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ABSTRACT

Waterlogging has been reported to reduce crop yieydup to 80 %, although the lack of a
consistent definition of waterlogging or specifiteets on plants makes it hard to accurately
ascribe crop yield losses to waterlogging relatovether abiotic stresses. After reviewing the
available literature | suggest that recording gmibfile information, topographic data,
meteorological information, plant morphological eppance and areas with visible surface
water are the most important factors for descrilbwagerlogging in the field.

An above ground plant response to waterloggingithaasily identifiable in some species is
leaf wilting. Reduced root hydraulic conductanceswavestigated as the possible cause of
leaf wilting by waterloggingGlycine maxL. and Nicotiana glutinosal. under greenhouse
conditions. During these experiments a defined secg of plant responses and adaptations
to waterlogging was established. Waterlogged sayls®wed very little change in plant
physiology or morphology implying a low sensitivitp reduced root zone soil oxygen
concentration [@]. At the other end of the waterlogging sensiti\atyale before [g) reached

10 % there was a 50 % reduction in root dry weaj. glutinosaon day 2 of waterlogging
On day 3 of waterlogging there was decreased stdroanductance and leaf water potential,
both measures indicating water deficit stress. Hamneapparent root hydraulic conductance
measured with a hydraulic conductance flow met€€KM) increased, as did petiole and leaf
hydraulic conductance. There was no evidence anabiyma formation in roots although
there was extensive breakdown of endodermal aeltke waterlogged roots. It is suggested
that root water uptake was severely impaired by libgs of cellular integrity. An implication
from this is that water uptake is primarily in regge to osmotic gradients and active water
transfer across root cell membranes rather thaesponse to the hydrostatic potential
gradient from the free water surrounding the raats the root xylem. The breakdown of root

anatomical integrity seems likely to be associatél the apparent increase in measured root



hydraulic conductance. Care should be taken inyappthe HCFM measurement technique
to root systems that are anatomically damaged.

Evidence from the literature and observations fribi@ current experiments highlight the
multiple and varied responses of different spetiewaterlogging. This apparent variation
makes the development of general plant waterlogg#sgonse models very challenging. To
address this, a framework was developed that iiesnthree stages of response by plants to
the onset of waterlogging; an initial increase ianp growth and function, followed by
decreased growth and function ag][@ecreases, and finally, a species specific atlapta
phase that places the species in a range fromyhsghisitive to highly tolerant.

Using this response framework, the generic cropwtiroand yield simulation model
SWAGMAN Destiny was modified to improve the repnasgion of waterlogging response
in common crop species with a particular focus dreat. An empirical representation of
decreased gas filled pore space by soil layerddpth of the layer, the root length and the
duration of saturated conditions were used to @esiwaterlogging stress factor. This stress
factor was then used to change the distributioroofs in the soil profile and aggregated to
provide a plant stress factor that modified carlgwaie production from the plant leaf area.
In essence, the waterlogging stress factor is ased collective representation of the above
empirical processes, and changing root hydraulieaotivity that we observed in response
to low [O,]. The simulated output yields were consistent wettperimental results and
published field trial results.

In compiling information on specific species sangit to waterlogging in field conditions it
became obvious that rigorous comparison was extyeditficult since there is a lack of
consistency around the duration and timing of wagging, the soil profile, topography and
climate. This reality means that simulation moaellithat represents the physiological

processes of waterlogging and the response pracedsplants has an important role in
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assisting understanding of a waterlogged soil @gstem. | recommend any crop model that
explicitly includes waterlogging as an abiotic sgeshould demonstrate the three stage

response as supported by outputs from SWAGMAN Desti
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1 CHAPTER1

1.1 INTRODUCTION

Approximately 12 million ha of irrigated land ingldeveloping world suffers productivity
loss due to waterlogging and salinity (Mancuso &ifthbala, 2010). Worldwide it is
estimated that one-tenth of irrigated cropland &enogged (Mancuso and Shabala, 2010)
either permanently or transiently. In 2006 to 2@Qtralian farmers spent $649 million in
the combined prevention and management of soili@rpsompaction, soil acidity and
surface waterlogging (Statistics, 2010). It is mtéar what proportion of this total was
directed at reducing the effects of waterloggifart of the difficulty in obtaining aggregate
statistics about the extent of waterlogging aneftscts is that it is poorly defined. It is most
commonly described as excess soil water in thet ptaost zone that results in a decrease In
soil oxygen flux and concentration and hence oxygegls that limit optimal root and plant
function. While this description can be underst@tod not necessarily readily observed and
this, along with many different above ground pleegponses makes reports of waterlogging
effects difficult to interpret.

This thesis systematically reviews the literaturfe ptant and root zone responses to
waterlogging, investigates the curious leaf wiltingsponse of waterloggedicotiana
glutinosalL. plants in the light of new knowledge about gouas in root cell membranes
and the effect on water uptake. Finally this th@gs@poses and implements changes to how
waterlogging is represented in a plant growth waser and yield model.

There is an inconsistency within the literaturearelgng waterlogged crops in the field (Shaw
et al, 2013). Very few papers record a comprehensiverigé®n of the soil, the plants and
the climatic conditions (Table 1 in Shaat al. (2013)). This lack of data makes it hard to
understand plant mechanisms, to compare data amck hevent or avoid waterlogging.

There are a variety of plant adaptations that odauing waterlogging, dependent upon plant
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species, plant development stage, climatic conulticsoil profile and the length of the
waterlogging event. Plant adaptations during watgying range from observed responses
such as wilting (Kramer and Jackson, 1954; Jack40h6), leaf yellowing (McDonald,
1995), root blackening and root rotting to physgital adaptations such as aerenchyma
(Armstrong, 1979; Colmer, 2003b), adventitious so@elford, 1981), within cell barriers to
radial oxygen loss (Colmeet al, 1998) and a reduction in root hydraulic conducgan
(Bramley et al, 2007). Curiously, leaf wilting occurs in some g during waterlogging.
Wilting is most commonly seen in plants that arbject to water deficit. The relationship
between leaf wilting (an easily observed abovegdowsponse) and the change in aquaporin
activity, represented by the reduction in root laydic conductance (a physiological
adaptation) has been investigated to better uratetghe mechanisms of plant adaptations
during waterlogging.

One relatively recent method of improving the diagje of yield reducing stresses, including
waterlogging, is with crop growth, water use anckldi simulation models. With
representations of the major physiological process®l environmental drivers it is possible
to both diagnose the contributing effect of varistresses retrospectively and importantly to
identify areas and conditions that will likely letmyield reduction. However, the success of
these models is highly dependent on the adequadheofprocess representations in the
simulation model. As better understanding of plphysiological processes develops, the
representation of these processes in models sHhmildhodified. One such process that
requires implementation into models is plant respoto waterlogging. Current crop models
that incorporate waterlogging stress (APSIM (Assena@l, 1998), SWAGMAN Destiny
(Meyer et al, 1996) and DRAINMOD (Skaggs, 2008)) do not inclymant physiological
adaptations that occur during waterlogging. With imgreased understanding, by reviewing

literature and performing my own experiments | haweorporated plant adaptations,



including the change in root hydraulic conductadaang waterlogging in the crop growth,
water use and yield simulation model SWAGMAN Degtiincluding biological processes
into crop models should lead to improved accurawy lbetter representations of estimated
final crop yields due to the stresses of waterloggi

To summarise the aim of my thesis, the above reBezan be divided into three sections,
comprising seven chapters:

1. An investigation into reported waterlogging in theld within Australia and the
identification of a minimum data set to benchmauteptial waterlogging areas
(Chapter 2);

2. Greenhouse experiments to understand plant phgsiallo mechanisms and
adaptations during waterlogging (Chapters 3 and 4);

3. Including plant adaptations during waterloggingoirthe crop growth and yield
simulation model SWAGMAN Destiny (Chapters 5 and 6)

Details of the thesis Chapters are as follows. @hapwas published as a critical review in
Crop & Pasture Sciencelt examines past literature and reported obsemnst of
waterlogging on field crops and the inconsistendasd in those reports. It suggests a
possible minimum data set for predicting and mamtp waterlogging. It then goes on to
discuss crop growth and yield simulation modelg theorporate waterlogging stresses and
the recommendation of including plant adaptatiomenvwaterlogged into crop growth and
yield simulation models, which forms the basisg$turdy in the following chapters. Chapter 3
describes experiments designed to understand physiological mechanisms and
adaptations during a waterlogging event, speclfidabking at the relationship between the
observation of leaf wilting, the physiological clgas in root hydraulic conductance and the
changes in aquaporin activity. Chapter 4 examihesrelationship between the observed
response and physiological adaptationNofglutinosaduring waterlogging. Chapter 5 has
been submitted tdgronomy Journahs a concept for improvement of crop growth arsdidyi
simulation models. It proposes an empirical repreg®n of plant adaptations during

4



waterlogging to incorporate into the crop model S8MAN Destiny, by way of example,

thereby including plant physiological processes angdroving model accuracy. Chapter 6
details the changes made to SWAGMAN Destiny andrtiprovement resulting from better
representation of soil and plant processes in thgenogging module. Finally, Chapter 7

provides an overall conclusion of my findings aadammendations for future work.
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3 CHAPTERS3

This chapter is set out with the following sections

(a) it describes the materials and methods commadhet experiments reported in this thesis
that aren’'t described elsewhere,

(b) it reports results from several pilot experitsenndertaken to standardise measurements
and enable familiarisation with the techniques, and

(c) it provides comparative data f@lycine maxL. (soybean)and Nicotiana glutinosal.
under similar edaphic and environmental conditibtmscompare waterlogging tolerances
between species.

A brief summary of all experiments undertaken fhistthesis is given in Table 3.1.
Experiments were conducted at staggered plantingsdaith measurements of different

parameters at the same growth stage.
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Table 3.1: Summary of all experiments reportedhis thesis.

Number of
] Number of
Experiment freely Plant ) .
waterlogged ] ] Aim of experiment
number drained species used
plants
plants
Emulating experiments of Kramer and Jackson
1 6 6 N. glutinosa | (1954) to observe wilting and measure plant
physiological responses to waterlogging.
) Increased pot sizes, familiarisation with
2 6 6 N. glutinosa ) ]
techniques and equipment.
3 6 6 N. glutinosa | Familiarisation with techniques.
Observing soybean wilting response and
4 2 2 Glycine max| adaptations during waterlogging. Familiarisation
of techniques with a different species.
) Changed soil mix. Increased plant replicates
5 10 10 N. glutinosa
(Chapter 4).
) Repeat of experiment 5 with soybean. Results in
6 10 10 Glycine max ) )
Section 3.11 of this chapter.
Investigating leaf wilting response, measurin
7 4 4 N. glutinosa . gaing I P J
leaf ion content.
Investigating the apparent increase in rpot
8 12 11 N. glutinosa | hydraulic conductivity 1I(;), measuring leaf
hydraulic conductivity jeas).
Investigating the apparent increase in rpot
9 4 4 N. glutinosa | hydraulic conductivity I(,), examining root cross

sections for aerenchyma formation (Chapter 4).

3.1 PLANT CHOICE AND PREPARATION

Two tobacco species were considered for use inwbik. Nicotiana tabacuni. is widely

used as a host plant in plant pathology (Creagai, 1999; Fluhr, 2001) and biotechnology

research (Fiedler and Conrad, 1995; McCormetlal, 1999; Scholthof, 2004N. tabacum

has been observed to wilt when waterlogged undér foeld (Huntet al, 1981; Kramer and

Boyer, 1995) and greenhouse conditions (KramerJao#tson, 1954; Willey, 1970). A pilot

experiment withNicotiana glutinosa.. demonstrated a similar response to waterloggisg

24



N. tabacumconsequently ease of access and availability neado useN. glutinosainstead

of N. tabacum. N. glutinosseeds were planted in soil mix, seedlings werekpdaut into
1000 mnf plastic pots 14 days after sowing (DAS), and tiemed into 200 mm diameter
pots approximately 40 DAS. All experiments werefpened onN. glutinosa63 — 80 DAS
when plants were flowering.

Glycine max_. (soybean) experiments were performed as atdioparison tdN. glutinosa

to compare waterlogging tolerances between spesieg the same greenhouse conditions.
Soybean physiological measurements during watergggonditions have been recorded in
the greenhouse (Bacanamwo and Purcell, 1999) anthenfield (Evanset al, 1990;
Heatherly and Pringle, 1991).

In experiments 4 and 6 (Table 3.1) soybean seeds washed in commercial bleach, rinsed
in deionised water and then germinated in a Pe&th-dontaining filter paper that was kept
continuously moist. After germination (at 7 daysptseeds were planted in each 1000°mm
plastic pot (Figure 3.1) and seedlings were trargpl into 200 mm diameter pots 19 DAS.
Experiment 6 (Table 3.1) began 54 DAS with 20 @agesults in Section 3.11 of this

Chapter).
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Figure 3.1: Soybean seedlings growing in 1000°mpfastic pots in University of California

soil mix.

3.2 SOIL MIX

Coco mix was initially used as the potting mediumNi glutinosaexperiments 1, 2 and 3,
totalling 36 plants (Table 3.1). This mix containamto peat, Waikerie sand, dolomite lime,
agricultural lime, hydrated lime, gypsum, supergiiade, iron sulphate, iron chelate,
MicroMax® (a nutrient blend; http://www.scottsaustralia.cauimiracle-gro.aspx), calcium
nitrate and Osmocote (a controlled release plant fertiliser;
http://www.scottsaustralia.com.au/osmocote.aspajge fibres within the coco mix caused
root cleaning to be extremely time-consuming angbramtical for studies with multiple
plants. University of California soil mix (UC mixyas used in all subsequent experiments.
The high sand content in UC mix made it much easietlean from plant roots. UC mix

contained Waikerie sand, peat moss, hydrated kmecultural lime and Osmocéte

26



3.3 PLANT MAINTENANCE

Prior to the onset of waterlogging in each expentral plants were watered daily. During
the waterlogging period only freely drained (cohtmlants were watered daily. Waterlogged
plants were not watered since applying fresh watedd re-oxygenate the root zone and
reduce any physiological effects of waterlogging.

For the initial pilot experiment (experiment 1, TaB.1) 12 plants were grown in 1000 fMm
plastic pots, however the soil water holding cajyagvas less than evapotranspiration,
quickly resulting in water deficit of all plantsuBsequently, 200 mm diameter plastic pots,
providing extra soil volume and holding more plavailable water, were used for all
subsequent experiments.

During experiment 6 (Table 3.1) soybean was tre&beda thrip infestation 30 DAS. To

control this infestation the greenhouse was funeigaliree times in 1 week with dichlorvos.

3.4 GREENHOUSE TEMPERATURES

Plants were grown in greenhouses at the South #isstr Research and Development
Institute (SARDI) at the Waite Campus, Urrbrae, tBowustralia; 34.9670° S, 138.6360° E.
Temperatures over a period of 5 days were recondih the greenhouse and compared to
outside temperatures during experiment 6 (Table. 3@reenhouse temperatures were
recorded using a Gemini Data Loggers Tinytag Ttehsensor. The Bureau of Meteorology
Kent Town station (station number 023090) was uded outside temperatures
(Meteorology). Although the day and night maximund aninimum temperatures within the
greenhouse varied between 20 to 25 °C they wereeratall relative to the fluctuations
observed in outside temperatures (Figure 3.2). Eeatpre sensors weren’t continuously

available and temperatures were only recorded g@xperiment 6.
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Figure 3.2: Daily minimum (filled markers) and maxim (unfilled markers) greenhouse
temperatures (continuous lines) compared to outssdegeratures (dashed lines) recorded

over 5 days in December 2012 during experimenta®ig3.1).

3.5 SOIL OXYGEN CONCENTRATION MEASUREMENTS

Measuring soil oxygen concentration is importantewrsimulating waterlogging. Often
waterlogging is defined as the soil having lessth@ % air filled pore space (Grable, 1966;
Moore and McFarlane, 2004) (see Chapter 4 and Smiore details). The soil oxygen
concentration for the experiments reported in tiesis was measured in the soil mix, and the
oxygen concentration logged every hour using an I@&rnationakoil oxygen sensor and
data logger. The sensor measured oxygen densitynwiihe soil in millivolts, which was
converted to a percentage of atmospheric oxygencerdration. Before beginning
experiments the sensors were calibrated. Calibratvas done using the sensors linear

voltage readings with oxygen concentrations of zatmospheric oxygen (20.9 %) and a
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calculated midpoint. The measured soil oxygen cotmagons were downloaded from the
data logger using ICT International’'s software. @ef beginning experiments with plants
(Table 3.1) oxygen concentration measurements weceessfully performed in saturated
soil conditions (without plants) to check the samgy of the sensor for measuring oxygen
concentrations in waterlogged conditions (Figur&).3.This was the first time ICT

International’s soil oxygen sensors were used f@asanring oxygen concentrations in
hypoxic conditions, consequently a case study wagtew summarising my initial

experiments and circulated to their client basegqfeo, 2012).
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Figure 3.3: Soil oxygen concentration (%) measunedoco peat in pots (no plants) in the

greenhouse. Soil was waterlogged on day O andetian day 13. Soil oxygen concentration

was 1.81 % on day 13.
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3.6 STOMATAL CONDUCTANCE MEASUREMENTS

For all experiments (Table 3.1) stomatal conduatapg was measured around 1200 h each
day for consistency, using cycling porometry (Mathteet al, 1988) with a Delta T Devices
AP4 Porometer. A calibration plate was constructexte than 1 h before calibrating, as per
the calibration instructions in the porometer man{Baagg et al, 2004). Calibration plates
lasted up to 3 days before a fresh plate was redguCalibration was performed daily. The
Bureau of Meteorology Kent Town station (stationminer 023090) daily barometric
pressures were used as part of the calibratiorepso@vieteorology, 2014).

Light intensity (measured ipmol m? s') was recorded for eachs measurement. The
porometer head was equipped with a gallium arsepidesphide (GaAsP) photodiode
designed to estimate leaf irradiance between eadsunement. It was important that light
intensity remained reasonably constant for eachniemsurement to ensure differencegdn

weren’t due to variations in light intensity (Figu3.4).
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Figure 3.4: An example of stomatal conductancet({oaaus line) and light intensity (dashed
line) measured coincidentally for freely drainedlgfl markers) and waterlogged (unfilled
markers) plants measured over 4 days (n = 3 peeidram one plant) during experiment 7

(Table 3.1).

3.7 ROOT AND LEAF HYDRAULIC CONDUCTANCE MEASUREMENTS

A Dynamax Incorporated Hydraulic Conductance Floetdd (HCFM) was used to measure
root (L,) and leaf (s hydraulic conductance (see Chapter 4 Materiats Methods for
details) (Tyreeet al, 1995). Root hydraulic conductandg)(was measured in experiments 2,
3,4,5,6, and 7, for a total of 76 plants. Lewdraulic conductance ¢, was measured in
experiment 8, for 23 plants (Table 3.1). The HCFMnped water into the root or leaf at
varying pressures and measured the rate of water(fheasured in kg’sx 10°) through the

root (Figure 3.5) or leaf. The slope of flow agaipsessure was normalised relative to dry
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matter or leaf area to give hydraulic conductatigemeasured in kg”'sMPa! g, Lieas

measured in kg sMPa' m?).

v
o
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R?=10.9979

Flow (kg s! x 10°9)
DDA
o o o o o o o

S
S

0 0.1 0.2 0.3 0.4 0.5
Pressure (MPa)

Figure 3.5: Example HCFM output for roots.

Root hydraulic conductance can be normalised by sarface area (fnor root dry weight
(9). Root surface area (&maverage root diameter (mm), total root lengtin)@nd number

of root tips were measured using a high resoluticanner (600 dpi) and Regent Instruments
WinRhizo software for experiments 1 and 2 (TabB),3or a total of 24 plants. Roots were
stained with 1 part methylene blue to 1000 partemtden mounted in a thin film of water in
a tray on the scanner (Figure 3.6). Whilst accufateplants with small root length this
method proved impractical, from both a time andhitécal perspective as agreed by Bauhus
and Messier (1999). Both soybean ahdglutinosaplants developed substantive root length
by the time measurements were made. Consequeptlyas normalised using root dry

weight. The roots were dried in an oven for 24 8a°C and weighed with a Sartorius
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BP4105 balance. Leaf hydraulic conductancg.) was normalised by leaf area (Section

3.9).

Figure 3.6: One of three trays B glutinosaroots for a single plant scanned with a |

resolution scanner and evaluated using WinRhiztwsoé.

3.8 DETAILED CALCULATIONS OF HYDRAULIC CONDUCTANCE FOR

WHOLE PLANTS

Hydraulic conductance is calculated frglutinosaplants in experiment 5 (Table 3.1) using
measured stomatal conductance and leaf water pateatues (the method for measuring
leaf water potential is described in Chapter 4yoReeter theory (Braggt al, 2004) uses the

relationship:

=22 (3.1)
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whereE (mol mi?s?) is the flux density of water vapouig (mol mi®) is the concentration
difference across the resistamde ni%).
The concentration difference across the resistaande expressed as:

moly. o moly. o
60 = [— e - e ] (3.2)
MOlyir (saturated)  MOLjir (unsaturated)

By expressing the concentration in dimensionlests wi mole of water vapour per mole of
air (mol mol*) the unit of resistance become&smol™.
Conductance to water vapour pressure loss is a@efieen Fick’s Law of diffusion (Pearcgt

al., 1989):

E

== (3.3)

9w

whereg,, (mmol m?s?) is the water vapour loss (stomatal conductanagsuredE (mmol
m?s?) is the evapotranspiration andlV (Pa P&) is the water concentration gradient.
Rearranging Equation 3.3:

E =gy X AW (3.4)
Past experiments suggest the assumption of wap@uvaaturation in the intercellular spaces
near the cell walls for well watered plants is @dfbharkeyet al, 1982) therefore:

AW =W, - W, (3.5)
wherew; (Pa P#) is calculated from the saturated vapour presattiee leaf temperature and
W, (Pa P#) is found using the relative humidity and the satied vapour pressure at air
temperature. Saturated vapour pressure values {asealculatew; andw,) are found using
the Goff-Gratch formulation at specific temperature(Pearcy et al, 1989).

Using Dalton’s law of partial pressures to calcaladthw; andw:

Vw sat leaf (3.6)

Wi = p

wherevy, sat leaf(KPa) is the saturated vapour pressure at leafdeatypre and® (hPa) is the

atmospheric pressure. Leaf temperature (in °Cllsutated using measurements obtained

34



from the porometer. The porometer measures the temperature T and the cup

temperature minus leaf temperatuf@«) as Tcup — Tieaf). From this, actual leaf temperature

is derived as:
Leaf Temperature - (Teup— Tiead) + Teup (3.7)
W, IS calculated as:
Vw sat air)
= _wsarair 3.8
Wo = RH (P x 100 (38)

whereRH (%) is the relative humidity, assumed to be 4Ga#d V., sat ai(KPa) is the saturated
vapour pressure at air temperature. Air temperatutaken to be the mean leaf temperature
for each day of measurement.

Plant conductivity (mmol fis*MPa?) is calculated by:

E
Plant conductivity = — (3.9)

Ay
where:
Ay = Wsoil - Yieat (3.10)

Ay (MPa) is the difference in water potential betwdensaturated soil/to; = 0) and the leaf
water potentialyiear). The leaf water potential (in bar) was measurgdgia PMS Instrument
Company model 1000 pressure chamber (Albany, OR)US
Plant conductivity is normalised by total plantflemea (M) to derive plant conductance
(mmol §* MPa?):

Plant conductance Plant conductivityx Total plant leaf area (3.11)
Root hydraulic conductivity (mmol*1Pa* g*) is found using:

Plant conductance

Root conductivity = (3.12)

Root dry weight

whereRoot dry weigh{g) is measured.
To convert into a root hydraulic conductance valbat directly compares to measured

values:
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Root conductivity (kgs~*MPa~1g™1)

_ Root conductivity (mmol s""MPa™'g™") X Molecular weight of water (kg mol™") (3.13)

N 1000

Results comparing this method to measured root awdr conductance values from

experiment 5 (Table 3.1) are given in Chapter 4Fe 4.8).

3.9 MEASURING LEAF AREA

A LI-COR leaf area meter (LI-3000C) with conveyeeltb(LI-3050C) was used during
experiments 1 and 2 (Table 3.1) to measure lead afegwenty fourN. glutinosaplants.
Unfortunately the scanning head of the meter whemnted in the conveyer proved too
narrow for the bulkyN. glutinosaleaves to fit through. Additionall{N. glutinosaleaves
deposited a sticky residue on the conveyor belhdden subsequent experiments leaves were
mounted between two transparent sheets, scann&Datdpi and analysed in Adobe
Photoshop CS6. The histogram function within Phodpswas used to highlight leaf areas.
The number of pixels were counted within the higiied areas and converted to calculate

leaf area (rf).

3.10 STATISTICAL ANALYSIS

For all experiments measured values were assessggl standard error of the mean (SEM)
in Microsoft Excel, n representing sample size. Ttadled, two sample t-tests were
performed assuming either equal or unequal varigdepending on sample size), also in
Microsoft Excel. Treated and untreated plants wemapared within the same experimental
batch at the same number of days after sowing tonparable plant sizes within a

greenhouse.
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3.11 SOYBEAN WATERLOGGING EXPERIMENT

This section provides results of experiment 6 (€aBll). Experiment 6 measured the
physiological responses and adaptations to waigriggof Glycine maxL. (soybean).
Experiment 6 repeated the methods used Mitlotiana glutinosd.. in experiment 5. Results
for experiment 5 are in Chapter 4. Experiment 5 @nekere performed under similar edaphic
and environmental conditions to compare waterlog¢ierances between species.

Although plant responses and adaptations to wagirig have been observed in the field
and in greenhouses for a variety of species theeelack of consistently measured data for
direct comparisons of plant tolerances to wateiloggsee Chapter 2 for details). Bennett
and Albrecht (1984) found no changes to leaf watgential or signs of visible plant stress
when waterlogging soybean for 14 days in a greesdoBoardet al. (1998) found a
reduction in yield when waterlogging soybean inraeghouse and in the field. Several
investigations report reduced soybean yield duedterlogged conditions in the field, thus
soybean has been labelled as susceptible to wgdanp (Evanset al, 1990; Oosterhuigt
al., 1990; Heatherly and Pringle, 1991; BacanamwoRandell, 1999).

Since there was wide variation in the literaturewaterlogging experiments with regard to
different measured variables and hence variatidherinterpretation of results (Chapter 2), a
more unifying approach was adopted for this théstperiments were performed in the same
size pots, same soil mix and under the same watgrlg conditions to directly compare the
waterlogging tolerance of soybean (experiment &le8.1) toN. glutinosa(experiment 5,
Table 3.1). Soil oxygen concentrations, leaf wabetential (1), leaf area, stomatal
conductance ¢), root hydraulic conductancd.d) and shoot and root dry weights were
measured for waterlogged and freely drained soybeana 5 day period with a total of 20

plants.
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Leaf water potential yfeas) (Figure 3.7) measurements of waterlogged soybeditated

waterlogged plants had generally higher (less megavalues than freely drained plants.
During 5 days of waterlogging, plants were morerhted with excess water in the root zone,
showing significant differences on days 1, 2 anftu&ing a two tailed, two sample t-test

assuming equal variance in Microsoft Excel).

Day number

1 2 3 4 5

_02 _ * % * % *

04 -

-0.6 A

-0.8 A

Leaf water potential (MPa)

-1.2 -

Figure 3.7: Leaf water potentiali(a) for waterlogged (unfilled markers) and freely idesl
(filled markers) soybean. Bars represent SEM (nfrodh two plants). ** represents p < 0.01,

* represents p < 0.05 significant differences bemveaterlogged and freely drained plants.

Leaf area (Figure 3.8) over 5 days of waterloggihgwed no significant differences (using a
two tailed, two sample t-test assuming equal vagaim Microsoft Excel) for waterlogged

compared to freely drained plants.
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Figure 3.8: Leaf area for waterlogged (unfilled kems) and freely drained (filled markers)

soybean. Bars represent SEM (n = 2 from two plants)

Stomatal conductanceys| trended higher for waterlogged plants (Figure) 3rfélicating
waterlogged plants had higher evapotranspiratis@esréElseet al, 1995). The trend was
significantly different on day 3 and day 5 (usingwe tailed, two sample t-test assuming
equal variance in Microsoft Excel). Measured rogtifaulic conductancelLf) showed no
significant differences between waterlogged andlyrelrained soybean until day 5 (Figure
3.10) (using a two tailed, two sample t-test assgminequal variance in Microsoft Excel)

whenL, for waterlogged plants was lower thianfor freely drained plants.
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Figure 3.9: Stomatal conductangg) (for waterlogged (unfilled markers) and freely ideal
(filled markers) soybean. Bars represent SEM (nfroB two plants). * represents p < 0.05

significant differences between waterlogged andlyrdrained plants.
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Figure 3.10: Measured root hydraulic conductarigg for waterlogged (unfilled markers)
and freely drained (filled markers) soybean. Bagesent SEM (n = 3 to 6 from two plants).
*** represents p < 0.001 on day 5 showing signfficdifferences between waterlogged and

freely drained plants.

Shoot dry weights (Figure 3.11) of waterlogged cared to freely drained plants were not
significantly different over 5 days of waterloggirfgsing a two tailed, two sample t-test
assuming equal variance in Microsoft Excel). Rogt weights (Figure 3.12) were also not
significantly different until day 5 (using a twoiled, two sample t-test assuming equal
variance in Microsoft Excel) when the root dry wdigf waterlogged plants was less than
freely drained plants. Adventitious roots were WMisi on soybean stems on day 4 of
waterlogging (Figure 3.13). No wilting (loss of gr) was seen in soybean leaves, even up

to 17 days of waterlogging (Figure 3.14).
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Figure 3.11: Shoot dry weight for waterlogged (ledi markers) and freely drained (filled

markers) soybean. Bars represent SEM (n = 2 froonpthants).
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Figure 3.12: Root dry weight for waterlogged (uefil markers) and freely drained (filled
markers) soybean. Bars represent SEM (n = 2 froonplants). * represents p < 0.05 on day

5.
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Figure 3.13: Adventitious roots developing on thasof soybean just above the water level

on day 4 of waterlogging.

Leaf water potential (Figure 3.7) agd(Figure 3.9) results indicate increased watersjart

to leaves of soybean under waterlogged conditi@mspared to freely drained soybean and
waterlogged\. glutinosa(Chapter 4). Above ground plant growth of wategied compared
to freely drained soybean exhibited no differencedeaf area (Figure 3.8) or shoot dry
weights (Figure 3.11). Below ground plant functeimowed changes between waterlogged
and freely drained soybean on day 5. On day 5 ¢énteayging, root dry weight (Figure 3.12)
and L, (Figure 3.10) were both reduced compared to frallgined soybean. Repeat
experiments that waterlog soybean for more tharmays dvould be required to verify a
significant reduction in root dry weight aihd at 5 days of waterlogging. The formation of
adventitious roots (Figure 3.13) indicates the {daare adapting to waterlogged conditions,

forming roots that have access to atmospheric axygenaintain plant function (Chapter 2).
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A single plant was waterlogged for 17 days showiagsigns of leaf wilting, but the soil did
show signs of hypoxic conditions (Chapter 2) withe tsmell of hydrogen sulfide

(Ponnamperuma, 1972; Bennett and Albrecht, 198d)aamisible film on the water surface

(Figure 3.14).

Figure 3.14: (A) Soybean before waterlogging and &Ber 17 days of waterlogging,

showing no signs of leaf wilting, but signs of hypoconditions in the soil.

3.12 CONCLUSION

Directly comparing waterlogged soybeanNtoglutinosa(results in Chapter 4) indicates that
soybean is more tolerant to waterlogging thamglutinosaand the response of leaf wilting to
waterlogging is not consistent across all plancise My results confirm that waterlogging
causes or results in a variety of plant responsebs alaptations, dependent upon plant
species. This understanding has been used to deéeem empirical representation of plant

adaptations to waterlogging (Chapter 5) and to rima@te the effects of waterlogging on
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individual plant species into the crop growth anedld/ simulation model SWAGMAN

Destiny (Chapter 6).
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CHAPTER 4

BEHAVIOUR OF PLANT AND ROOT

HYDRAULIC CONDUCTANCE DURING

WATERLOGGING IN

NICOTIANA GLUTINOSA.
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4 CHAPTER 4

Chapter 4 details greenhouse experiments ullicgtiana glutinosaL. to understand the
sequence of plant responses and adaptations dwaitgrlogging. This chapter examines
plant function during waterlogging and is used tmstruct an empirical representation of
waterlogging in Chapter 5 for use in a crop groank yield simulation model in Chapter 6.
Additionally the results of waterloggirng. glutinosain this Chaptecan be directly compared
to the results from waterlogging soybean (Sectidid)8in Chapter 3 as similar conditions

were used.

4.1 INTRODUCTION

There has been a reported increase in extremeppedicin events due to climate change
(Rosenzweiget al, 2002; Tubielloet al, 2007; Hartmanmt al, 2013). This is likely to result

in increased flooding and waterlogging, negativalffecting productivity of farmland
(Bailey-Serres and Voesenek, 2008; Shatwval, 2013). In the United States estimated
agricultural production loss from excessive soitavgwaterlogging) associated with climate
change could be up to US$3 billion per year by 2@8@senzweiget al, 2002).

Soil waterlogging occurs when the rate of incomieger exceeds the outgoing drainage rate,
most commonly due to poor flow within the soil plef(Cannell, 1977). This condition is
widespread with approximately 10 % of the globaldiaarea, and up to 20 % of some
particular areas, affected by waterlogging duedor goil drainage (Setter and Waters, 2003).
Water displaces air in the pore spaces of the mailrix, the amount of oxygen present
decreases, the soil and plant gas exchange chamgeplant growth and development is
affected (Ponnamperuma, 1972). As the amount afj@xylecreases due to gas displacement
by water and by respiratory consumption, the oxygfatus is variously described as hypoxic

(low soil oxygen concentration) and eventually anofzero soil oxygen concentration).
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Different plant species respond variably to redused oxygen and experiments have
attempted to determine the critical oxygen poim, tninimum oxygen concentration required
before plants begin to show signs of stress (Girl@Y9; Saglicet al, 1984). Soil oxygen
status has been measured and reported in a vafietgys; as oxygen partial pressures below
which oxygen consumption rates are inhibited (Dr&987), as oxygen concentrations in soil
(in M@bxygenL "soi) (Meyer et al, 1985), as an oxygen diffusion rate (igkygencm> min™)
(Bertrand and Kohnke, 1957) or as a volume of illedf pore space within the soil matrix
(Grable, 1966; Moore and McFarlane, 2004) and megaly reported to be between 10 % to
15 % by volume of normal oxygen concentration ai@pheric air at 25 °C.

When root systems are oxygen deprived from watgitmgin soil, one curious response is
the observation that some species exhibit wiltedds (Kramer and Jackson, 1954; Ese
al., 2001). This suggests that hydraulic conductahoeugh the plant and most likely in the
roots has decreased substantially, perhaps agshé of disruption in the normal signalling
that adjusts shoot evapotranspiration to the cgpadithe root system to transport water
(Chaumont and Tyerman, 2014). Thus far there has Ditle research reported that
examines the relationship between root hydrauliodootance and leaf wilting during
waterlogging (Elset al, 2001).

The appearance of wilting in waterlogged plants besn ascribed to effects of ethylene
production by roots and an insufficiency of watenaintain leaf turgor (through a reduction
of root water uptake) (Cannell and Jackson, 198&hAney and Tyerman, 2010). Recent
research has shown that root hydraulic conductacaibstantially moderated by water
conducting proteins called aquaporins (Maurel, 19®%quaporins can rapidly change the
water permeability of cell membranes by mechanismdsiding gating (opening and closing)
and insertion or withdrawal from the membrane (@hant and Tyerman, 2014). A reduction

in root hydraulic conductance may suggest a deer@asquaporin activity (Arocat al,
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2012), but anatomical changes can also have a lafiget on hydraulic conductance
(Bramleyet al, 2009). It has also been shown that ethylene asa hn effect on the activity
of aquaporins, increasing cell permeability (Kanddlin and Zwiazek, 2002; Chervat al,
2008; Tungngoeet al, 2009).

The observation by Kramer and Jackson (1954) df waking by Nicotiana tabacuni.
when subjected to waterlogging has not been settsfly explained. The response of leaf
wilting, yellowing and death during waterloggingshilaeen observed in both field (Kramer
and Jackson, 1954; Huet al, 1981; Kramer and Boyer, 1995) and greenhouseittonsl
(Kramer and Jackson, 1954; Willey, 1970). A prefiary experiment withNicotiana
glutinosal. showed that this species responded similarli.ttabacumand soN. glutinosa
was subsequently used in this study. The purposetavaevelop a better understanding of
the relationship between hypoxic root zone condgjoleaf wilting, and plant hydraulic
conductance during waterlogging. The kinetics gpomses to waterlogging were examined
using several greenhouse experiments with pdteglutinosa Observations of soil oxygen,
plant growth, stomatal conductance, leaf water m@k hydraulic conductances, and
element and ion concentrations of leaf xylem weseduto propose a sequence of responses

that may explain plant water (deficit) stress witiiterlogged conditions.

4.2 METHODS

4.2.1 Experimental design

Experiments were conducted with a total of sevenght N. glutinosaplants grown in a
glasshouse and using staggered planting dateslar tor measure different parameters at the
same growth stage. Plants were grown at day lengithging from 10.5 to 13 h at
temperatures from 15 to 25 °C. All plants were graw University of California soil mix

(Waikerie sand, peat moss, hydrated lime, agricailtime and mini Osmocote) in 200 mm
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diameter pots. Over a series of experiments, 4db®#0 plants were waterlogged for up to 5
days by placing pots in a bucket of water with tegter level 10 mm above the soil. No
additional water was added to the waterlogged plémtprevent aerated water replenishing
the root zone oxygen concentration. Thirty eighhtod plants were watered daily and
allowed to freely drain. Waterlogging started 6386 days after sowing (DAS) and
measurements of both the control and waterloggadtploccurred between 63 — 80 DAS
when the plants were flowering. All measurementsewgerformed around 1200 h for

consistency.

4.2.2 Experimental Measurements

Leaf growth, stomatal conductancgs)( leaf temperature and soil oxygen concentration
([O2]) were measured throughout the life of the plar@smatal conductance and leaf
temperature were measured for the fourth, fifth simth youngest leaves on each plant using
a Delta T Devices AP4 Porometer (Cambridge, UK).

Soil oxygen concentration was measured within ramgmts and logged every hour using
ICT International’Armidale, NSW, Australiayoil oxygen sensor (ICT02) and data logger
(SOM). The soil oxygen sensor was placed in thewdwn planting so as not to disturb or
damage roots at a later time.

Leaf growth, leaf area, shoot dry weight, root dmsight, leaf stomatal conductanag)( leaf
temperature, leaf water potentialh), root hydraulic conductancd. dj, leaf hydraulic
conductancel(ea) and [Q] were measured for two or three replicate potshbioth freely
drained (control) and waterlogged (treated) plaetguentially over 5 days over a number of
experiments. Images were taken of root cross sectmidentify if aerenchyma development
occurred during the waterlogged days. On the lagtaf waterlogging, leaf area, shoot dry

weight and root dry weight were measured. Soil washed from the roots using water at
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low pressure over a fine sieve. Scanned imageesayeb were used to determine leaf area
(m% and processed in Adobe Photoshop CS6 V13.0 x¢dn€y, NSW, Australia). Shoot
and roots were dried in an oven for 24 h at 85 A@ weighed with a Sartorius BP4105
balance (Germany).

Leaf water potential was measured using a PMSumstnt Company (Albany, OR, USA)
model 1000 pressure chamber instrument and meares/dbr the fourth and fifth oldest
leaves on each plant calculated. The leaf peticks wut close to the stem and placed
immediately into the pressure chamber. The chambsrpressurised with nitrogen until sap
appeared at the cut surface of the petiole angitheneasured.

Leaf xylem sap samples were collected for 8 plgdtscontrol, 4 waterlogged) over 4
sequential days while the leaves were under pressithin the pressure chamber. Enough
pressure was applied to the leaves to exude &f sap in about 60 s. Xylem sap was tested
for nitrate concentration using an RQ flex 10 Mehtikrate Meter (Darmstadt, Germany). 5
uL of sap was diluted in 2 mL of distilled water acalcium, magnesium, sodium, potassium,
phosphorus and sulphur concentrations were measusied Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICPAES) (performed \&hite Analytical Services,
http://www.adelaide.edu.au/was/).

Root hydraulic conductanckd) and leaf hydraulic conductandgef;) were measured using a
Dynamax Hydraulic Conductance Flow Meter (HCFM) (idton, TX, USA) (Tyreeet al,
1995). The HCFM forces water into the root systerteaf at varying pressures and measures
the rate of water flow against pressure. The rafeow was plotted against pressure and the
slope normalised by the root dry weight (g) giving(measured in Kger S* MPa* glio0).
The mean oL, was calculated from three measurements on eatlsyst@m.

To measurd g5, leaves were cut under degassed deionised watendeat least 30 mm of

petiole for connection to the HCFM. A perfusionwan of filtered degassed 10 mM KCI
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was used to minimise ionic effects on pit membremeductance (Sackt al, 2002; Pouet
al., 2013). Leaves were illuminated by a 400 W SylaamIEYTALARC lamp (Sylvania
Lighting Australasia Pty Ltd, Cavan, South Austglproviding approximately 500mol m?

st of photosynthetically active radiation (PAR). Leavwere immersed in a water bath
during the measurements to prevent evapotranspiratidd maintain temperature (Saatlal,
2002). The water bath temperature was regulate@1to°C (ambient temperature) to
normalise for the temperature effects of the viggas water (Nardiniet al, 2005; Pouet

al., 2013). The slope of the rate of flow against pues was normalised against leaf area
(m?) giving Lieat (Measured in Kguer S*MPa® m?ea) (Nardini et al, 2005; Powet al, 2013).
Leaf hydraulic conductance was measured three tioresach leaf to get the mean. Root
hydraulic conductancd_§) andLess were measured within 2 min of plant decapitatifor (
Lo) and leaf removal (foceas) to minimise changes i, or Liegs due to time (Vandelewat al,
2014).

For days 1 to 4 of waterlogging and for freely deal plants, root cross sections were
processed and visually analysed for aerenchymaafitomand changes in root structure. The
cross sections of primary and first order lateosits were imaged at the basal (10 — 20 mm
from root/shoot junction), mid (centre of root Iéimgand apical (within 30 mm of the root
tip) regions. Sections of roots were prepared amtbeglded in an acrylic resin based on
hydroxyethyl methacrylate at Adelaide Microscopy
(http://www.adelaide.edu.au/microscopy/)un cross sections of roots within polymerised
blocks were cut using a Leica RM2265 Rotary Micnogo(Wetzlar, Germany). Sections
were stained with 0.1 % toluidine blue and mounteth DPX Mountant. Cross sections
were viewed and captured using an Olympus C-3030@eda camera and Olympus BH-2
BHT microscope, using Olympus Camedia Master amedro 32 software (Center Valley,

PA, USA).
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4.2.3 Calculation of hydraulic conductance for whole plais
Described in detail in Section 3.8 and briefly beltnydraulic conductance for intact whole
plants was obtained from measured leaf water patenfeas (MPa)) and a calculated
evapotranspiration ratéE (mmol m?s?)) from measured stomatal conductanags(mmol
m?sh) where:

E =g, X AW (4.1)
and the water concentration gradiesit\((Pa P&)):

AW =W, - W, (4.2)
w; was calculated from the saturated vapour pressutbe leaf temperature amg, was
found using the relative humidity and the saturategour pressure at air temperature.
Saturated vapour pressure values (used to calowjatedw,) were found using the Goff-
Gratch formulation at specific temperatures (Peatwl, 1989). Using Dalton’s law of

partial pressures to calculate batandws,.

Uy sat leaf (4 3)

Wi = p

wherevy sat eaf(KPa) was the saturated vapour pressure at legfeieture and® (hPa) was

the atmospheric pressure.

Plant conductivity (mmol iis* MPa') was calculated as:

E
Plant conductivity = — (4.4)

Ay
where:
Ay = Ysoil - Yieat (4.5)
Ay (MPa) was the difference in water potential betwtee saturated soils{; = 0) and the
leaf water potentialfea). The leaf water potential (in MPa) was measurg@dgithe pressure
chamber.
Plant conductivity was normalised by multiplying ttal plant leaf area (fnto get plant

conductance (mmol’sVPal):
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Plant conductance Plant conductivityx Total plant leaf area (4.6)

Plant conductance was normalised to root dry weifght comparison with HCFM

measurements.

4.2.4 Statistical analysis

Measured values were assessed using standardoétie mean (SEM) in Microsoft Excel
and n represents sample size. Two tailed, two satAglsts were performed assuming either
equal or unequal variance depending on sample aize,in Microsoft Excel. Leaf hydraulic
conductance results were analysed using a 2 way \AWNQ@CPAES results were analysed
using linear regression and comparison of slopeat@d versus untreated) with time. The 2
way ANOVA and linear regression were performed iraghPad Prism (V6.0 GraphPad
Software Inc., CA, USA). Treated and untreated tglamere compared within the same
experimental batch at the same number of days afieting for comparable plant sizes

within a greenhouse.

4.3 RESULTS

4.3.1 Soil effects
There was a linear reduction in soil oxygen comegian within waterlogged pots. It took
approximately 4 days for the soil oxygen conceitratto reach 10 % (Figure 4.1) for

waterlogged plants.
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Figure 4.1: Soil oxygen concentrations for wategked soil (continuous line) with regression
line (dashed line). Bars represent SEM (n = 17 aysd and 1, n = 150on day 2, n = 12 on

day 3, n =9 onday 4, n=5on day 5).

4.3.2 Observed morphological responses

N. glutinosaplants showed signs of leaf wilting (Figure 4.22)ays after waterlogging.
Silver spots and yellowing occurred on the leavesnfday 3 onwards (Figure 4.2B), but
there was no apparent sign of apoplast floodindeaves. Plants waterlogged for 5 days

showed no signs of adventitious root formation.
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Figure 4.2: A) Plant waterlogged for 4 days showisgyere leaf wilting. B) Plant

waterlogged for 3 days showing signs of leaf yelfay

4.3.3 Plant growth

There was negligible reduction in shoot dry wei@igure 4.3) over the first 4 days of
waterlogging (mean from 31 waterlogged plants ahdr&ely drained plants). A reduction in
shoot dry weight in waterlogged plants was evidentlants waterlogged for 5 and 6 days.
The dry weight of roots from waterlogged plants Jess than untreated plants on day 2 and
beyond (Figure 4.3). Waterlogging for 2 days re=iiin a reduction of 50 % on average of
root dry weight with no further decline up to 4 daynean from 32 waterlogged plants and

30 freely drained plants).
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Figure 4.3: Root dry weight (solid line) and shaoy weight (dashed line) measured for
waterlogged (unfilled markers) and freely draindétlefl markers) plants. Bars represent
SEM (For root dry weight n = 6 for day 1, 2 anch3;s 7 for day 4. For shoot dry weight n =

6 for day 1, 2, 3 and 4, n = 4 for day 5, n = 2day 6).

Steady leaf growth occurred for 2-3 days after viagging began. Treated plants had less
growth than control plants. Waterlogging resultadai 15 % reduction in leaf area (mean
from 28 waterlogged plants and 27 freely drainehid) from freely drained plants over a 5
day waterlogging period. The onset of reduced pafvth and therefore leaf area was

evident from day 4 onwards (Figure 4.4).
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Figure 4.4: Leaf area measured for waterloggedill@fmarkers) and freely drained (filled

markers) plants. Bars represent SEM (n = 6 ford&; 3 and 4, n = 3 for day 5).

4.3.4 Leaf water relations

WaterloggingN. glutinosafor more than 2 days caused a reductiogsifFigure 4.5). The
increase ings of control plants followed an increase in ambiémiperature during the
experiment. Waterlogging caused a reductionyigr on day 4 onwards (Figure 4.6). Leaf
hydraulic conductanced._g,) of treated plants was the same as control plamtisday 4 and

then it became significantly greater (Table 4.1).
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Figure 4.5: Leaf stomatal conductange Mmeasured for days waterlogged (unfilled markers)

and freely drained (filled markers) plants. Baggresent SEM (n = 6).
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Figure 4.6: Leaf water potentiak{s) measured for days waterlogged (unfilled markers)

freely drained (filled markers) plants. Bars repr@sSEM (n = 5).
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Table 4.1: Leaf hydraulic conductandg.{) measured for waterlogged and freely drained
plants. Values are means + SEM. A 2 way ANOVA shibweat day was not significant but
treatment was (P = 0.0031), with no significanterattion. Day 4 waterlogging was

significantly different from day 4 freely drainedrapared to day 3.

Liear (kg STMPa*m?)x 10°

Freely
Day number _ Waterlogged
drained
Day 3 (P = not significant) 19.64 £ 2.77 28.50 5.
Day 4 (**P < 0.01) 1499 £1.22 32.67 £5.05

4.3.5 Leaf xylem ion concentrations

Linear regression analysis of the xylem ion cotragions over time showed no significant
changes for control or waterlogged plants (P > ).8%cept for magnesium, which
significantly increased in the waterlogged plafs<(0.0064). Further analysis was precluded

by large variations over time between individuamis (Table 4.2).
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Table 4.2: Mean (SEM) xylem sap concentrationslements analysed by ICPAES, nitrate concentratimh sap volume taken from leaves

over 4 days of waterlogging or freely drained (coht Only magnesium showed a significant increaseconcentration over time with

waterlogging.

Xylem sap elements (mg k9 Sap volume
Calcium Magnesium Sodium Potassium Phosphorus Suipr Nitrate (mL)
Control 440.10 145.40 338.60 1890 74.54 99.52 11200 0.030
SEM 211.40 49.59 137.40 1134 26.74 28.13 5203 0.014
Waterlogged 320.30 163.80 537.50 1305 122.40 128.3Q 6300 0.018
SEM 85.31 37.34 161.60 276 19.76 27.56 1340 0.009
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4.3.6 Root and plant hydraulic conductances

There was a significant positive linear correlatioetween detached roat from HCFM
measurements and calculated evapotranspiratioeéhyfdrained control plants (Figure 4.7),
but this was not observed for waterlogged plantere/hmeasured rook, increased
substantially at day 3 and calculated evapotraaspir declined. Calculated whole plant
conductance and measured rbgtwere compared for both waterlogged and freelynechi
plants over time (Figure 4.8). Calculated wholenpleonductance normalised to root dry
weight was similar to that of the root conductanmeeasured using the HCFM for control
plants and for day 1 of waterlogging. However, i@terlogged plants the two conductances
diverged by orders of magnitude, with the calcwatole plant conductance decreasing by
over an order of magnitude, while measured loptncreased by an order of magnitude.
There were no significant differences over timewssn calculated plant hydraulic
conductance and measured ragt for freely drained plants but there was a largé an
significant difference between measured roptind calculated plant hydraulic conductance

after day 2 of waterlogging (P < 0.05).
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Figure 4.7: Root hydraulic conductanceds)(measured from HCFM on detached roots
plotted against calculated evapotranspiratignfor freely drained plants. Regression shows

a linear correlation with a significant slope (P.6186), y = 0.1701x + 2.437.
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and from whole plants using calculated evapotraaspn and measured leaf water potentials
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conditions. Data is plotted on a log scale to betibserve the large divergence in

measurements using the two techniques after ddyvaterlogging. Bars represent SEM (n =

6).
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4.3.7 Root anatomy

Cross sections of the primary roots in the basat, amd apical regions showed that the
cellular structure began to break down on day watkrlogging (Figure 4.9). The cytoplasm
within some cell walls (Figure 4.9B) appeared sheimand presumably non-functional on
day 4 and beyond. Endodermal cells and associaks appeared to break down (Figure

4.9F) which resulted in separation of the stele @ntex.
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Figure 4.9: Primary root cross sections of N. glosia. A), C), and E) are freely drained
plants. B), D) and F) are plants after 4 days ofewagging. A) and B) are from the basal
root zone. C) and D) are from the mid root zoneaft) F) are the apical zone. B) shows cell

death. F) identifies relevant aspects of the rbotture. Scale bars represent 100.
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4.4 DISCUSSION

Leaf wilting is a common response to waterlogged. doinvestigated a sequence of
physiological and morphological responsedNofglutinosato waterlogging (summarised in
Figure 4.10), and | shall discuss them in sequanoaider to better understand the causes of
leaf wilting and more specifically the purporteddwetion in root hydraulic conductance
during waterlogging that could induce a shoot wétksficit) stress (Kramer and Jackson,
1954).

It is possible that increased transport of toxm$he xylem associated with root cell damage
could cause leaf wilting. Hiatt and Lowe (1967) wikd that oxygen deficient roots leaked
solutes following the breakdown of the root plasmambrane. Jacksaet al. (1996) found
that the concentrations of protein amino acidss i@part from nitrate) and sucrose increase
in the xylem sap of tomato plants during waterloggiue to the loss of membrane integrity
in root cells. With root cell breakdown, ions arahpounds that can be potentially toxic can
increasingly enter the xylem stream. The regressioalysis of the leaf xylem element
concentrations over time showed a significant iaseein magnesium with no apparent
changes in the concentrations of calcium, phosgh@uiphur, sodium or nitrate. Therefore,
it is unlikely that toxic effects from excessivenitransport are the cause of the leaf wilting
symptoms.

One of the earliest responses | observed in rowtdafore a significant decrease in stomatal
conductance was a large reduction in root dry we(fiigure 4.3). This occurred before
changes in root and plant hydraulic conductance laefdre soil oxygen concentrations
reached 10 %. The decline in root dry weight hantseen previously in waterlogged plants.
Hurng and Kao (1993) saw a decrease of more th&a 6&ot dry weight iflN. tabacumnafter

4 days of waterlogging, but they did not reportieemeasurements.
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N. glutinosaresponse to waterlogging

H Reduced root dry weight
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Figure 4.10: Summary M. glutinosaresponse to waterlogging.
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Trought and Drew (1980) saw a 43 % reduction irt cyg weight on day 4 of waterlogging
wheat relative to controls, explained by a cessatibroot growth and a breakdown of root
tissue. Smithet al. (1990) saw a reduction in root dry weight wheneslagging Kkiwifruit
vines and a separation of the cortex from the state affected roots. They reported
carbohydrate (starch) in the cortical cells immeaiasurrounding the endodermis of control
roots, but noted an absence of starch in the vogigeld roots. It is possible that reduced
starch in waterloggel. glutinosaroots could account for the observed reductioroat dry
weight and this requires further investigation.

For waterlogged plants, measured rogincreased at day 3 (Figure 4.8) which is conttary
other reports (Everard and Drew, 1989; Gibbal, 1998; Tournaire-Rougt al, 2003). This
increase in measured rdaj under waterlogging cannot be solely attributethtodecline in
root dry weight (root conductance is normalizedrbgt dry weight), since the increase in
measured rook, was much larger than can be accounted for by ¢deced dry weight,
additionally the same trend was observed whenaoductance was normalised to shoot dry
weight. At the same time | observed a large redactin calculated plant hydraulic
conductance corresponding to leaf wilting (Figur2A3, a concurrent reduction m (Figure

4.5) and somewhat later a reductionyigs(Figure 4.6).

For freely drained control plants detached rbgtmeasured by HCFM showed a positive
correlation with calculated evapotranspiration (fFeg 4.7) similar to that observed by
Vandeleuret al. (2014) for soybean and grapevim. glutinosafitted to the same trend line
as soybean (Vandeleet al, 2014), but had higher overall measutgdand calculated leaf
evapotranspiration rates. This association betweaapasured L, and calculated
evapotranspiration can explain the relatively lavgaation that is often observed in rdgt

measurements if evapotranspiration is varying dugheinged environmental conditions.
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The increase in detached rdgf would usually be interpreted to indicate that watged
plants could potentially increase water uptake uglo the roots, hence increase water
availability to the stem and leaves. However ledfing and reduction in botlgs and wear
indicate a water deficit in the leaves. Hental. (1981) also saw leaf wilting and a reduction
iNn wieqr IN field trials of waterloggedNicotiana tabacuni. These responses correspond with
the calculated reduction in plant hydraulic conduace. Interestingly, for well drained plants
detached measured rodf, and calculated plant hydraulic conductances wenelas
indicating that the roots constituted the mainstasice to water flow.

The divergence between the measured ltg@ind calculated plant hydraulic conductance due
to waterlogging (Figure 4.8) may be explained g/ fihllowing possibilities:

1) It is possible that another component of theewflow pathway in the plant had a large
decrease in hydraulic conductance. Hence | measeaédhydraulic conductance to test this
possibility (Table 4.1). Leaf hydraulic conductar{it@s) has previously been shown to be
plant, light (Nardiniet al, 2005), temperature (Yang and Tyree, 1993; Sack, 2002) and
stress dependant (Petial, 2013). The comparison bf.,s of waterlogged and freely drained
plants over 4 days found there were no significhfierences until day 4 whehe,s Of the
waterlogged plants increased. The fact that was higher for the waterlogged plants cannot
explain the reducedge,s (Figure 4.6) since others have consistently foilnad decreasele,s

is associated with decreasgd(Tsuda and Tyree, 2000; Petal, 2013). My values Ok eaf

are similar to those observed for other speciesk{@ad Holbrook, 2006). There is therefore
no evidence that the observed leaf wilting in tregaslogged plants is caused by a restriction
in the flow path of the leaf petiole and lamina.nkle the reduced calculated whole plant
conductance must be elsewhere in the flow pathalaypst certainly within the roots.

2) Measurements of rodt, using the HCFM are in response to changing thedsydtic

pressure gradient across the root, while calculatbdle plant hydraulic conductance is
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likely to be in response to both hydrostatic anthatsc gradients. Gambet&t al. (2013)
found for grapevine roots that rdaj from hydrostatic gradients (as with HCFM) gaveuesl
more than 100-fold higher than those measured @gthotic gradients. During waterlogging,
plant water transport ifN. glutinosamay be more dependent on osmotic gradients than
hydrostatic gradients so that calculated whole tplaonductance may largely reflect
measured rodt, in response to osmotic gradients, indicating gdatifference between root
L, under hydrostatic and osmotic gradients.

3) The HCFM measurement forces water out througiisran the opposite direction to
normal flow and may result in an overestimatiort@hductance when barriers in the root are
altered. Consequently | must caution the use oHB8&M to measuré, when there is cell
breakdown in roots. My observations show cell bdeakn around the stele, outside the
vascular tissue, on day 4 of waterlogging (Figu®.4This breakdown of the inner cortex
near the endodermis has been associated with sagorabt growth or thickening and is
thought to be an adaptation to waterlogging asrdest forRumex acetoselly Justin and
Armstrong (1987)The thickening results from phellogen activity ara$cular expansion of
the stele which in turn causes breakdown of coctdbs (Justin and Armstrong, 1987). With
cell breakdown there is no longer cell to cell ppdast membrane resistance and it would be
expected that this would result in increased watenductance (Elseet al, 1995).
Aerenchyma formation may also result in an appareatease inL, using the HCFM
technique. N. glutinosaroot has radially packed cortical cells, whichora) with cubic
packing, is generally associated with a greateelilbod of aerenchyma development
compared to a hexagonally packed root cortex (@astd Armstrong, 1987). However, there
was no visible evidence of aerenchyma formation #rede is no current literature that
reports aerenchyma M. glutinosaroots. McDonald and Visser (2003) reported theeabs

of aerenchyma in two tobacco genotypes, while Wi([#70) choseN. tabacumto work
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with because aerenchyma were not known to form muhgipoxic conditions. It has been
shown that aerenchyma develop in the mid to outetek, but never near the endodermis
(Fagerstedt, 2010) where | observed cell breakdown.

Fiscus (1975) and others since (e.g. Passiourd/amas (1984)) have observed changes in
hydraulic conductance with changes in hydrostatadignts or rooting medium, indicating
that there were components in the root that acs¢ed @ariable conductance (Fiscus, 1977).
We now know that this variable conductance is astedifor by aquaporins in the short term
combined with anatomical changes in the longer té@haumont and Tyerman, 2014).
Aquaporins as proteins need a constant and proliegdphy proportion of energy supplied by
root respiration to maintain normal function. Hypmoxand anoxia under waterlogging
conditions will considerably diminish this suppl{ energy and this will disrupt the normal
operation of aquaporins or the cell membranes irchvthey are imbedded. Consequently
physical models of plant responses to stressehl, asuwaterlogging, where it is assumed that
water flow depends on a fixed hydraulic conductaf®ieben, 1964; Hiler, 1969; Meyet

al., 1996; Assencet al, 1998; Skaggs, 2008) are physiologically flawetlisThas been
suspected for a long time (Fiscus and Kramer, 1%dssioura, 1988; Elset al, 1995;
Steudle, 2000) but there has been little evidemoeiged to support the design of models in
which the uptake of water becomes a plant energerm#ant process. The work reported in
this paper goes some way towards addressing tloiwlkdge gap. | have shown water stress
in leaves can be explained by large reductionsat conductance. While there is a measured
increase in rooL, when water is pushed down the root xylem vesghks,whole plant
conductance usings and yiear measurements indicates that ragt most likely decreased
under waterlogged conditions. This suggests trattater flow from saturated soil through
the cell protoplastic and apoplastic pathways igaded. My results suggest that root cellular

integrity and function is very important to maimadequate water flow to the leaves and that
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osmotic gradients and membrane aquaporin activitthinv root cells is the primary

determinant of water flow from the rhizosphere irytem vessels of the roots.

4.5 CONCLUSION

| examined a sequence of plant water relation mesg® to waterlogging that has revealed
complexities in water transport during waterloggiofgN. glutinosa Stomata responded
concurrently with changes in root water transpad before soil oxygen concentrations were
below 10 %. This occurred before there were measurdifferences between control and
waterlogged plants in leaf water potential. WatdgfiCit) stress (observed as leaf wilting)
could be explained by large reductions in root Aytic conductance in intact transpiring
plants, but it remains difficult to explain why dehed root hydraulic conductance measured
with hydrostatic gradients showed the oppositearse. Further research is required to test
the contribution of hydrostatic and osmotic gratseto water flow inN. glutinosaroots
under waterlogged conditions. The sequence and (aags) for observed responses, plant
growth, physiological effects and soil effects farglutinosato respond to waterlogging was
consistent between experiments and used to conhstmicempirical representation of

waterlogging in Chapter 5.
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CHAPTER 5

EMPIRICAL REPRESENTATION OF PLANT
ADAPTATIONS TO WATERLOGGING
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CHAPTER 6

MODELLING CROP GROWTH AND YIELD
AFFECTED BY WATERLOGGING
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6 CHAPTERG6

As described in Chapters 2 and 5 SWAGMAN Desting gop growth and yield model that
considers the effects of abiotic stresses to ettim@p yields. Chapters 3 and 4 focused on
understanding the physiological effects and morpdiichl responses that waterlogging has
on plants. Chapter 6 incorporates the new undafstgnof crop physiology gained from
Chapters 3 and 4 into SWAGMAN Destiny to improveogryield estimation due to
waterlogging. This Chapter explains and justifies thanges made to SWAGMAN Destiny

and the outcomes.

6.1 A BRIEF OVERVIEW OF SWAGMAN DESTINY

Details of the theory behind SWAGMAN Destiny (Desl can be found in Chapters 2 and
5. Destiny was originally written in Fortran and maagecently converted to Microsoft Visual
Basic.

Through the graphical user interface (GUI) the ssects a simulation year (Figure 6.1A),
inputs weather (Figure 6.1A), irrigation (FigurelB), crop and soil information (Figure
6.1C) along with watertable information (Figure B)1The program runs and produces an
output summary (Figure 6.2A) along with graphedg(ifé 6.2B) and tabulated outputs

(Figure 6.2C).
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o5 Swagman Destiny E=n e ==
File Edit View Run Utilities Help

[nput | Run | Outputs | C
Gmphs] Inputs | Output summary] Water balance | Plant gmwlh] Stress Irrigaiiun] Soil water fmm)  Volumetric soil waier] Soil salt 1 Daily weaihe(J |
“S03il water a= mm in each layer -

W1 W2 39 4 3WS SWE SW 7 SWE SW G SWID SWLl SWIZ SWlZ SWI4  SWiS TOT
0.2 0.8 2.0 &.€ €1 7.2 7.8 B.5 8.5 17.@ 0.0 80.0 30.0 60.0 188
0.2 0.8 3.8 &€ €1 7.2 7.8 6.5 8.5 17.9 20.0 30.0 30.0 €0.0 188 |
0.2 0.9 ae 47 €1 7.2 7.8 B.5 8.5 17.9 18.9 30.0 30.0 60.0 188 &
0.2 0.8 3.8 47 €1 7.2 7.8 6.5 6.5 17.9 19.9 30.0 30.0 €0.0 188
0.1 0.8 a8 47 €1 7.2 7.8 B.5 8.5 17.9 18.9 30.0 30.0 &0.0 188
0.1 0.8 3.8 47 €1 7.2 7.8 8.5 6.5 17.9 19.9 30.0 30.0 €0.0 188
0il 07 a7 47 €1 7.2 7.8 B.5 8.5 17.9 18.9 30.0 30.0 60.0 188
0.1 07 3.7 47 €1 7.2 7.8 8.5 6.5 17.9 19.9 30.0° 30.0 €0.0 188
0il 07 a7 47 €1 7.2 7.8 B.5 8.5 18.0 18.8 30.0 30.0 &0.0 187
0.1 07 2.7 47 €1 7.2 7.8 8.5 6.5 18.0 19.8 30.0 30.0 €0.0 187
0il 07 a7 47 €1 7.2 7.9 B.5 8.5 18.0 18.8 30.0 30.0 &0.0 187
0.4 0.8 36 &7 €1 7 7.8 B.5 H.5 18.0 19.8 30.0 30.0 0.0 188
0.2 0.8 .6 &7 €1 7.9 B.5 8.5 18.0 18.8 30.0 30.0 &0.0 187
0.8° 07 3.6 47 €1 7.8 B.5 H.5 18.0 19.8 30.0° 30.0 &0.0 187
0.2 0.7 .6 &7 €1 7.e B.5 8.5 18.0 18.7 30.0 30.0 80.0 187
0.8 0% 2.6 47 €1 7.1 7.8 8.5 8.5 18.0 18.7 30.0 30.0 €0.0 187
0.2 0.7 1 2.6 4.7 €31 7.1 7.9 B.5 8.5 18.0 18.7 30.0 30.0 &0.0 187
0.2 0.6 1 2.6 47 €1 7.1 7.6 B.5 8.5 18.0° 18.7 30.0° 300 &0.0 187
0.2 0.6 1 ais 47 €0 7.1 7.9 B.5 8.5 18.0 18.7 30.0 30.0 &0.0 187
0.4 0.6 2.00 3.5 47 €0 7.1 7.6 8.5 8.5 18.00 19.7 30.0° 30.0 €00 187
0.2 0.6 2.0 3.5 &7 €0 7.1 7.9 B.5 8.5 18.0 18.6 30.0 30.0 &0.0 187
0.2 0.6 2.0 3.5 47 €0 7.1 7.6 B.5 8.5 18.0 19.6 30.0 30.0 €00 187
0.1 0.6 1.8 3.5 &7 €0 7.1 7.9 B.5 8.5 18.0 18.6 30.0 30.0 60.0 187
0.1 0.5 1.9 3.5 47 €0 7.1 7.6 B.5 8.5 18.0 19.6 30.0° 30.0 €00 187
0.2 0.5 1.8 3.5 &7 €0 7.1 7.9 B.5 8.5 18.0 18.6 30.0 30.0 60.0 186
0.1 0.5 1.9 3.5 47 €0 7.1 7.6 B.S 8.5 18.0 19.6 30.0 30.0 40.0 186
0.1 0.5 1.8 3.5 &7 €0 7.1 7.9 B.5 8.5 18.0 18.6 30.0 30.0 60.0 186
0.1 0.5 1.8 3.5 47 €0 7.1 7.6 B.S 8.5 18.0 19.5 30.0° 30.0 40.0 186
0.2 0.7 1.8 a5 &7 €0 7.1 9.9 B.5 8.6 18.0 18.5 .30.0 30.0 60.0 187
0.2 0.6 1.7 2.5 47 €0 7.1 7.6 B.S H.6 18.0 19.5 30.0° 30.0 40.0 186
0.2 0.6 1.7 3.5 &7 €0 7.1 9.9 B.5 8.6 18.0 13.5 30.0 30.0 60.0 186
0.2 0.6 1.7 2.5 47 €0 7.1 7.6 B.S H.6 18.0 19.5 30.0° 30.0 40.0 186
0.1 0.6 1.7 a5 &7 €0 7.1 7.9 B.5 8.6 18.0 13.5 30.0 30.0 60.0 186
0.1 0.6 1.6 3.5 47 €0 7.1 7.6 B.S H.6 18.0 19.4 30.0 30.0 40.0 186
0.1 0.6 1.6 3.5 &7 €0 7.1 7.9 B.5 8.6 18.1 18.4 30.0 30.0 60.0 186
0.1 0.5 1.6 3.4 47 €0 7.1 7.6 B.S ©.6 18.1 19.4 30.0 30.0 40.0 186
0.1 0.5 1.6 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 13.4 30.0 30.0 60.0 186
0.1 0.5 1.6 3.4 47 €0 7.1 7.6 B.S H.6 18.1 19.4 30.0 30.0 40.0 186
0.1 0.5 1.5 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 13.4 30.0 30.0 60.0 186
0.1 0.5 1.5 3.4 47 €0 7.1 7.6 B.S H.6 18.1 19.4 30.0 30.0 40.0 186
0.1 0.5 1.5 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 18.3 30.0 30.0 60.0 186
0.1 0.5 1.5 2.4 47 €0 7.1 7.6 B.S ©.6 18.1 19.2 30.0° 30.0 40.0 186
0.1 0.5 1.4 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 18.3 30.0 30.0 60.0 186
0.1 0.4 1.4 3.4 47 €0 7.1 7.6 B.S H.6 18.1 19.2 30.0 30.0 40.0 186
0.0 0.8 1.4 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 18.3 30.0 30.0 60.0 185
0.00 0.4 1.4 3.4 47 €0 7.1 7.8 B.5 8.6 18.1 189.2 30.0 30.0 &0.0 185
0.0 0.8 1.4 3.4 &7 €0 7.1 7.9 B.5 8.6 18.1 18.3 30.0 30.0 60.0 185

17f02/1880 0.00 0.4 1.3 3.4 47 €0 7.1 7.6 B.5 8.6 18.1 18.2 30.0 30.0 €0.0 185 -
)

Figure 6.2: SWAGMAN Destiny graphical user intedacshowing output examples. A.

Output summary. B. Graphical output example. C.ulatled output example.

6.2 SWAGMAN DESTINY INPUTS

6.2.1 Weather inputs
Patched point weather data files were purchased frbe Science Delivery Division of the
Department of Science, Information Technology, atmn and the Arts as part of the SILO

Climate data bankh{tp://www.longpaddock.qld.gov.au/si)o/The patched data uses Bureau

of Meteorology measurements from regional weathatioms and interpolates (patches)
appropriate values for any missing data. Withintdgs a location is selected corresponding
to a SILO file, the SILO weather file is called fibvat location and the year or years you wish

to run a simulation are chosen (Figure 6.1A).
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6.2.2 lIrrigation inputs

SWAGMAN Destiny was originally developed to simaédhe water and salt balance effects
associated with irrigated crops. Hence there aneynogtions available to trigger irrigation.
These range from a simple time driven system whkjpécifies a day and amount of water
added, to irrigation events that are automaticatjggered once a cumulative
evapotranspiration (ET) or cumulative soil watefiaeis reached. The time driven method
was used to simulate waterlogging periods at pdaidimes by specifying a date and a large
volume of water to be added. For prolonged or nforquent waterlogging simulations a
trigger ET value was specified along with an irtiga amount that had effectiveness greater
than 100 %. This ensured that an amount of wateexcess of that which had been

evaporated was added and would potentially fillgb# profile to saturation.

6.2.3 Crop and soil inputs

Crop and soil inputs for Destiny are called fromblés composed and stored in Microsoft
Access.

The choice of crops are cotton, established sunpasture Dactylis L., Phalaris aquatic,
winter pasture Trifolium L., Lolium L.), established woodlotE(calyptu, young woodlot
(Eucalyptu$, maize, rice, soybean, sunflower, vines and wh&he relevant crop input
parameters defined by the crop input table are sanised in Table 6.1.

Each soil type (Table 6.2) is separated into 15 lagers (L), each of fixed thickness. For
each layer, volumetric water content at lower ljnditained upper limit, saturation and the
initial water content of the layer, salinity, butlensity, ammonium and nitrate content,
organic carbon, a root growth factor and macrogomraulic conductivity are defined as

inputs that are specific for each soil type.
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6.2.4 Watertable inputs
The presence or absence of a watertable can betexkldf a watertable is present it can be
assigned as a variable or fixed depth from the mplosurface with the initial depth and its

salinity specified by the user (Figure 6.1D).
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Table 6.1: Crop input parameters used in SWAGMAIStDg that are relevant to this chapter.

. Aero
- Peak ParvConv . SppAer InitRoot RtVol Root
Name DDveg| DDmat| Ddnoirrig LAI Tbase Fac PotYield Fact Depth Crop factor RootDrate Isow Summer Mass Diam stress
threshold
The root
develop-
Degree Photo- - ment rate A Volume of
days Degree Temp | synthetically Crop coefﬂcngnt (cm °C* day . boolean | root mass
f . used for scaling it Sowing ! L
from days Elapsed of zero active Maximum ). Used to field indicating | Average
] L - reference date Lo .
sowing from degree Peak growth radiation potential otential calculate the Sspeci- indica- the total dia-
until sowing days leaf for factor used to| cropyield | Aeration | Initial rooting eSa otrans- rate of ﬁg d as ting volume meter of
the end | until the before com- convert under factor (O - depth at gvap increase in whether (cn®) first 0-1 factor
area . g h . piration to crop day L )
of end of | commence index puting | radiation (MJ | optimum 1 factor) | sowing (cm) otential depth of number itisa occupied order
vegeta- crop -ment of degree m?) to conditions P roots as summer by one lateral
h L . 1 evapotrans- . of the
tive mat- irrigation days kilograms of (kg ha’) o constrained crop or gram of | root (cm)
- o piration at full year
growth urity (°C) dry matter cover by root other- roots (cm
stage (Kg MJY growth rate wise gh
and salt
factors
Cotton 1300 1700 100 9 12 4 2000 1 8 1 0.2 30 TRUE 10 320.0 0.8
Established
summer 3500 4500 50 9 0 2 0 1 8 0.85 0.08 183 TRUE 10 0.0 0.8
pasture
Established | g5 | 2100 100 5 5 2 70000 1 325 0.6 0.05 1 TRUE 100 .030| 08
Woodlot
Maize 1100 2000 100 8 8 35 15000 1 8 0.85 0.2 30p TRYE 5 7 0.035 0.8
Rice 1295 1895 100 10 8 3.05 15000 1 15 1 0.1 290 TRUE 0 1 0.01 0.8
Soybean 1000 1895 100 5 8 11 5000 1 8 11 0.1 322 TRYE 10 0.028 0.8
Sunflower 1300 2000 100 7.5 4 25 5000 1 8 0.95 0.1 32p TRYE 10 0.025 0.8
Vines 2000 3500 50 5 5 3 40000 1 8 0.75 0.05 245 TRUE 10 0.03 0.8
Wheat 1300 2250 150 6 0 25 7000 1 8 1.05 0.15 13b FALSE 10 0.025 0.8
Winter
1500 2100 50 9 0 2.5 0 1 8 0.95 0.08 90 FALSE 10 018®. 0.8
pasture
Young wood| g4, 2100 100 9 5 2 70000 1 20 0.6 0.05 100 TRUE 10  0.03 0.8

lot
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Table 6.2: Soll types available in SWAGMAN Destiny.

Soil type

Soil type continued

Black earth, low water holding capacity

Non-restrictive duplex soil with thin we

structured topsoil

Brown clay loam (15 - 18 cm) over reddi
brown heavy clay subsoil

Slﬁzed Brown Earth

Brown clay loam (shallow < 10 cm) over dd
red-brown heavy clay

rRkRed brown loam (~25 cm) over light brown cl
(~20 cm). Clay loam to depth

ay

Brown heavy clay to depth, self-mulching

Red Earth

Carrathool ripped

Restrictive duplex soil with thizard topsoil

Carrathool unripped

topsoll

Restrictive duplex soil with thick well structurg

2d

Clayey calcareous soil

Restrictive duplex soil witm hard topsoil

Deep clayey calcareous unigrad

topsoil

Restrictive duplex soil with thin well structurg

2d

Deep hard clayey

Rubbly calcareous soil

Deep hard loamy unigrad

Sandy calcareous soll

Deep loamy calcareous unigrad

Shallow calcareonsestrictive soil

Deep sandy gradational soil

Shallow calcareousicése soil

Deep sandy uniform soil

Shallow clay over calc rock

Deep stony soll

Shallow cracking clay over calckroc

Deep well structured clayey unigrad

Shallow loamy ever calc-rock

Deep well structured loamy unigrad

Shallow loamiy @eer rock/pan

Fine sandy loam

Shallow sandy sail

Grey heavy clay to depth, self-mulchingoil complied from Greenwood's data (Kyabr
(Northern NSW) area)
Grey heavy clay to depth, self-mulchi

(Southern NSW)

1 .
g?/ery shallow loamy/clayey soil over calc-rock

Lithosol

Very shallow non-rippable soil

Loamy calcareous soil

Very shallow sandy soil aadc-rock

Modified Wunnamurra (found in Hay)

Very shallow lsmver rock

Non-restrictive duplex soil with thick har
topsoil

O\Nell structured over restrictive cracking clay

Non-restrictive duplex soil with thick we
structured topsoil

Well structured throughout cracking clay

Non-restrictive duplex soil with thin hard topsqg

ilWhitton soil

Yellow podzolic
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6.3 THE WATERLOGGING COMPONENT OF SWAGMAN DESTINY

As discussed in Chapters 2 and 5, Destiny assigremtial crop yield then calculates the
effects of daily abiotic stresses on that crop dyiébtresses considered are water deficit
(drought), nitrogen deficiency, salinity and aevati{waterlogging). The effects of stresses
are determined from the combination of the dailjuga of weather, soil, crop, watertable and
irrigation inputs within the year or continuous kgeaelected. The final part of my research
has been to include process informed represengatmin my understanding of plant
physiological responses and adaptations to watgirigg (Chapters 3 and 4) into the
waterlogging component of Destiny.

Up to this point | have discussed crop yield asnttaén output of Destiny and the effect that
waterlogging has on crop yield. There are seveegiss inputs and calculations that must first
be satisfied within the waterlogging component adsiiny to determine final crop yield
(summarised in Figure 6.3). These steps, inputscalwlilations are discussed in the sections

below.
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Figure 6.3: Sequence diagram of components reqtorediculate the effect of waterlogging on croplgiwithin SWAGMAN Destiny.
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6.3.1 SWAGMAN Destiny glossary of terms

Destiny uses many abbreviations and a list of ¢énes$ used within this chapter can be found

in Table 6.3.

Table 6.3: Abbreviations discussed in this chaptseed in SWAGMAN Destiny.

Abbreviation

Meaning

How they are

determined
ActBiomass Actual biomass (kg Ha (S((a:ciilglrilztgdlz)
ActLAI Actual leaf area index (s(éil?our!aéeg 9)
AerDelay Delay before hypoxia begins to affect plarocesses (days) Set at 3 day
Aerf Aeration factor derived from water filled pore spamnd soil laye Calculated
depth (0 — 1 factor) (Section 6.3.4)
BD Bulk density of each soil layer (g én Inputff"rgm soil
Carbo Carbohydrate generated from PARConvFac antk§&a’) (S((e:(iilglrilztzdlz)
CritWFPS Critical water filled pore space for rgoowth Set as 0.65
DAS Days after sowing Counted
DeltaDep Change in root depth on a daily basis (S((e:(iilglrilztzdll)
DDmat Day degrees from the end of the vegetaties@huntil maturity Ianurtofgofglr;the
DDveg Day degrees for the vegetative phase Inp:rtofgc:cﬁqethe
DL2 Depth to the bottom of the soil layer (cm) Inputff"rgm soil
Dlayr Thickness of the soil layer (cm) Inputff"rgm soil
DTT Daily growing degrees (°C) (S(éil?ourllaée?? 9)
. - . : 3 Calculated
DUL Drained upper limit of soil water content ieer (cni cmi®) (Section 6.3.11)
Grort Daily increment of root growth (g ¢ (Sg(iilglrilzt%dll)
llatime Counter for number of days of waterlogg(dgys) (S(;glfourl]aéeg 5)
Isow Date of sowing for each crop (day of year) Input ;iﬁm crop
L Layer number (layer 1 at top of profile, 15 inat) Inputff"rgm soil
Lafl Layer aeration factor (0 — 1 factor) (S(éil?ourllaée?? 6)
Lafact Relative amount of total pore space fillathwvater (0 — 1 factor Calculated

(Section 6.3.2)
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Table 6.3 continued

Lazfact Weighting factor for depth of layer effect on aematof the layers  Calculated
layer (0 — 1 factor) (Section 6.3.3)
- , . : 3 Calculated
LL Lower limit of plant available soil water in ayer (cni cm?®) (Section 6.3.11)
. . L ) Calculated
ection 6.3.
Par Photosynthetically active radiation (M¥)m (Section 6.3.10)
ParConvEac Efficiency of conversion from intercepted photositcally | Input from crop
active radiation into biomass carbohydrate (g"MJ file
. a1 Calculated
ection 6.3.
PCarbo Potential carbohydrate (kg ha (Section 6.3.12)
PeakLAl Peak leaf area index Input Iirl?em crop
. L ] Calculated
ection 6.3.
Photo Converts the intercepted radiation to carbitg (kg hd) (Section 6.3.10)
. N 1 Calculated
PotBiomass Potential biomass (kg 'ha (Section 6.3.12)
. . Calculated
ection 6.3.
PotLAI Potential leaf area index (Section 6.3.9)
, . . Calculated
PotYield Potential yield (kg ha (Section 6.3.13)
. . . Calculated
Prft Temperature index for photosynthesis and ratpin (Section 6.3.10)
ptf Partitioning factor (assigns carbohydrateditorbot system) Assigned
Rcoef Rate of leaf appearance Assigned
: . . . Calculated
Rdtt Thermal time used to drive rooting depth iase(set as DTT) (Section 6.3.11)
. , ; Calculated
Rld Root length density of the soil layer (cm¥m (Section 6.3.8)
RIdf Root length density factor for soil layer used atcalate new roof  Calculated
growth distribution between layers (Section 6.3.11)
) Calculated
RInew New root length (cm cfn (Section 6.3.11)
_— Calculated
Rload Respiration load (kg fg (Section 6.3.12)
Rnlf Temporary variable used for root length disition (cm crif) Section 6.3.11
RootDrate Root development rate (cm™@y’) Input ;irl?em crop
RootLWRatio Root length to weight ratio (cri)g Input ;irlzm crop
RtVolMass Amount of mass per root volume {a) Input ;irl?em crop
. , . Calculated
Safl Soil profile aeration factor (0O — 1 factor) (Section 6.3.7)
. . o Calculated
SDTT Sum of daily growing degrees (°C) (Section 6.3.9)
. . . Input from
Solrad Amount of daily solar irradiance (MF)n weather file
SppAerFact Species sensitivity factor (0 — 1 fgctor Input ;irl?em crop
Sw Volumetric soil water content (Gpier CMi>soi) Input ff"rgm soil
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Table 6.3 continued

SWWFPS Water filled pore space at current soil watatent (S(éil?our:aé?g 2)
Tbhase Base temperature at which species startswo(6C) Input ;irl?em crop
TEMPMN Minimum daily temperature (°C) Jvr;%t:;g?;ﬁ]e
TEMPMX Maximum daily temperature (°C) Jvl%lﬁ]gfg?e
Tpore Total porosity (%) (S(éil?our:aé?g 2)
Trlv Total root length density over the whole pleficm cnt) Calculated

(Section 6.3.8)

WR Weighting factor for soil depth to determine newotrgrowth| Input from soll

distribution file
Xstage Plant development stage (0, 1 or 2) (S(;glicouriaéeg 9
Yield Yield, grain or vegetative dry matter (kgha Calculated

(Section 6.3.13)

6.3.2 Calculating the relative amount of critical pore sgce filled by water

The first step towards calculating yield reductiahge to waterlogging is to calculate the
relative amount of pore space filled with waterféict) within the soil. This is a zero to unity

factor where zero indicates the soil pores are ¢etely full of water (the soil is saturated)

and one indicates there is no water in the soipdgthe soil is oven dry) (Figure 6.4). The
critical water filled pore space (CritWFPS) is $et0.65, as the threshold when new root
growth within the affected layer will slow relatiie root growth in less affected (better
aerated) layers (Meyer and Barrs, 1991). Daiaal. (1990) found that respiratory activity of

microbial function in soils decreased when the wétked pore space increased to a value
above 0.65. If there are roots in the layer andwhéer filled pore space (SWWFPS) at a
particular soil water (Sw) content is more than¢hgécal water filled pore space (SWWFPS

> CritWFPS) then Lafact is calculated as:

o 1 _ (SWWEPS — CritWFps) 61)
alact = (1 — CritWFPS) '

where
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SWWEFPS =

6.2
Tpore 6.2)

and

BD
T =1- 6.3
pore Soil particle density 6.3)

Tpore is the total porosity of the soil (ﬁme spacecm‘sson) and soil particle density (2.68 g tm
% is the same for all layers. Volumetric water @mt(Sw) (CMiyater CMsoi)) for each soil
layer is calculated for each day of the simulastarting with an initial input value from the
soil file. BD is the dry soil bulk density given as input for each layer. If SWWFPS is less
than CritWFPS then Lafact is set equal to one.

In the current configuration, low aeration in argrtcular layer does not affect the rate of
growth of roots but will affect the distribution adots by having roots preferentially grow in
those areas that are better aerated. There israot diffect of low aeration conditions on
either water uptake or nitrogen supply to the abgneeind portion of the plant. An aeration
factor is calculated for each layer (Lafact) anfinal overall factor (Safl, Section 6.3.8) is

calculated.
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Critical water filled pore
0.8 -

space (CritWFPS) = 0.65

0.6

0.4

Layer aeration factor (Lafact)

0.2 -

0 0.2 0.4 0.6 0.8 1
Water filled pore space (SWWFPS)

Figure 6.4: Aeration factor (Lafact) as a functafrwater filled pore space (SWWFPS).

A coding error was found in the Microsoft VisualdBaversion of Destiny where Equation
6.1 was given as:

(SWWFPS — CritWFPS)

Lafact = 1 —
atac (Tpore — CritWEPS)

(6.4)

This function gives similar values at the lower @fidhe Lafact range but incorrect values at
the upper end. This error had been counteractethanprevious Microsoft Visual Basic
version of the code by rearranging the equatiord usecalculate the final layer aeration
factor (Lafl), which includes the time of expostwelow aeration (llatime) and the species
sensitivity to waterlogging (SppAerFact). The cotrequation for Lafl (which had been

present in the original Fortran code) is discussddw (Equation 6.10, Section 6.3.6).
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6.3.3 Calculating the depth weighting factor for the aeraion effect on soil layers
The depth weighting factor for aeration effect oil kyers (Lazfact) is a zero to unity factor
describing the effects of soil depth on soil aeratiFigure 6.5). If the depth to the bottom of

the soil layer (DL2) is more than 50 cm then:

50
= 6.5
Lazfact DL2 — Dlayr X 0.5 (6.5)

where Dlayr is the thickness of the soil layerdm). If DL2 is less than 50 cm then Lazfact
is made equal to one.

Depth weighting factor for aeration effect on soilayers (Lazfact)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0 1 1 1 1 1 1

50 -

100 -

150 -

200 -

250 -

Soil layer depth (cm)

300 -

350 -

400 -

450 -

500 -

Figure 6.5: An example of the depth weighting fadtr aeration effect (Lazfact) as soil

layer depth increases.

6.3.4 Calculating the effects of hypoxia on root water utake
The effects of waterlogging (low aeration) on thal srave been described by Lafact

(Equation 6.1, Section 6.3.2) and Lazfact (Equatds, Section 6.3.3). Using Lafact and

117



Lazfact for each layer the effects of hypoxia canplroot function (Aerf) are calculated as a
zero to unity factor:

Aerf = Lazfact X Lafact (6.6)
However, during low aeration Lazfact and Lafact aeey small values, resulting in an even
smaller value when calculating Aerf using Equattof. On testing it became apparent that
the resultant product value of the two factors exsessively small. To address this problem
Aerf was changed to:

Lazfact + Lafact
Aerf = ( 3 ) (6.7)

to give a better representation of the effects agmitude of waterlogging stress compared to
other stresses such as soil water deficit stremsaFleep wet soil layer (Aerf equals zero)
there will be less aeration than a shallow dryg(l#san the critical water filled pore space
(CritWFPS)) soil layer (Aerf equals one). This echuse the shallow soil layers proximity to
atmospheric oxygen means it returns to aerateditbmmsl more rapidly than deep wet soill

layers (Donohuet al, 1984; Meyer and Barrs, 1988; Maher, 1997; Mah@99).

6.3.5 Calculating the number of waterlogged days

Chapters 2, 3 (Section 3.5), 4 (Section 4.3.1)%&(8ection 5.6.3) discuss the effects that the
duration of waterlogging has on soil oxygen conedin (soil aeration) and consequently
plant growth. Within Destiny, plant response delayreducing aeration, hence increasing
hypoxia (AerDelay) can be a variable but is s& days (Hunet al, 1981; Meyer and Barrs,
1988). This is the commonly observed time it tat@splants to respond to a waterlogging
event and for the water filled pore space to ineeeabove the critical value of 0.65 (Section
6.3.2). The number of waterlogged days (llatime)days) is calculated as:

Ilatime = 0 — AerDelay (6.8)
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[latime = Ilatime + 1 (6.9)

With continuous waterlogging llatime will accumwdab a maximum of 60 days after which

llatime is fixed at 60.

6.3.6 Calculating the layer aeration factor
The layer aeration factor (Lafl) is a zero to ufégtor that brings together the effects of soill
water content (and hence water filled pore spatapth of the layer in the profile, duration of
the waterlogging event (llatime) and species setgitto waterlogging (SppAerFact). The
function is specified as a power decay function:

Lafl = [(Aerf)“atimeo'm] x [SppAerFact] (6.10)
where SppAerFact (a zero to unity factor) is thecgs sensitivity factor with the default
value set at one. The form of the function withimas values of SppAerFact is shown in

Figure 6.6.
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Figure 6.6: An example of the layer aeration fadiomfl) at varying species sensitivity
factors (SppAerFact). For this example the effédiypoxia on plant root function (Aerf) is

set to 0.3 to represent partially saturated s@t(®n 6.3.4).

As indicated above (Section 6.3.2) the coding emdEquation 6.4 was compensated for by
applying the following equation for Lafl:

Lafl = 1— [(1— Aerf)ll2time®™] x [SppAerFact] (6.11)
A plot of Lafl using the coding errors (Equation4 &nd 6.11) shows with increasing days of
waterlogging Lafl increases towards one (Figurg, 8esulting in less stress (in all Destiny
zero to unity factor cases, zero is the maximurasstiand one represents no stress). Stress
from waterlogging increases with time (Chapters32,4 and 5) concluding that this
representation of Lafl is incorrect. By the samieqgipal (zero is the maximum stress and

one represents no stress) when SppAerFact is dosaro the stress should be worse, but
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Lafl is closer to one resulting in less stress.dfigan 6.11 has been replaced with Equation

6.10.
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Figure 6.7: The incorrect representation of thetaaeration factor (Lafl) previously used in
the Microsoft Visual Basic version of SWAGMAN Dawyji at varying species sensitivity
factors (SppAerFact). For this example the effédiypoxia on plant root function (Aerf) is

set to 0.3 to represent partially saturated s@t(®n 6.3.4).

6.3.7 Assigning the effect of soil aeration on plant funtons — effect on roots

One of the most unequivocal responses of plantiowo soil oxygen concentrations is
observed changes in root distribution (Meyer and8d991; Maher, 1999). This effect is
represented in Destiny by considering the calcdl#ger aeration factor (Lafl) through the
whole profile and assigning the daily inferred cdmdrate for root growth from the leaves to
root growth in layers with the highest Lafl valuébe effect of this is that soil layers that
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have an inferred low oxygen concentration (Laflueal closer to zero) will have less root
growth assigned compared with layers with highderned oxygen concentrations (Lafl
values closer to one). This effect, combined withirgformly applied root death rate of
nominally 1 % will result in a gradual decline ioot length density within layers that are

waterlogged.

6.3.8 Assigning the effect of soil aeration on plant funitons — effect on above ground
plant functions

While the effect of Lafl on roots is assigned dayer basis (Equation 6.10, Section 6.3.6),

the effect of aeration status on above ground glamttions is assigned using a whole soil

profile factor (Safl). This soil profile aeratioactor (Safl) is a zero to unity factor calculated

as:
L=15
RIA(L
Safl = Safl + z R INS P 6.12)
Trlv
L=1
where
L=15
Trlv = 2 RI(L) (6.13)
L=1

RId(L) is the root length density (cm &nfor layer L calculated daily and Trlv is the tota
root length density (cm ci) over the whole profile. RId(L) is discussed incen 6.3.11.
The effect of Safl is that inferred low soil aevatiin layers with more roots (larger root
length density) will have a greater effect on thwlf value of Safl than layers with fewer
roots. The root profile aeration factor (Safl)hen used, along with other stress factors, to

influence both leaf growth and photosynthesis.
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6.3.9 Calculating canopy growth

Potential leaf area index (PotLAl) is estimatechgdihe input values of peak leaf area index
(PeakLAl) for a given crop, day degrees for theetative phase (DDveg), the date of sowing
(Isow) (all assigned from the crop input file) ati sum of the degree days (SDDT). An
actual leaf area index (ActLAl) is calculated framerementing the daily change in leaf area
which is the product of daily potential leaf grovehd the worst (smallest index value) daily
stress, for example:

ActLAI = PotLAI X Safl (6.14)

where in the case of waterlogging, soil profileati®on (Safl) is the worst stress on that day.

The daily actual and potential leaf areas are actated and presented as leaf area indices

(Figure 6.8).
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Figure 6.8: Example of potential leaf area indest(fAl) and actual leaf area index (ActLAl)
for a persistently waterlogged wheat crop in GhffiAustralia (34°17’'S, 146°03’'E, 130 m

above mean sea level), 1993.

The sum of growing degree days (SDTT) is accumdlatem the daily growing degree days

(DTT):

TEMPMX + TEMPMN
DTT = ( )

5 — Thase (6.15)

where Tase (°C) is assigned for each crop as the minimum gpasmperature for plant
growth (Table 6.1) and TEMPMN and TEMPMX are thentmum and maximum daily
temperatures (in °C) respectively from the inputCGlveather file.

The plants development stage (Xstage) is calcuked

SDTT
DDveg

Xstage = (6.16)
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If Xstage is less than or equal to one then thatpk in the vegetative stage of growth
(Equation 6.16), if Xstage is more than one thengiant is deemed to be in the reproductive

phase when new leaf growth will slow, eventuallgse growth, mature and lose area:

SDTT — DDveg )

Xstage =1
SHage + (DDmat— DDveg

(6.17)

where DDmat is the degree days until plant matuanitgl is a crop input.

6.3.10 Converting incoming solar radiation to growth
Photosynthetically active radiation (Par) (in M¥)nis calculated as:

Par = Solrad % 0.5 (6.18)
where Solrad (in MJ i) is the daily total solar radiant energy and israout from the SILO
weather file (Section 6.2.1).

The temperature index for photosynthesis and raspir (Prft) is calculated as:
Prft = 1 — 0.0025 x [(0.25 X TEMPMN) X (0.75 x TEMPMX) — 26]? (6.19)
Converting Par to an inferred amount of carbohyd(Bhoto) is calculated as:

Photo = Par x ParConvFac X [1 — e7065*ActlAl] 5 Saf1 x 10 (6.20)
where ParConvFac is the efficiency of convertingrcepted Par into biomass and is defined
as a crop input (Table 6.1). Actual leaf area in(&atLAl) is calculated from the potential
leaf area index (PotLAI) multiplied by the worstilglsstress (assumed to be Safl in the case

of waterlogging) as described above (Equation &bk¢tion 6.3.9).

6.3.11 Calculating root growth
There are multiple calculations and inputs requfoedepresenting crop root growth. A root

weighting factor (WR) for soil depth is used totdisute new root growth in soil layers
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where root growth has been initiated because repthdhas extended to these layers. The
root weighting factor by layer is an input from il file (Figure 6.9).

Root weighting factor (WR)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

° - . —8

50 - o

100 -

150 -

200
250
300 -

®
350 -

Soil layer depth (cm)

400 @

450

500 @

Figure 6.9: Example of the root weighting factor R\Wover the soil profile for Hanwood

loam.

The amount of carbohydrate available for daily rgmwth (Grort) (in g cii) is calculated
as a proportion of the amount of intercepted ramhathat has been converted to growth
(Photo; Equation 6.20, Section 6.3.10) using aitpaning factor (Ptf) that assigns the
amount of carbohydrates going to the roots:

Grort = Photo x (1 — Ptf) x 0.1 (6.21)

A root length to weight ratio (RootLWRatio) (in ag) is calculated as:

RootLWRati RtVolMass
00 atio =
o (Root diameter)2 (6.22)

2

where root diameter (cm) and root volume mass (Rfdes) (in cni g*) are crop input

values. New root growth (Rlnew) (in cm @jyin each soil layer (L) is calculated as:
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RInew = Grort X RootLWRatio (6.23)
A root length density factor (RIdf) for each salér (L) is used to calculate the distribution
of root length density between layers over the paifile:
Rldf = Rldf x WR x Dlayr (6.24)
The new root length density (RId) for the soil jplieofs calculated by:

Sw — LL

RId = RId + RIdf x —f
B DUL — LL

Dlayr

_ (0.01 +0.01x[1-¢ )D x RId (6.25)

where Rnlf (in cm ci) is a temporary variable used for root length riistion, Sw (in
CM water CM>s0i) S the volumetric soil water content, DUL (in €em®) is the drained upper
limit and LL (in cn? cm®) is the lower limit of the plant extractable saihter in a layer.

The change in root depth on a daily basis (DeltaDgpcalculated from the product of
thermal time since sowing or the start of growthdt(R and the root development rate
(RootDrate) which is a crop input (in units of c@®day?). This rate of depth increase will
be slowed if the layer in which root depth growdhactive is subject to poor aeration. This is
done by applying the layer aeration factor (Lafju&tion 6.10, Section 6.3.6) when it is less
than 0.25 in the equation:

DeltaDep = Rdtt X RootDrate x (Lafl x 4) (6.26)

6.3.12 Calculating plant biomass
Calculating plant biomass is the final step towardkulating final yield. Firstly potential
carbohydrate (PCarbo) is found by:

PCarbo = Par x ParConvFac X (1 — e(70:65xPotLAD) 5 Saf1 x 10 x Prft (6.27)
assuming, in this case, the limiting stress istamratress (Safl).
The actual carbohydrates are found using Equati®n, ®ut with the actual leaf area index

(ActLAl) rather than the potential leaf area (PotL.&dex:
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Carbo = Par x ParConvFac x (1 — e(70-65%ActLAD) 5 Saf1 x 10 x Prft (6.28)
again assuming Safl is the limiting stress.
A respiration load (Rload) is calculated as a fiorciof plant development stage (Xstage;
Equations 6.16 and 6.17, Section 6.3.9), tempexa(MTT and SDTT,; Equation 6.15,

Section 6.3.9) and potential (PotBiomass) or adtetBiomass) biomass:

Xstage o 2T x PotBiomass (6.29)

Rload = Rcoef SDTT

Rload = 228 » DT o ActBiomass (6.30)
Rcoef SDTT

where Rcoef is the rate of leaf appearance anet i®4<l.8.
Actual biomass (ActBiomass) (in kg Hais accumulated each day after Rload is subtracted
and the amount of PCarbo remaining in the plarg te@dded:

ActBiomass = (Accumulated ActBiomass — Rload) + Carbo X Ptf (6.31)
Similarly potential biomass (PotBiomass) (in kg‘ha

PotBiomass = (Accumulated PotBiomass — Rload) + PCarbo X Ptf (6.32)

6.3.13 Calculating final yield
Final yield (Yield, kg hd) is calculated using the potential yield (PotYjetd ha'), which is
an input from the crop file (Table 6.1) reduced the ratio of the actual biomass

(ActBiomass) relative to the potential biomass Braihass):

ActBiomass
Yield = PotYield X ——— (6.33)
PotBiomass

6.4 IMPROVING WATERLOGGING REPRESENTATIONS IN SWAGMAN

DESTINY

By analysing waterlogging field trials (Chapter Derforming greenhouse experiments

(Chapters 3 and 4) and proposing an empirical sgptation of waterlogging (Chapter 5) it
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became apparent that the current version of Destugyestimated reductions in crop yield
due to waterlogging. Consequently the equationghferrelative amount of pore space filled
with water (Lafact; Equation 6.1, Section 6.3.8g effect of hypoxia on plant root function
(Aerf; Equation 6.6, Section 6.3.4) and the layeation factor (Lafl; Equation 6.10, Section
6.3.6) were changed to better represent physicalditons occurring when soil is

waterlogged. Scenarios (Table 6.4) were run iniBg$b compare outputs before (Scenario

1) and after (Scenario 2) changes to Lafact, Aedflzafl, and are discussed in this section.

Table 6.4: The definition of 2 simulation scenaritts compare equation changes in

SWAGMAN Destiny.

Relative amount of pore Effect of hypoxia on
space filled with water plant root function Layer aeration factor (Lafl
(Lafact) (Aerf)
Lafact Lafl
Scenariol| _ ;_ (SWWEFPS — CritWFPS) Aerf = Lazfact x Lafact = 1— [(1 - Aerf)llatime®*”’]
(Tpore — CritWFPS) X [SppAerFact]
Lafact Lafl
Scenario 2 - 1— (SWWFPS — CritWFPS) Aerf = M — [(Aerf)[]atimemm]
(1 — CritWFPS) 2 x [SppAerFact]

The same inputs used to mimic transient waterlagggmnthe field in Chapter 5 (Section
5.8.1) are used in this section. The inputs areaivfmy. Egret) at Griffith, NSW, Australia
(34°17'S, 146°03’'E, 130 m above mean sea levellHanwood Loam, using SILO climate

data Gttp://www.longpaddock.gld.gov.au/sildfr 1994 with total rainfall of 93 mm during

the 181 day growing period, with 500 mm of irrigettiapplied over 6 irrigation events (Table
5.4, Chapter 5).

Figure 6.10 shows the effect of irrigation and falin(used to induce waterlogging) on Safl
in Destiny. In Scenario 1 Safl approaches zero,ellew in Scenario 2 Safl reaches a
minimum of 0.5 (zero being the worst stress, onagpo stress). The effect of Safl on plant

biomass surrounding the waterlogging event (irraygton 105 days after sowing (DAS) can
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be seen in Figure 6.11 and Figure 6.12 for Scesdriand 2 respectively. Scenario 1 (Figure
6.11) shows a decrease in the rate of growth oftgdeomass (shown by a negative slope) as
soon as Safl is in effect 107 DAS (3 days aftegation) until 119 DAS. Scenario 2 (Figure

6.12) takes 7 days after the waterlogging even2 @AS) to show a decrease in the rate of

growth of plant biomass, with the decrease lastinly 1 day.
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Figure 6.10: The effect of irrigation and rainfah the aeration stress factor (Safl)
throughout the soil profile during transient wabgding for Scenarios 1 and 2 in

SWAGMAN Destiny.
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Figure 6.11: The effect of the aeration stressofadolid line) on plant biomass (dotted line)
during transient waterlogging for Scenario 1 in SBMAN Destiny. Arrows indicate an

irrigation event. Equation of the plant biomassitréine is y = 20.29x + 2488.2 R 0.59.
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Figure 6.12: The effect of the aeration stressofa(olid line) on plant biomass (dotted line)
during transient waterlogging for Scenario 2 in SBMAN Destiny. Arrows indicate an

irrigation event. Equation of the plant biomassitréine is y = 59.85x + 2247.5°R 0.97.

Scenario 1 produces a final yield of 3429 kg,Hacenario 2 produces a yield of 3936 kg.ha
As discussed in Chapter 5, Section 5.8.1 the clzanggde to Lafact, Aerf and Lafl in
Destiny (Scenario 2) better represent plant adapsduring waterlogging that occur in the
field (Meyeret al, 1985; Meyer and Barrs, 1988). Although transieaterlogging has been
shown to reduce some crop yields in the field (@#ret al, 1980; Belford, 1981), transient
waterlogging rarely reduces yield to the extentvaihdy Scenario 1. Consequently equation

changes to Lafact, Aerf and Lafl from Scenario Zelaeen used for all subsequent tests.
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6.5 THE EFFECT OF THE SPECIES SENSITIVITY FACTOR IN SWA GMAN

DESTINY

The species sensitivity factor (SppAerFact) is out from the crop file of Destiny that
represents a plant species sensitivity to low aeratonditions (waterlogging). It is a zero to
unity factor; zero representing high sensitivitystaterlogging and one representing no effect
to the plant from waterlogging. Currently the Sppeaect is set to 1 for all crops in Destiny
(Section 6.3.6). The effects of changing the SppAet of wheat on the aeration stress factor
(Safl), plant biomass (Actbiomass) and yield (Y)elere tested in Destiny. The same inputs
were used from Section 6.4 and Chapter 5, Secti8rl 50 represent waterlogging in the
field.

The changes in Safl and plant biomass for a whgaA&Fact of 1, 0.5 and 0 can be seen in
Figure 6.13, Figure 6.14 and Figure 6.15 respegtives the SppAerFact decreases Safl
approaches zero for longer periods of time, consettyi the rate of plant growth decreases,
represented by a reduction in Actbiomass (Figuds,66.14 and 6.15). A reduction in
Actbiomass results in reduced final yield (Tablg)6Table 6.5 highlights the sensitivity of

the SppAerFact and its effect on crop yield.
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Figure 6.13: The effect of the aeration stressofa¢fafl) (solid line) on plant biomass
(Actbiomass) (dashed line) with the species sefigitiactor (SppAerFact) set to 1 during

transient waterlogging in SWAGMAN Destiny.
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Figure 6.14: The effect of the aeration stressofa¢Bafl) (solid line) on plant biomass
(Actbiomass) (dashed line) with the species setisitiactor (SppAerFact) set to 0.5 during

transient waterlogging in SWAGMAN Destiny.
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Figure 6.15: The effect of the aeration stressofa¢Bafl) (solid line) on plant biomass
(Actbiomass) (dashed line) with the species sefisitiactor (SppAerFact) set to 0 during

transient waterlogging in SWAGMAN Destiny.

Table 6.5: The effects of changing the speciesitahsfactor (SppAerFact) on final yield

(Yield) in SWAGMAN Destiny.

Species sensitivity factor (SppAerFact) Grain Yieldkg ha™)
1 3936
0.8 3795
0.5 3527
0.1 1829
0 1334

The sensitivity of the SppAerFact means that ferdhme waterlogging duration, soil profile

and climate the SppAerFact could be used to estimeatuctions in crop yields according to
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the plant species tolerance or sensitivity to watging. There have been numerous
comparisons of waterlogging tolerances betweent@pacies (Jones and Marshall, 1992;
Crawford and Braendle, 1996; Bell, 1999; ColmerQ38 Moore and McFarlane, 2004,
Bramleyet al, 2007; Aroceet al, 2012). However, the waterlogging conditions betwand
within the comparisons are often very differente3@ plant species tolerance comparisons
are currently the best available, but given therof¢ery large differences in waterlogging
conditions the ranking of species tolerance shdodd interpreted as indicative only.
Consequently | suggest using them with great cautbtocompare simulated yield outputs
during waterlogging for different species. Basedtloa tolerances between plant species a
SppAerFact could be assigned to each species, hedfeding estimated final yield. For
example, a SppAerFact could be based around therlagging loss factor defined by Jones
and Marshall (1992). Their waterlogging loss fac®rbased on yield reductions during
waterlogged conditions, rice being the most tolespecies ranging to perennial pastures as
the least tolerant. Similarly the SppAerFact cooddbased on a reduction in root hydraulic
conductivity summarised by Bramlest al (2007); Agave desertbeing the most tolerant,
wheat being the least tolerant to waterlogging. tRmarosity (a measure of aerenchyma
formation in roots (Chapter 2; Plant responses tterlogging)) might represent the
SppAerFact. Colmer (2003b) summarises root poraiityng waterlogging for a variety of
species; rice being the most tolerant to waterlogdtestuca rubrabeing the least tolerant.
Crawford and Braendle (1996) monitored new rootwgno(SppAerFact representing new
root growth) for a variety of species during watgding ranging fronAcorus calamuss the
most tolerant to potato as the least tolerant ttefd@gging. From these few examples of a
plant species tolerance to waterlogging it is obsidhere are variations between reports,
hence care must be taken in understanding whatiopas are being used and what final

yield estimates truly represent.
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6.6 MAKING THE CONNECTION BETWEEN THE OBSERVED (AND
MEASURED) PHYSIOLOGICAL RESPONSES TO WATERLOGGING A ND
THEIR REPRESENTATION IN A CROP GROWTH, WATER USE AN D

YIELD MODEL

It has been extensively established that therenamay and varied responses observed
between species. With this reality, applicationdetailed physiological modelling would
need to be constructed species by species. Tmetigractical for more generally applied
crop growth, water use and yield models. To padytiglccount for species response
differences the unifying response concept in Chapteras developed. It follows then that
outputs from a model that includes waterlogging&# should show the expected sequence
and form of day-to-day responses, i.e. initial ioy@d function and growth, then decreased
function and growth followed by an adaptation rewsm dependant on species aeration
sensitivity. Outputs from the modified Destiny mbsleow this sequence.

The physiological effect of waterlogging oM. glutinosa explained in this study has
identified that impairment of the water transpoathway from rhizosphere into the root
xylem is the likely cause of the observed leafingt Since leaf wilting is observed only in a
few species subject to waterlogging the inclusidnthis representation of this specific
physiological effect into general crop growth ameld models is not warranted. Nonetheless,
the representation of decreasing][©n root growth and distribution and then an dffet
this abiotic stress on the critical above groundcpss, namely photosynthesis and hence
carbohydrate production is warranted. In essereeffect of water deficit stressed leaves
on a plant species that has this response to wgtgnlg is approximated by this

representation. Similarly in plant species that vshigaf yellowing and necrosis on
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waterlogging, the inference of impaired carbohyel@bduction can be calibrated to produce

modelled growth and yield responses consistent @bgerved values.

6.7 CONCLUSION

With a better understanding of plant responsesaaiaghtations during waterlogging gained in
Chapters 2 to 5, | found that the modelled redudinocrop yield due to a waterlogging event
in Destiny was too great compared to waterloggiaelgl fand greenhouse trials. | was able to
modify the equations for the relative amount ofgapace filled with water, the effect

hypoxia has on plant root function and the layeatien factor in Destiny to better represent
waterlogging in the field. Additionally, | have shin the sensitivity of the species sensitivity
factor for comparing crop yields for tolerancesptdnt species to waterlogging. However,
care must be taken to only compare plant specidsrbgging tolerances for the same

edaphic and environmental conditions.
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7 CHAPTER Y7

7.1 CONCLUSIONS AND FUTURE RESEARCH

Waterlogging has been said to reduce crop yieldsipyo 80 % (MacEwamt al, 1992),
although my literature review (Chapter 2: Shatval. (2013)) revealed there are many
discrepancies between what is reported around giaiideconomic loss due to the differences
in the way that areas effected by waterlogging dedined. There are also limited
measurements of plant physiological responses adaptations reported following
waterlogging in the field. The lack of informatia@vailable to farmers makes it hard to
estimate crop yield losses due to waterloggingChapter 2 | have suggested a minimum
data set that will be useful to estimate the padémffect of waterlogging. This data set
should include:

* Soil profile information (areas with duplex soils);

e Topographic data (slope and the proportion of arethe downside of slopes);

* Meteorological information (seasonal weather datficgent to estimate a daily water

balance and identify when periods of soil saturatocurred and the likely duration);
« Plant morphological appearance (careful observatodiplant growth and

development prior to, during and following any seed waterlogging);

The areas with visible surface water, its exteaptd and duration.

Careful compilation of these data and observateamsassist in identifying the likelihood of
plant effects associated with waterlogging evenkss would also assist in separating likely
waterlogging effects from other abiotic stressest ttan occur during a crop season. These
data and observations would also provide case esuti assist validate and refine crop

growth and yield models that explicitly incorporataterlogging effects.
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An above ground plant response to waterloggingithaasily identifiable in some species is
leaf wilting (Chapters 2 and 4). A possible reasonleaf wilting is a reduction in root
hydraulic conductance. | investigated the relatiim®etween wilting and root water uptake
in waterloggedGlycine maxL. (soybean) andNicotiana glutinosaL. and was able to
establish a sequence of plant responses to waggntpgsoybean; Chapter Bl. glutinosa
Chapter 4).

Waterlogged soybean showed very little change amtgbhysiology or morphology, with no
observed leaf wilting or significant top growth impment, implying a high tolerance to low
aeration in the root zone. Both leaf water potémima stomatal conductances indicated well-
functioning plants with no indication of stress rfrowaterlogging. Root hydraulic
conductance and root dry weight showed no sigmificéferences until a reduction on day 5
of waterlogging. Waterlogging for longer periods ulb be required to identify if the
development of adventitious roots formed on dayf dvaterlogging overcame the apparent
reduction in root growth and function.

At the other end of the waterlogging sensitivityalecl found that before root zone soil
oxygen concentrations reached 10 % there was a $6d¥4ction in root dry weighdf N.
glutinosaon day 2 of waterloggingrhis large reduction in root dry weight, so sooteiaf
waterlogging, could be due to the absence of cadralte (starch) in waterlogged roots and
requires further investigation. A decrease in measstomatal conductance and from this a
decrease in estimated plant hydraulic conductareze wccompanied by leaf wilting and leaf
yellowing. However, measurements of root hydrawmnductance with the Dynamax
Hydraulic Conductance Flow Meter (HCFM) indicatedcreased root conductance.
Measurements of hydraulic conductance in petiotet laaf laminas were similar for well
drained and waterlogged plants until day 4 wheren@jged plants had higher conductance

values. Leaves showing and having measurementsstamswith water deficit stress while
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measures of increased root and upper plant apphyenaulic conductivity is anomalous.
This result casts doubt on the suitability of thé /I for measuring root conductivity when
root integrity is compromised by anatomical breakdolt can also suggest that plant water
flow during waterlogging is more dependent on osenadather than hydrostatic gradients.
This hypothesis requires further research to ingatd the different results obtained using
different measuring techniques. Additionally, stéahaconductance was used to calculate
evapotranspiration, in turn estimating plant hydicaconductance. Confirmation of plant
hydraulic conductance using measured evapotratigpirshould be performed.

After the soil oxygen concentration dropped beld?4 on day 4, there was a reduction of
leaf water potential and shoot dry weight and araase in leaf hydraulic conductance.
Other researchers have found a decrease in meg3suath and Tyree, 2000) and calculated
(Pou et al, 2013) leaf hydraulic conductance together withdecrease in stomatal
conductance, this anomaly requires further rese&uahing my trialsN. glutinosashowed no
signs of morphological adaptations to waterloggsugh as development of aerenchyma

and/or adventitious roots.

The results from my greenhouse experiments sugbastcurrent physical models (Hiler,
1969; Meyeret al, 1996; Skaggs, 2008) representing waterloggedtplaaving fixed
hydraulic conductance are physiologically flawetialze shown that observed leaf wilting is
associated with reduced stomatal conductance aaidwater potential. It is therefore
consistent with water deficit even though roots sugrounded by water. The breakdown of
root anatomical integrity seems likely to have bessociated with the impedance of root
water uptake. If this is the case then it furtheggests that water uptake in roots is more
influenced by cellular and membrane integrity ardde osmotic and active uptake influence

than by hydrostatic gradients exerted through digoontinuity in the plant. Using this

143



knowledge and the sequence of responses of wagedoglants during my greenhouse
experiments (Chapters 3 and 4) | was able to makeway into updating current models by
proposing an empirical representation of waterlogg(Chapter 5). | proposed basing
waterlogging severity around the length of time@ds waterlogged and the crops tolerance
to waterlogging. The crop tolerance to waterloggias based on previous field trial results

measuring plant adaptations such as leaf and gstewtly leaf area or evapotranspiration.

Using the knowledge | gained proposing an empiricgiresentation of waterlogging
(Chapter 5) | was able to improve the crop growttl gield simulation model, SWAGMAN
Destiny (Destiny), to better represent the estisafecrop yield changes during waterlogging
(Chapters 5 and 6). Modifications to the relatimeoant of pore space filled with water, the
effect hypoxia has on plant root function and #ngel aeration factor were implemented and
simulated output yields reflected published fiefdhltresults. Further improvements and
future work to the waterlogging module of simulatimodels could be made by including
plant species tolerances to waterlogging. Howegare must be taken when comparing
species tolerances during a waterlogging eventdiFect comparisons between species there
must be consistency around the amount of time Vogiged, the soil profile, topography and
climate. Given growing season differences betwgxaties and the lack of control on root
zone variability in field waterlogging trials it laghly unlikely that definite field comparison
of species sensitivity to waterlogging is possiblhis reality means that simulation
modelling that represents the critical processassing waterlogging and the response
processes of plants has an important role in asgishderstanding a waterlogged soil plant
system. Comparison of the Destiny model outputh ¥weld waterlogging trials has shown
general agreement. However additional validationgeded as is further experimentation to

improve the representation of the numerous spegpiesific responses to waterlogging.
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