too short lived to create resource islands.

ì7hile experimental manipulations ate flecessary to estabüsh cleat cause-effect teladonships, a

more extensive survey in further areas (Chaptet 3) has confumed that petennial grasses are

generally associated with lowet resource levels than annual grasses and thete was rlo indication

(such as increased variadon in resources) that resource islands exist in perennial gtass dominated

sites for any of the measuted variables, regatdless of time since gtazing or other management.

On the other hand, I had riot expected to see a highet vadadon in tesource levels in the area

dominated by annual grasses since the abovegtound vegetation in this area is fairly homogenous.

A further possible explanadon fot this tesult is that nadve perennial grasses m^y cre^te
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substantial resource islands only when they ate able to grow to alarge size. This tequfues

higher levels of productivity than curently found at sites whete perennial grasses still dominate

as well as long life spans. Sites with higher ptoductivity tend to be ¿ssociated with high levels of

annual grass invasion. It is possible that ptiot to Euopean settlement, producdve petennial

gïasses may have dominated these more productive zteas and that the higher variation in otganic

carbon levels in these ateas is a telict from perennial vegetation in the past.

Cleady, further surveys and experimeflts are necessafy to confirm ot teject my of the above

explanations. However, since none of my teseatch carned out during this project has indicated a

possibiJity of resource islands, I believe that in this system undet the curent management regime,

resources are indeed highly heterogenous in both time and spâce, but not necessarily on the scale

of resoutce islands found around perennial grasses in other systems.
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Figure 9,1: (a) % gravimetric soil moisture (mean + SE) and (b) % soil organic carbon (raw data) at 0-5 cm depth

in different vegetation in May 2002 ata grassland in the South Australian mid-noúh. Enor bars denote 1 SE.

Letters denote significant differences at cr = 0.05 ((a) ANOVA; (b) Welch ANOVA, Tukey-type multiple

compar¡son test with unequal sample sizes).
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