Rainfall Regime and Optimal
Root Distribution in the
Australian Perennial Grass,

Austrodanthonia caespitosa

(Gaudich.)

A thesis submitted in fulfilment of the degree asdbor of Philosophy in the School of

Earth and Environmental Sciences at the Univeddidelaide.
Grant James Williamson
B. Env. Sc (Hons) University of Adelaide

2007

1-1



1-2



1. TABLE OF CONTENTS

1....TABLE OF CONTENTS
2....ABSTRACT
3....STATEMENT

4....ACKNOWLEDGEMENTS

5....TABLE OF FIGURES

6....INTRODUCTION
6.1. ClIMALE ....eeiiiee it e e
6.2. Plant Root DiStribUtion .............cooiicccci e
6.3. Root distribution, soil water and climate.......................
6.4. PIASHICILY . ....eeeeieiiiiiitiieiitii et aeeeeeeeees
6.5. AUSTEralian GraSSes ........cccuuvvviiiiieeeereeiie e
6.6. Use of Australian grasses in salinity contral.................
6.7. AMS .

7....RAINFALL PATTERNS IN AUSTRALIA

1-3

2-11

3-14

4-15

5-16

............... 6-35



7.1. 1) (o]0 (] (o] o FTE TR 7-59

7.2. MELNODS. ...t 7-63
Data Sources and MapsS..........ooooiiiiii oottt eae e neenes 7-63
Walsh and Lawler seasonality iNdeX..........cccceeererrevrerrererrveninireienennnnnnnennn.. 203
VECTOr SEASONAIILY ...t e 7-65
T (TAU) EVENE-SIZE INUEX ... iiiiiiiie e e et nmnnnes 7-67
GAP-SIZE INUEX vttt e r e e e e e e e e e e e enennrennne 7-69
Markov probability and event [ength..........ceceeevviviiiiiiiiiiiiiiiiiiiiiiiiiiiinneennn.. 209

7.3. RESUIES .. e 7-70
Walsh & Lawler Seasonality INAeX ........couvvceceeeeiiiiee e 70-
[V/<Tor (o] gRSTT: e To ] F= U1 Y TP 7-71
T (TAU) EVENT-SIZE INUEX . ..iie i ettt emnnnes 7-73
GAP-SIZE INUEX vttt e e r e e e e e e e e e e e sseeenennnes 7-77
Markov (1,1) probability and event [ength ... oo, 7-80
T event-size index change over time ... 208
Significant correlations of event-size With time...........cccceeeeiei e e veeeeen 7-87



7.4. DS CUS SION et 7-90

7.5. CONCIUSION ..t ee e 7-96
..... NATURAL RAIN POPULATION COMPARISON 8-98
8.1. INEFOAUCTION. ... e 8-98
8.2. /131 T T L TP 8-103
8.3. RESUIES..... e 8-106
[ 01T aTo] (0T Y 8-106
GIrOWEN . s 8-108
8.4. DISCUSSION ...ttt ettt e e e e e e e eeeeens 8-112
CONCIUSION .ttt £+ 22222222 e e e e e e e e e e e e e e e e eeeeeeeeeeeeenaanaaaaaeas 8-117
..... PULSE-SIZE GLASSHOUSE EXPERIMENT 9-118
9.1. INEFOAUCTION. ..ot 9-118
9.2. MELNOAS ... e e 9-123
9.3. RESUILS ... e e 9-128
9.4. DISCUSSION ...t 9-136
9.5. CONCIUSION .ttt eeeee ettt eeeeaeeeees 9-143



10. SEASONAL WATERING COMPARISON

10.1. INtrOAUCTION ....eeeiiiiieii e
10.2. Methods........ooiiiiiiiiii
10.3. RESUIS ...
10.4. DISCUSSION ....ccceiiiiiiiiiiiiiieiieeeeeee e
10.5. CONCIUSION ..ttt

11.2. MEENOAS. ..ceiee e

MOAEI] SETUCTUIE ..o e e e e

Daily plant growth 100p ........coooeeeiiiiie e,

Water INfIratioN.........oee e e

Soil water diffuSION .......ouveeee et e,

ReSPIratioN ...coooeeiei e

Photosynthesis and assimilation ...

Water availability and usage..........coooooiecceiieeiieieeeee,



AV Z=T oo =1 (o o [P 11-192
Plant reprodUCHION .........oooi i 11-193
SO0l ettt n e eaeeans 11-196
Simulation EXPeriMeNntsS.........oooi i 11-197
11.3. RESUILS..... e, 11-207
Gene shifts and SEIECHiON .........ccuuviiiiiieeeeee e 11-207
SOIl MOISTUIE FEUIME ...ttt ceeeeeeeeeeeebeebeebeeebeeaebeeebeneesbenenessmnnes 11-212
Pulse Size and Interval, and Soil TEXUIe .....ccoueuiviiiiiiiiiieieiiiiieee e 11-217
Seasonal Rainfall Bias and Soil Texture..........cc..oouvviiiiiiiiiiiiiiiiiiiiiiiiiieens 11-222
Total Weekly Rainfall.............oooii e 11-228
Daily Rainfall ReCOrd Data.............uuvriiimmmmmieeieiieeeeeeeeeeeeeeeeeeeeeeee e 11-233
Respiration fUNCLONS ..o 11-235
11.4. DISCUSSION ...ttt e e e e e bb e eneaas 11-241
Model Gene Shifts and Soil MOISUIe..........cooaariiii e 11-241
Pulse size [ freqUENCY .....coooiiiiie e 11-244



SCASONANITY ..ttt 11-247

Total Weekly RaiNfall............uuuuuiuiiiiesmmmmm s es e es e e e e e 11-250
Daily RaINfall DALA .......uuveiiiiiiiiiiiiiiimmmmm e 11-252
RESPIFALION ..o 11-253
SOIl SUMACE AIBA ... .. e 11-254
CONCIUSION ... ettt ettt ae b e et etesbeetbe bt s bneneneaeas 11-256
12. DISCUSSION 12-258
12.1. Plasticity and Genotypic Differentiation o..............cccccevvveviiiienennnnn. 12-258
12.2. Rainfall EVENt SIZE .......cuueiiiiiii e 12-263
12.3. Interpulse Length and Event FreqQUeNCY ......cc...oeeveeviiiiiiiiivininnnnns 12-268
12.4. T=T= 0] 0 F= 11 T 12-269
12.5. ST | 1Y/ o 1= ORI 12-273
12.6. Deep Drainage Reduction and ULility ..., 12-275
12.7. CONCIUSION ..t 12-277
13. REFERENCES 13-279
14. APPENDIX A — SEED COLLECTION 14-299



14.1. Austrodanthonia caespitosa Seed Collection.................eeueeenenes 14-299

14.2. Collection and processing of Austrodanth@aiespitosa seed ......... 14-304

15. . APPENDIX B — PILOT STUDIES AND MINOR EXPERIMENTS 15-310

15.1. Pilot “Colander” study ...........ccccceevieeiieeeeeeee. 2300
Ta 1 deTo [FTox 1 o] o PP PPRTTRT 15-310
111 T Lo LU PP 15-311
RESUILS ..t e e 15-313
DISCUSSION ... e 15-319
CONCIUSION .t ettt e e e e e e eemmnne e s 15-320

15.2. Ecophysiology pilot STtUY .............. oo 15682
Ta 1 deTo [UTox 1 o] o PP 15-320
IMELNOMS ...t mnnnee e 15-321
RESUILS ... e 15-322
DISCUSSION ...ttt mmmm bttt e e e e e s et e e e e e e s e s rmmnnee e e s 15-331
CONCIUSION .ttt £+ 22222 e 22 et e e e e e e e e e e e e e e eeeeeeeeeeeeennaaneeeas 15-333

15.3. Water Use Efficiency Determination.............ccooceeeeieeinenineneneneeenn. 15-333



INEFOTUCTION ... 15-333
MELNOAS. ... e e e e e e 15-334
RESUILS ... 15-335
DISCUSSION ...ttt bbbttt e e e e e e ettt e e e e e s smmneeeens 15-337
CONCIUSION ... ettt e et e et st s bea e bt bb e bneneneaeas 15-337
16. APPENDIX C —INCOMPLETE AND FAILED EXPERIMENTS 16-338
16.1. Pilot seminal root growth angles...... o, 16-338
INEFOAUCTION ... 16-338
MELNOAS. ... et e e e e 16-339
RESUIES ... 16-339
CONCIUSION ... ettt te st s te st betbebe s bneneneeeas 16-340
16.2. Paddock experiment..........cccoeeieiieiiiee -360
INETOAUCTION ... 16-340
MELNOAS. ... e e e e e 16-341
17. MODEL SOURCE CODE 17-343

2-10



ABSTRACT

This study aimed to determine whether rainfall megjihas driven differentiation in the
Australian perennial gras#ustrodanthonia caespitosa, resulting in local ecotypes
possessing characters, such as deep rootednessmones activity, that may be
particularly useful in reducing deep drainage falinsty mitigation, or whether the
species shows a plastic response in root growtkotb water distribution.Rainfall
regime varies within a given annual rainfall beeagsze and ditribution of rainfall
event vary. This can have an important effect ahveater distribution, both spatially
and temporally. This study investigates the refesiop between rainfall regime and the
structure of root systems in local populations Adfistrodanthonia caespitosa
(Gaudich.), Firstly, it examined a number of indiaeseful in quantifying variation in
small-scale rainfall regime, including seasonaspevent size, event frequency, and the
clustering of events, as well as how rainfall evelze may be changing over time
across Australia. The variation in soil water disttion that results from different
rainfall regimes is expected to interact with rdwtribution in plants, either acting as a
selective force and driving genotypic differentati in response to soil water
availability, or through plasticity in root placente The relationship between rainfall
regime and root depth distribution was examinedAustrodanthonia caespitosa
(Gaudich.), or white-top wallaby grass, a perengigss common across southern

Australia.

Growth and reproductive traits of plants grown freeeds collected from across the

range of this species under a single rainfall regwere compared and correlated with
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the rainfall indices and soil type in order to bfish possible abiotic explanations for
trait variability. Phenological characters werarid to be particularly variable between
ecotypes, but high local variation between ecotyqeggested factors operating on a
spatial scale smaller than the rainfall gradiente &esponsible for population

differentiation.

In order to investigate the interaction betweemfedi event size and root depth, an
experiment was conducted to investigate plant mespdo watering pulse size and
frequency, with plants grown under a range of ailed watering regimes, and root
depth distribution compared. The primary respanseot growth was plastic, with

shallow roots being developed under small, freqasents, and deep roots developed
under large, infrequent waterings. Differencesvieen ecotypes were less important,
and there was no interaction between ecotype andriwg treatment, indicating the

same degree of plasticity in all ecotypes.

Plants from a range of populations were grown urdeontrolled climate, first under
winter conditions, then under summer conditionghveummer water withheld from

half the plants, in order to determine the respdnssummer watering and summer
drought. Plants that were watered over summer sticav strong growth response,
increasing shoot biomass significantly. This dffaas particularly strong in South
Australian populations, which was unexpected ag thiginate from a region with low,

unpredictable summer rainfall. Root depth was stadngly influenced by summer

watering treatment.

Finally, an evolutionary algorithm model was cousted in order to examine optimal

2-12



plant traits under a variety of rainfall regimeshe model highlighted the importance
of the interaction between rainfall regime and dgile in determining optimal root

placement. Variable root cost with depth was &smd to be an important trade-off to
be considered, with high root loss in the surfamélayers, due to high temperatures,
making a shallow rooted strategy less efficienhtliaoot costs were equal throughout

the root system.

Overall, no ecotypes @&.caespitosa could be identified that had characters partidylar
suited to deep drainage reduction, as the drowigrtaint nature of the species, and the
dormancy during times of drought, may lead to loxerall water use. However, it may
be a useful native component in pasture systenestalits strong growth response to
summer rainfall, a characteristic found to be patérly strong in a number of South

Australian ecotypes.
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6.INTRODUCTION

The effect of climate on plant growth is complebn arid and semi-arid systems, as
found in Southern Australia, water is the primaimiting resource for many plant
species (Noy-Meir 1973), and the processes thaé @md are driven by water in these
systems require further study. The water balafi@system takes into account inputs
from precipitation and run-on, and losses from offin-deep drainage, and evaporation.
The concept of water balance highlights the wated @&nergy coupling in an
ecosystem, describing how much plant evaporativemate is not being met by
available water, or how much water is unusable €x¢&tephenson 1990). A wide
variety of factors affect water input to the soibtal rainfall amount, rainfall
seasonality, rainfall event size, variability innfall over various time scales, as well as
topography, soil type, and land use can deterniiee availability of soil water at
various depths. Plants ultimately access thewaier through the roots, which can
vary in distribution and architecture in order tptimise the utilisation of water.
Variations in rainfall variables that influence theailability of soil water at different
depths may result in different plant root distribns, due to genotypic change or
phenotypic plasticity (Yanagisawa and Fujita 1999lnderstanding the relative
importance of climatic factors and soil type onnmpleoot distribution may aid in the
selection and breeding of plant accessions for iBpegourposes, such as salinity

mitigation.
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6.1. Climate

Different locations experience different rainfagrmes not only in the most commonly
reported variable, total annual rainfall, but aisothe distribution of that rainfall
throughout the year. In Australia, monsoonal summai@ dominates the tropical north
of the continent, while in the south winter raihfed generated by frontal systems
(Gentilli 1971). The southeast of Australia tetmlexperience a Mediterranean climate
with most rain falling in winter, and the proportiaof summer rainfall increasing
northwards towards an equitable regime (Johnstéifip€ et al. 1999). Unlike other
continents, such as Africa, a true rain-free dededs not separate the summer- and
winter-dominated areas in Australia. Instead, éhiex a region where rainfall is
aseasonal, and a histogram of monthly rainfall @yes shows no peak (Walter 1971d).
It should be noted, however, that this flat digttibn does not necessarily equate to
constant rainfall. Rather, in inland areas rainfahighly variable and unpredictable,
and can occur with equal probability in any montithim this zone (Walter 1971a)

leading to a long-term average displaying equitadbiefall.

Walsh and Lawler (1981) developed an index of sealgy of rainfall, which measures
contrasts in rainfall amounts across the year @seéficient of variation. A value of O
represents a completely equitable regime, whilenta@imum value of 1.83 indicates
all precipitation occurs within a single month. eTimdex has a weakness in that two
opposing regimes, dominated by summer and winiaefatafor instance, could have
similar index values. However the index is useful comparing seasonality of

precipitation between years, and quantifying loagr trends of seasonality. It is also
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useful for mapping gradients in seasonality aclasge areas. Seasonality index
contours have been plotted for England and soutA&toa (Walsh and Lawler 1981).

Variation in rainfall seasonality index has alseemecalculated for transects across
southern Australia (Sadras 2003), but there magdwmee value in producing a more
detailed contour map of the index for the continerithe vector seasonality index
(Markham 1970) is another means of examining réisiasonality across a region.
This index provides more information than the Wadstd Lawler index, in that it

indicates the timing of rainfall, but can be afeatty bimodal rainfall regimes, where

rain has two peaks during the year.

The seasonality of rainfall is important becauseevteals the correlation between the
amount of rainfall and other factors, such as ekatpm, that will influence the
effectiveness of rainfall to plants. Plant formag may be better correlated with
evapotranspiration and water deficit, which areultesof seasonality, than with total
rainfall and energy (Stephenson 1990). The intenacbetween precipitation and
evapotranspiration means that plants experieneenaling periods of “stress time” and
“growth time” (Neilson 1986). Summer rain is alsonsidered less effective than
winter rain (Noy-Meir 1973). In the arid and seanid regions of Australia, more
summer rainfall than winter rainfall is required gooduce the same amount of plant
growth, as summer rainfall is subject to greateapevation (Austin, Williamst al.
1981; Gentilli 1971). Similar results have beearfd in arid regions in North America,
with a study in the Chihuahuan Desert finding wint@n more effective than summer

rain due in part to higher evaporation in the sumfdemp 1983).
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Differential evaporation throughout the year cansearainfall from different seasons
may penetrate to different soil depths. A modelstgdy of the Patagonian steppe
found that summer rain, and winter rain during gears, only wet the surface layers.
Deeper soil layers were only recharged during palerly wet winters (Paruelo and
Sala 1995). In a modeling study of the Chihuahdagert, it was found that the
penetration of summer rain was limited by evaporatremoving water from the top
10cm of the soil. Recharge of deeper layers wasiple with lower annual rainfall if
winter rainfall was dominant due to lower evapanatin the cool season (Reynolds,
Kempet al. 2000). However, the increased dominance of wiraifall may result in
other water losses from the system, as an increaseol-season rainfall has been
found to result in more water lost to run-off areed drainage (Clifton 1995; Keating,
Gaydonet al. 2002; Paruelo, Sakt al. 2000) while increased summer rainfall results
in greater loss to evaporation (Keating, Gaydbal. 2002). In Australia, differences
in climate seasonality, which produces a couplimguacoupling of rainfall and
evaporative demand, can strongly influence the ispecomposition (Garden and

Dowling 1995).

As well as varying in seasonal concentration, diffié areas experience differences in
rainfall event size in terms of rainfall rate andstering of rain days. Rainfall is a
chain dependent process (Katz 1977), governed bkdvachains, so individual events
are not independent but related by probabiliti€ee occurrence of rainfall on one day
is influenced by whether rainfall occurred on tlevous day, resulting in a clustering

pattern of “wet days” that differs between locasion
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Rainfall has been found to be a self-organiseticatiprocess, governed by power laws
that describe the relationship between event sizeflequency (Peters, Hertlegh al.
2002). Radar on the Baltic coast was used to meaisa frequency and size of rainfall
events over an extended period (Peters and Chseste2002). The radar was capable
of measuring event sizes much smaller than is tiikx by a conventional rainfall
gauge. The workers found that rainfall event si&zecale free; there was no typical
event size, and the frequency of occurrence ofvamtewas inversely proportional to
the event size raised to the power of 1.4 overrab&u of orders of magnitude. The
power law broke down below 10 minutes, a time egldb the formation and release of
water droplets from clouds, and above three dayma related to the passage of
frontal systems. The scaling power can vary ifed#nt locations and at different times
of the year (Sadras 2003). A small value reprasaitias towards large events, while a
large value represents a bias towards smaller gventvhile “small” events in
ecological studies are often considered thosetlhess5mm in size (Sala and Lauenroth
1982), the scale-free nature of rainfall eventsicags that such a distinction is
arbitrary, and the terms “small events” and “laeyents” are used in relative terms in

this study.

This parameter has also been calculated for a nuafldecations across Australia, and
in the south east of the continent was found taedse from west to east (Sadras
2003). More detailed mapping of this parameter srBustralia may be of use.
Gentilli (1971) documented some of the variatiomamfall event size and duration in

Australia. Northern Australia experiences heavnfadl from tropical cyclones and
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monsoonal events, while in the south, frontal syst@roduce rain that is lighter but
more persistent. A number of workers have propdisadsmall rainfall event size may
be one factor that leads to accumulation of salthm soil (Gentilli 1971; Prescott
1931), while others have suggested large eventsasseciated with recharge and

upward flow of saline water (Sadras 2003).

One of the most important impacts of rainfall evei#e on plant growth is the
penetration of water into the soil profile. Théigs been some argument regarding the
importance of small events in water-limited systenioy-Meir (1973) considered
small rainfall events unimportant as they are stthje greater evaporative loss than
larger events. Small rainfall events would onlyéf@ surface cryptogams, and only
relatively rare large events would benefit highkangs. In contrast, Sala and Lauenroth
(1982) found that small rainfall events, less tfanm in size, account for a large
proportion of precipitation in arid and semi-argfions. Small events wet top layers,
while large events penetrate to deeper layers.nt¥laeed fast response times and

shallow roots to take advantage of the small events

A number of studies have examined the relationdi@pwveen event size and water
availability in the soil profile. In terms of watkss from the system, event sizes may
be associated with different hydrological procegsesk, D. et al. 2004). Large events
may lead to deep drainage and runoff, while sma¢hes may be lost to evaporation
from the surface layers (Sadras 2003). In Australin-off was found to be lower in
southern locations that experienced less interniséalieevents (Keating, Gaydoat al.

2002). A study on the stony downs in the aridrioteof Australia (Hunter and
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Melville 1994) found that the effectiveness of shealents was enhanced by run-on, as
water that failed to penetrate stony soil was esded to surrounding areas. In the arid
south west of North America, it was found that wmprecipitation penetrates to deep
soil layers, while summer monsoon precipitation vesdricted to surface layers, due to
high evaporation and the short, intense nature veihts, which increases run-off
(Williams and Ehleringer 2000). In a study on Betagonian Steppe, it was found that
large rainfall events allowed water to penetratsdi layers that are less affected by
evaporation (Paruelo, Sa¢aal. 2000). A modelling study in the Chihuahuan Desert
found that the 10-40cm soil layer was the most irgra to all plant functional types,
as small rainfall events were able to penetratéhi® depth, but the layer was deep
enough to prevent evaporation (Reynolds, Kegh@l. 2000). However, the exact
dimensions of this soil layer may have been arfauteof their model’s construction.
The authors suggest that there is a minimum thidsifaainfall below which no water
will penetrate to deep drainage, and that thisstiokl is expected to be lower in

winter-rainfall environments due to lower evaporatdemand.

A number of authors have stressed the importangevestigating short-term, small-
scale changes in the water balance that may becias=ib with individual rainfall
events. In most systems, variability in soil maistis temporal and short-term (Sultan
and Bazzaz 1993b) indicating the importance of adaplasticity in utilising this
resource. Stephenson (1990) considered it impottastudy the water balance over

short periods rather than long term averages,qoéatly in responses to water deficits.

Soil type, and its interaction with rainfall varlab, can influence the availability of
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water to plants. An early account of soil formatiand distribution in Australia
suggests that climatic influences such as evaporatainfall event size and rainfall
seasonality have influenced soil formation by odllitrg leaching and salt
accumulation (Prescott 1931). In arid and sentd-aggions, sandy soil may allow
greater availability of water than clay soil dueth® inverse texture effect (Shreve
1942). Clay soils experience greater run-off tisandy soils, and water penetrates
deeper into sandy soils than clay soils, escagieggreater evaporative losses from
upper layers (Walter 1971c). Recharge of deepklagers and groundwater is greater
in sandy soils (Petheram, Walketral. 2002). The greater water availability in sandy
soils can result in deeper rooting depths of plamthe community, an effect that has

been found in a study of global root distributi@ctlienk and Jackson 2002a).

6.2. Plant Root Distribution

Plants display a wide variation in root architeetfuwith depth and distribution varying
both between species and within species, in regpaossoil type, climate and
competition. A study of root distributions global(yackson, Canade#t al. 1996)
found differences in rooting depth of different mldunctional types. Grasses had a
higher proportion of roots in the upper 10cm of #wl profile (44%) than shrubs
(21%) and trees (26%). Differences in root amgttiire also exist within species, with
studies on soybean (Raper Jr. and Barber 1970)vhedt (Oyanagi, Sate al. 1991a)

finding dramatically different root distributionsn@ng varieties.

Some species are able to obtain an advantage thrdugorphic root systems
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(Williams and Ehleringer 2000) enabling them tdisgi water from both deep and
shallow sources. The root distribution can affeet efficiency of resource extraction.
A modelling study of root architecture (Ge, Ruletoal. 2000) found that plants with

deeper root systems experienced greater interemopetition, resulting in decreased
efficiency of resource uptake per unit of root ma¥¢idespread, shallow root systems
had less overlap of resource acquisition zonescoukd experience greater mortality
from soil drying in upper layers. The abovegroendironment can also influence root
depth, with defoliation of pasture species founddsult in concentration of roots in

upper soil layers (Pook and Costin 1971).

The presence of neighbouring plants can alter iag@es of root systems. A study of
soybean root distribution found that plants growrnnidividual pots displayed different
root architecture than those grown in rows witheotplants (Raper Jr. and Barber
1970). Row plants displayed significant downwardtrgrowth at a distance from the
plant base, while individual plants continued honital root extension. In a study of
the development of sunflower root systems, Sadtaal. (1989) found that high

population density led to earlier exploration oeder soil, and low population density

resulted in continued root exploration until latethe growing season.

A short term or small-scale factor that can impawctplant root distribution is the
proliferation of roots in response to brief or lbead high resource availability.
Berntson and Woodward (1992) found greater horaddsanching of roots and shorter
link lengths in a treatment with high water availi#h Bell and Sultan (1999) found

plasticity in root growth and development in resgonto water availability in
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Polygonum species; roots were longer per mass in dry soilpased to wet soil, and
deployment of roots was to deep or shallow layersdiy or flooded treatments
respectively. “Rain roots” which grow after soietiing and are shed when the soil is
dry are present in some species (Palta and Nol88)19These have a high hydraulic
conductivity, and may help plants to take advantafeshort periods of water

availability.

Extensive research has shown that roots proliferatezones of high nutrient
availability. Drew (1975) found increased lateredching and proliferation of roots of
barley in a zone of high nitrogen concentratiorthviihe increased nitrogen in that zone
was able to compensate for low nitrogen in the mdsthe soil. Robinson (1994)
provided a review of studies on local root probfison in zones of nutrient enrichment,
and found that it was a common but not universsppoase, and the proliferation is not
always substantial. Dense branching and reductiospecific root length is likely
where the nutrient is a relatively immobile ion lsuas phosphate, although root
diameter shows little plasticity (Hutchings andkteon 1994). Local proliferation and
lateral branching of roots in response to high ues® availability may be considered an
example of morphological plasticity, compensating VYariability, either temporal or
spatial, in nutrient supply (Sultan and Bazzaz #)93n a study of arid-land grasses,
Larigauderie and Richards (1994) found no diffeesni root proliferation response to
nutrient enrichment between species of varying pecbodity and competitiveness.
They concluded that all species were equally maistitheir response, but that the

morphological plasticity did not alter the compegt ability or productivity of these

6-37



species. Plasticity will be covered in more detad later section.

Root distribution can be altered by differencegiioportional allocation between roots
and shoots, often as a response to resource dirgilat the environment. Studies
have found greater proportional biomass allocattioroots in dry soil (Bell and Sultan
1999), and greater growth of new roots under droatyess (Hoogenboom, Huekal.

1987). Schwinning and Ehleringer (2001) suggest during periods of high resource
availability, the proliferation of shallow roots gneenable to plant to reduce its
root:shoot ratio, producing more aboveground bi@naduring drought periods,

greater biomass needs to be allocated to deep swotke root:shoot ratio may rise.

Conventional studies of gravitropism and root grodirection have concentrated on
simplistic positive, negative, and diagravitropimijzontal) responses. Digby and Firn
(1995) introduced the concept of a gravitropic &t angle, a developmentally
defined but environmentally alterable angle at Wwhaa organ will tend to grow. Plants
need a mechanism to restore organs to a varietgngfes, not just horizontal or
vertical, as plant organs show a wide variety @judar variation, and studies of binary
responses of seedling roots may be an inappropagstem in which to study
gravitropism (Firn and Digby 1997). In researchJapanese wheat cultivars, it was
found that a single dominant gene primarily com#alroot growth angle (Oyanagi,
Satoet al. 1991b), although the environment could also infeeegrowth angle: some
cultivars show a gravitropic response under coowigiof low soil water potential
(Oyanagi, Nakamotet al. 1993a). These workers were able to establistatiareship

between gravitropic set-point angle and verticadt rdistribution, and measure the
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growth angle of roots growing through a buried ondkr to determine differences in

rooting depth (Oyanagi 1994).

6.3. Root distribution, soil water and climate

A number of studies of global root distribution balwund variation in rooting depth
that correlated with the availability of water iiffdrent soil layers. Some ecosystems,
such as deserts, savannahs, grassland and driyl&mesf roots in upper soil layers, as
these layers were too dry for resource uptake duaitarge part of the growing season
(Schenk and Jackson 2002a). Lateral root spreadpper layers is high in arid
environments, allowing plants to utilize water thafiltrates only to shallow layers
(Schenk and Jackson 2002b). The distribution ot ie important in determining
survival and competitive ability in systems wheratev is the most limiting resource
(Coupland and Johnson 1965). It is important toember, however, that the location
of roots in the soil may not always be an accumaticator of the zones of water
acquisition (Dawson and Ehleringer 1991; Hurd 1974 plants may have roots
throughout the soil profile but switch between gsaifferent water sources when it
provides an advantage (Ehleringer and Dawson 128#), some roots may have a
purely structural and support function, includingtrient acquisition in the upper soil
zones. The structural support role of roots is astrated in the ability of trees with

extensive root anchorage to withstand tropicainssofBasneét al. 1992)

The importance (Sala and Lauenroth 1982) or unitapoe (Noy-Meir 1973) of small

rainfall events to soil water availability has bebkscussed above. A number of studies
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have found that species respond to small rainfedhts, and that the response to small
events differs from that of large events. Ivahsal. (2003) found a rapid response in
nitrogen utilisation in two arid specie&temisia tridentata and Agropyron desertorum,

to both small and large summer rainfall eventse $ize of the rainfall event changed
the length of the response, and the species witle mmts in upper soil layers showed
a more rapid response to the water input. Smadfaihevents were found to have an
effect on the growth of grasses on the stony do@in&ustralia, with deeper-rooted
grasses staying green for a longer period afteetleat, due to the deeper penetration
of water. The response was greater and longengash coarse soil than on clay soil.
Franco and Nobel (1990) found rapid root growtleraitfrequent rainfall events in the
desert succulemtgave desertii. Bouteloua gracilis was found to use water in the upper

soil layers, taking advantage of small rainfallgg(Dodd, Lauenrotht al. 1998).

In studies of pastures in Australia, it was propo#igat annual pasture species are
unable to take advantage of above average raiaflihey only possess shallow roots
and cannot access the excess water that penetdateper into the soil profile
(Johnston, Cliftoret al. 1999). Shallow-rooted species, however, are séswusly
affected by years with below average rainfall, whdeep-rooted perennials were
expected to utilise a greater range of availabilenster (Pook and Costin 1971). This
suggests that shallow-rooted species may requinera predictable rainfall regime for
survival. Williams and Ehleringer (2000) suggéstttthere may be a critical amount of

rainfall above which it becomes profitable for gkato rely on shallow roots.

Numerous studies have also highlighted differenogslant water use from different
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soil layers in response to the availability of ttesource in these layers, revealing
complex dynamics. In a study involving deuteriumniéhed irrigation, Schwinningt

al. (2002) found different life forms used water fradifferent soil layers, which
indicated use of different initial water sourceblerbs, grasses and cacti used water
from upper soil layers, wetted by recent rain shewieees used stored water in lower
layers, and shrubs used a mixture of both sourdé®y suggest that in the case of a
rainfall event, shrubs may switch to utilizing wafeom upper layers and water in
depper layers act as a a reserve during dry suroomelitions. Bell and Sultan (1999)
found differences in the root deployment to soyels between species in flooded and
dry treatments. Polygonum persicaria showed deployment to lower layers in dry
conditions, and upper layers in wet conditions,levtiie response was slower and less
pronounced irPolygonum cespitosum, indicating lower plasticity. A study of woody
species in Japan found a lack of plasticity in Egecesponse to different soil water
availability, but did find specific species withfférent rooting depths were growing at
specific points along a slope where soil water labdity varied (Yanagisawa and
Fujita 1999). Species with shallow roots grew lom ipper slope where they were able
to access small rainfall events, and at the bottdnthe slope where the soil was
permanently wet. Deeper-rooted species grew wlnene twas a deeper ground water
supply. In an experiment on the Patagonian StéBp#uscio, Salat al. 1998) shrubs
were found to use water from deeper layers, whiksges used water from surface
layers. Large summer rainfall events were alwagediby the grasses, but were only
used by shrubs in dry years when deeper soil layere dry. Kemp and Culvenor

(1994) pointed out an additional explanation faalkiw root production: concentration
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of nutrients is generally higher in surface layel®ying of surface layers may limit the
availability of these nutrients to plants. Placés survive by utilising deeper water,

but may not grow unless they have access to tHeshautrients.

Overall water availability can have an effect ontrgrowth in different soil layers, and
production of deeper or shallower roots has fountlé associated with dry and moist
conditions in a wide variety of species. Benned ®oss (1960) studied the effect of
soil moisture on rooting depth in forage speciesl faund that rooting depth decreased
with an increase in soil moisture. Rainfall wasgnent, and most extraction occurred
from shallow rather than deep soil layers. A studylupins found that soil water
deficit resulted in an increase in root length agnsesulting in an increased efficiency
of water uptake by individuals experiencing drougbditions (Rodrigues, Pacheeo
al. 1995). Similar results were found in a studysofbean root distribution, where
normal low-rainfall treatment resulted in fasteogth of deep roots, and the treatment
receiving additional irrigation had more surfacetso(Hoogenboom, Huodt al. 1987).
Plants under drought stress allocated proportipnailbre biomass to new roots.
Oyanagi and Sato (1991a) suggested that deep mogkd provide drought resistance
in wheat, with varietal differences in root dep#saciated with locations experiencing
dry or moist conditions. A study on legumes fouhdt the proliferation of deeper
roots during periods of moisture stress improvedwiater status of the plants (Devries,
Bennettet al. 1989). Fitter (1986) found differences in the diggy of roots of
Trifolium pratense under different watering conditions. At interrmagd watering

conditions, roots branched in a random structurelow water conditions, the roots
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grew in a deep, herringbone structure, while imhigater conditions the roots grew in

a dichotomous structure with increased branching.

The ability of plants to quickly respond to diffaces in soil water availability, as a
result of rainfall inputs, is an expression of pbigpic plasticity. Sultan (2003)
considered the root growth responsePRafygonum spp. to soil moisture (Bell and
Sultan 1999) an example of plasticity. One spedisplayed a greater capacity to
respond, and a faster response, to changes inp#tmlsavailability of the resource.
Sultan and Bazzaz (1993a) suggest that plasticidy mvolve due to the fitness

advantage of being able to quickly respond to spuBes of resources.

Some species of plants may be moisture-pattern iadists, developing root

architectures that reflect the precise spatial &mdporal resource environment they
experience, rather than simply contant low- or higgources. A modelling study
designed to determine optimum phenotypes for raetrildution in pulse-driven

ecosystems (Schwinning and Ehleringer 2001) fadiffdrences in the optimum root

distribution for accessing pulse water and deegmvalf pulse water is more important
in the system than deep water, the optimal pherotgpns towards low root:shoot
ratios and shallow roots, while if deep water isrenonportant, the optimal phenotype
involves high root:shoot ratios and deep rootscrdasing the number of roots in
shallow soil improves the plant water status dupofge events, and shallow roots may
be coupled with lower root:shoot ratios to maximesgbon gain during the events.
Williamson (2002) found, in a modelling study oidaephemeral plants, that plants

may show a complex growth response to differemtfadlievent sizes and frequencies,

6-43



with the response curve reflecting the relative anb@f roots at various depths in the
soil profile. A specific root distribution, themt, had one or more “optimal” rainfall
event sizes that produced maximum growth. In thalel, however, rooting depth
followed a fixed development pattern, and did nisiplhy a plastic response to soil

water availability.

Plants may also alter the sources they extractrwiaden seasonally, and plants with
different root structures may access different @eals rainfall events. There are
differences in the seasonal water use by diffeliBmforms. For instance, Schwinning
et al. (2002)found that shrub and grass species on the ColdPéateau switched to
using pulse water in summer as the deeper winterndaed up. In contrast, a study of
trees in Western Australia found that the planedusater from upper layers in winter
when rainfall was frequent, and only extracted éegpoundwater during the summer.
In a study of desert plants, Ehleringgral. (1991) found that annuals and succulents
were dependent on summer rainfall, woody and hexasc perennials used both
summer and winter rainfall, and deep-rooted pewsdsnfailed to utilize summer
rainfall. A number of studies have found that casiis in the rooting depths of grasses
and shrubs lead to different seasonal water usége modelling study based on the
Patagonian Steppe, Paruelo and Sala (1995) fowatdspiring and summer rain that
only reached the surface layers was utilised bygthsses, while deeper water was used
by shrubs. This was confirmed in an experimerthésame system (Golluscio, Sela
al. 1998), with shrubs using deeper water and onlgguisummer rainfall in extremely

dry years, while grasses used water from large srmamnfall events from the shallow
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soil layers. A study in Colorado found that grasseere using spring and summer
rainfall from upper layers, while trees used deepeundwater (Dodd, Lauenro¢hal.

1998).

Plants may change root growth at different depththe soil throughout the year in
response to seasonal rainfall inputs. FernandezCatdivell (1975) found phasing of
root growth throughout the year in semi-desertistiin Utah. As the year progressed
and the soil became drier, the zone of root grawtived down the soil profile. The
deepest roots continued to grow in the driest seash study on snakeweed on the
North American steppe found that the root deployimeaitern of the species was
altered by variations in seasonal rainfall (Wanméiz et al. 2002). Root extension

into deeper soil was increased by winter precijoitat

Some authors believe there may be a threshold lefvehinfall beyond which it
becomes profitable for plants to produce shallostsoln winter rainfall dominated
areas, plants may have no shallow roots, but agptbportion of summer rainfall
increases it may be predictable enough for investrre shallow or dimorphic root
systems (Ehleringer and Dawson 1992). Howevewyilit be costly for plants to
maintain shallow roots if rainfall is unpredictabsnd the production of shallow roots
at a threshold level of predictable rainfall mayabglastic response in individual plants,

or a selective force acting on genotypes (Williand Ehleringer 2000).

A number of workers have suggested that differérstsonal water use by plants
allows for the coexistence of different speciesthe ecosystem. In reference to

summer-rainfall savannahs, Walter (1971d) suggéstiswinter rain may favour
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deep-rooted plants, such as woody shrubs, whileremmainfall is used by actively
transpiring grasses. Grasses are dormant in thieerwin this system, so additional
precipitation in this season will not promote grgsswth, but will be available for use
by shrubs. Similarly, Weltzin and McPherson (1997dggest that bimodal patterns of
precipitation could allow for species coexistenc&hallow rooted grasses may utilise
growing season precipitation, while deeper-rootkzohis use water that percolated to
deeper layers when grasses are dormant. Increasecher precipitation will favour
the shallow rooted plants. In contrast, in Auglralgrasses summer activity may be
linked to deep root systems, with the upper sgiila being dried out by annual species
during the spring (Clifton 1995). Some systemsehparticularly shallow soil, and a
two-layer water partitioning explanation is inapmiate. In these systems, seasonal
water partitioning may occur through differencegphrenology, with different species
showing a growth response at different times of yhar to access the rainfall that

occurs at that time (Reynolds, Kemmal. 2000).

Seasonal associations between precipitation anpeeture result in differential use of
water by plant species with different photosynthethways. ¢species are favoured
where the winters are dry and the summers wetewhilspecies are favoured by wet
winters (Neilson 1986). Where these species ctekis result may be utilisation of
different seasonal events by different photosyithgroups. @ species will use water
from convectional summer storms, while &d CAM plants will utilise frontal winter

rainfall (Kemp 1983).

The above research demonstrates that plant rotérsyarchitecture is intrinsically
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linked to the availability of water at varying dbptin the soil profile. This in turn is
controlled by climatic factors such as rainfall evsize, frequency, seasonality and
evaporation. Therefore, one may expect variatioplant rooting depth with gradients
in climatic factors, either through short-term pigisy or natural selection. For
variation within an individual species, genotypiiffatences in rooting depth were
correlated with a dry or flooded climate in Japaneheat cultivars (Oyanagi, Satb
al. 1991a). Schenk and Jackson’s (2002a) global gufeoot distribution found a
number of correlations between climatic factors sovad distribution. There is a lack of
shallow roots between 20 and 32 degrees latitudpresenting particularly dry
ecosystems. Roots in grasslands and shrublandgedha strong correlation with
climatic factors, in particular with the lengthtbie dry season. In non-forest vegetation
rooting depth decreased with higher annual prestipit, while in forest vegetation it
increased. They found that much variation in rdepth correlated with climate
variables that are associated with water supplyevwagporative demand. The authors
suggest in a related paper (Schenk and Jacksorbp@@at rooting depth is more
correlated with annual precipitation than evaporatbut some variance is likely to be
due to seasonal variability in precipitation, alltnation depth of the water will vary.
Understanding the differentiation in the ability piants to utilise rainfall events of
different timing, intensity and duration may beaVvito understanding the dynamics of
arid and semi-arid systems (Schwinning, Dagtigl. 2002). Further research in this
area is necessary to examine correlations betwedrarchitecture and climatic factors
other than annual rainfall and evaporation, socasake into account factors that

influence water availability on a shorter time scallt is also important to determine
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whether climatic variation has acted as a seledtixee on populations, resulting in the
evolution of genotypes optimised for a specificalib@n, or if the plant in question is

able to exhibit a plastic response to soil watexilability.

6.4. Plasticity

Plasticity is variation of phenotypic response eéspgonse to environmental conditions.
Plants with the same genotype may exhibit seveffdrent phenotypes, for instance
leaf size or rooting depth, depending on the emwitent they face. Schlichting (1993)
believes that there may be specific genes for iplagtwith plasticity being exhibited
either through regulatory genes that trigger ogjegres along an environmental gradient
or past a certain threshold, or through differdraiéelic sensitivity to environmental
conditions. This hypothesis is rejected by Via93p who suggests plasticity itself is
not the target of selection, nor controlled by fipeg@enes. Taxa with different
degrees of plasticity have simply experienced cifié ranges of environmental
variation in the past, and have had different ¢mlecon trait values. The author
believes environment-specific gene expression mseahanism for plasticity, and the
existence of regulatory genes for plasticity imecessary. Moran (1992) stresses that
plasticity involves detecting an environmental cuben exhibiting a response
appropriate for the expected environment. Foramst, cold temperatures may be the
cue for triggering a response for oncoming wet gintonditions. The connection
between cue and response, and the timing of thgomes, is vital for the plastic
response to be advantageous, and in the castpafires to rainfall events, the response

has to occur within a time frame that allows fatisdtion of the water input (Moran
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1992; Sultan 2003). Moran suggests that while talpvariation can promote
polyphenism, the selection for plasticity is favediif the event is predictable and the

cue is appropriate for the response.

The sessile nature of plants means that plasigityportant for the plant to be able to
survive changing environmental conditions (Schliotl986), and the developmental
and regenerative capacity of the meristem allovesisl to be highly plastic in their
morphology (Trewavas 1981). The importance andesgion of plasticity may be
different between different plant functional typ&Srime, Crick et al. 1986). For
instance, in annual plants, the plastic responienegd to sustain reproduction under
stress. In perennial plants, plasticity shouldwalfor altering biomass allocation and
timing reproduction to ensure survival. In produethabitats, morphological plasticity
may be part of the foraging mechanism, while inrodpctive habitats it will relate to

utilisation of brief resource pulses (Sultan andZza 1993a).

As plasticity allows a genotype to grow and repamluin several different
environments, many generalist and colonising spestgow high plasticity (Sultan
2003). Populations of a species may display differcapacity for plastic response
(Sultan 2003). Sultan and Bazzaz (1993a) belpasticity may be common in annual
species, allowing them to utilise resources quiclkdien available and ensure
reproductive success, while perennials may havera komplex series of responses to
transient environmental stresses. They found tiatgreatest variation in response
between genotypes to environmental conditions e@eduin favourable conditions

rather than limiting conditions, suggesting thabagpes may vary in their ability to
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exploit good conditions more than their ability ttWerate poor conditions. In most
systems, variation in soil moisture is primarilynjgoral and short-term, so adaptive
plasticity is important (Sultan and Bazzaz 1993md the ability to switch water
sources quickly as conditions change is advantag@leringer and Dawson 1992).
More competitive species and species from richds slisplay higher levels of root
plasticity, as they actively forage to take advgataf the soil resources (Hutchings and

de Kroon 1994).

Several studies have identified plasticity in ra®ployment in response to rainfall
input and soil water. Bell and Sultan (1999) fouhdt two species oPolygonum
varied in the strength and speed of changes indeployment to different soil layers
under a variety of water regimes, indicating aeti#ht degree of plasticity between the
species (Sultan 2003). Heathcetal. (1987) studied the production of rootsC#drex
flacca plants in response to flooding, and found a ptastsponse rather than genotypic
differentiation. They stress that both plasticapd genotypic differentiation are
important in achieving ecological amplitude, butatthoften only genotypic
differentiation is reported in the literature. drstudy ofFestuca pallescens, differences

in the morphology of mainly above ground parts wasnd to correlate with
environmental variation (Oliva, Martinex al. 1993). However, when plants were
transplanted and grown under identical conditiodgferences in morphology
disappeared, indicating differences were due tcstigity rather than genotypic
variation. Further analysis and identificationtbé causes of phenotypic variation,

plastic or genotypic, is vital to increasing ourdarstanding of the dynamics of
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ecosystems.

6.5. Australian Grasses

Australian grasses evolved under a dry and fluictgatlimate, experiencing high fire
frequency, low soil fertility, and low grazing psese (Garden and Dowling 1995;
Lodge 1994; Whalley 1990). They are able to swweriods of moisture stress
(Lodge 1994), but are often incapable of respondingincreased soil nutrient
concentrations (Whalley 1990). There is a shiftative grassland species composition
at 29 to 32 degrees latitude, from tropical to terafe affinities (Roberts 1990), and
within these regions, species are considered pwdh soil properties such as acidity,

total rainfall, and seasonality of rainfall (Gardemd Dowling 1995; Mitchell 1990).

In Australia, G grasses are more numerous where the summer iankotvet, and
decline with decreasing temperature and summefathimvhile C; grasses are more
common where spring is cool and wet and declind @écreasing spring rainfall and

increasing temperature (Hattersley 1983).

Winter-dominant rainfall pattern does not favourskalian native grasses under the
present agricultural regime, as heavy grazing acduring the summer months when
there is a water deficit, leading to the death ative grasses (Mitchell 1990). Current
agricultural practices and grazing tend to shié sipecies composition from tall tufted
species towards shorter species that can remagm gideyear, such asustrodanthonia
caespitosa and Microlaena stipoides (Garden, Jonest al. 1996). A survey in the

Goulburn district of New South Wales found thdtigation reduces the abundance of
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Austrodanthonia species, but does not reduce the abundanddi@blaena species
(Munnich, Simpsoret al. 1991). Austrodanthonia spp. were found to be negatively
associated with annual grasses. On the New Enggdnelands, factors that influenced
the distribution and abundance Afistrodanthonia spp. included the time since last
cultivation, altitude, drainage, soil type and tegt and phosphorous in soil. Lenz and
Facelli (2006) also found a negative associatidwéen annual grasses and perennial
grasses such asustrodanthonia caespitosa in the grasslands in the mid-north of South
Australia, but the abiotic factors determining perial grass abundance were less clear,

although extreme rainfall events were considerpdssible driving force.

Annual grasses avoid summer drought by setting seeddying, while perennials
survive drought by relying on underground organsl aapid response to rainfall
(Kemp and Culvenor 1994). The replacement of egberennial species with summer
dormant, annual pasture species, has resulted farvoeing left over in autumn,
leading to lower autumn soil water deficit and ¢eeadeep drainage in winter

(Johnston, Cliftoret al. 1999).

Austrodanthonia caespitosa persists over a large area of southern Australier a wide
range of climates. This grass also displays a biggree of genetic variation among
populations, a fact highlighted in a series of msdHodgkinson and Quinn (1976)
found no difference in temperature optima acrossnath-south transect for
Austrodanthonia caespitosa, but did find that northern populations were fagi®wing,
and had a lower root:shoot ratio. They believedftister growth enabled the plants to

increase biomass and set seed before the drougbtlpel'he high morphological and
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physiological variation present in these species wated. In another study it was
found that reproduction in this species was moeédldty day length and temperature in
southern populations, while the control was relaxethore northern, arid populations
to allow for opportunistic reproduction (Hodgkinsand Quinn 1978). These
differences were due to genotypic variation betwg@pulations. Reproductive
characters oRustrodanthonia caespitosa were assessed and seed size and weight were
found to be highly variable, although no selectiaeise could be identified (Quinn and
Hodgkinson 1984). The effect of planting densityl demperature on tillering, plant
height and leaf dimensions, as well as the degr@denotypic plasticity present, was
also found to vary between populations (Quinn aratigkinson 1983). Scott and
Whalley (1984) found differences between populaiohAustrodanthonia caespitosa

on a more local scale, comparing sheep-camp papugato nearby populations that
experienced lower grazing pressure. The seleptiessure faced by the heavily grazed
plants resulted in shorter tillers, more tillerster flowering time and greater seed set.
They suggest that prostrate character may begmm @astic, phenotypic response to

grazing pressure, but is heritable in the long term

Although grazing may alter the phenotypeAafkstrodanthonia caespitosa, the species
as a whole appears unresponsive to grazing (Audtiliams et al. 1981), but
responsive to seasonal rainfall variation, with timeing of the first effective rains
important in seedling establishment. The authorssidered seedling establishment to
be of greater importance than adult growth, whigytexpected to be similar from year

to year. Williams (1974) considered the species@portunist that is able to respond to
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rainfall in all seasons, although survival is desed in the presence of annuals as they
compete for water in winterAustrodanthonia caespitosa in northern regions is subject
to low and erratic rainfall, imposing high densitgpendent mortality (Quinn and
Hodgkinson 1984), resulting in selection for rapygowth and quick seed set
(Hodgkinson and Quinn 1976), a response facilitdigdopportunistic reproductive

triggering in these populations (Hodgkinson andn@uii978).

Gardenet al. (2001) found that the distribution 8iistrodanthonia spp. was not greatly
influenced by soil type, and the species is modératcid tolerant (Lodge 1994), and
tolerant to aluminium in the soil (Mitchell 1993),potentially important characteristic

given the influence of aluminium on root growth &@iford and Wilkens 1998).

6.6. Use of Australian grasses in salinity control

Clearing of native vegetation has resulted ineased soil salinity in non-irrigated

systems. Greater amounts of water percolate rgaleeper layers that contain saline
water, and salts accumulate in higher layers d@vaporation of water that has moved
up the profile by capillary action (Peck 1978). epeooted perennials transpire all
year round, and continue to remove soil water mraer, while the annual grasses that
have replaced them only transpire in winter. Regphas therefore generally higher

under shallow rooted annual vegetation than deefedo perennial vegetation.

Recharge is also greater under sandy soils, wihsthucture of clay soils having a

greater impact on recharge than total rainfall l{fPetm, Walkert al. 2002). Native

perennial grasses are likely to have roots thatlaeper than annual species, therefore
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utilising deeper water, reducing acidification atekp drainage (Garden, Dowlisgal.
2001). Deep-rooted perennial grasses are alsot@ablspond to rainfall whenever it
occurs, for instance, during the summer monthsefbee drying the soil and reducing
winter recharge (Wilson 1996). There is a needeeelop land practices that result in
water balances similar to those experienced undgiven vegetation, relying on
transpiration to remove excess water from the salsing native perennial pastures
may allow to achieve this (Carbon, Robeetsal. 1982; Dyson 1993), if used in
conjunction with suitable grazing practices, af®ligion can result in a concentration
of roots in surface soil layers and a reductionthe usefulness of the deep rooted

character (Pook and Costin 1971).

In order to combat salinity by reducing deep drg&éawell adapted, summer-active
perennial grasses with deep roots are requiredggd®94). Replacement of native
perennials with summer-dormant annuals has resuttedater remaining in the soil
profile after summer, increasing deep drainageiimexr (Johnston, Cliftoet al. 1999),
therefore promoting species that are capable aigusimmer rainfall will dry the soil
and reduce winter recharge. More water is lostasoff and drainage with increasing
winter rainfall, so these areas should benefit famanagement regime that includes
plants capable of using rainfall over a longer @erand of drying the soil in summer,
so as to accommodate the high winter rainfall (@hf1995). Planting summer active
grasses may also help reduce soil acidificatioproynoting year-round legume growth

(Munnich, Simpsoret al. 1991).

Another form of salinity, which may be potentialtyore damaging than salinity from
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shallow water tables, is transient salinity (Remagag 2002). Water infiltration is slow
in sodic subsoils, and waterlogging may resulhmformation of a perched watertable.
Salts migrate to the saturated zone, and high sunewaporation leads to the
accumulation of salts in this layer. Amelioratitrgnsient salinity requires different
methods than those used to control salinity dughtdlow water tables; in particular,
modifying the soil to permit greater drainage aeaching of salts below the root zone.
However, selection of plants of deep-rooted charaeible to access subsoil nutrients,

is still advantageous.

Further advantages of planting native perenniatggs include reducing erosion, and
sediment and nutrient transport (Prosser and hia@ir§P95). Summer active grasses
may also be useful in preventing nitrogen leachasgthis process peaks in late summer
and autumn when annuals are dormant (Mitchell, Ydateseet al. 1993). Finally,
native grasses may be useful in landscaping pmjed they are low maintenance,
aesthetically pleasing, and allow the reestablistined woody species due to their

bunched nature and the gaps between bunches (landigéroves 1990).

The influence of rainfall event size on salinityAwmstralian soils has been known for
some time, with Prescott (1931) noting that smalhfall amounts per day are
associated with salt accumulation. Gentilli (19¢tipsidered rainfall intensity below
5mm per day likely to cause accumulation of salihm soil. Sadras (2003) highlights
the importance of considering the different proessassociated with small and large
rainfall events in land management. Climate changg also have an impact on deep

drainage, with workers finding that increased ;Gs@ncentration leads to increased
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deep drainage, particularly when the rainfall isiaantrated in a few large events
(Jackson, Salat al. 1998), as plants are able to maintain a high @yothetic rate

with reduced transpiration and stomatal conductamckicing water usage.

A paradox arises in the selection of species deitldy use in salinity mitigation in
Australia. In order to prevent recharge, specied are able to utilise all available
water, even in summer, are required. However, nfarstralian grass species may in
fact be drought tolerant, a characteristic that heayl to die back, reduction in water
use during dry periods, and growth only when waeeadily available (Kemp and
Culvenor 1994). Inefficient water users may ugtilend remove excess groundwater,
but may not persist in dry conditions, while effict water users may be drought
tolerant, but use water too slowly to be of usegm@venting recharge (Johnston and
Shoemark 1993). Some native grasses may be watargsrather than water using,

making them unsuitable for salinity mitigation (hiell 1993).

6.7. Aims

This study aims to apply a number of rainfall ireicmeasuring seasonal rainfall bias,
event size, clustering and drought length, acrasstralia, in order to correlate rainfall
with productivity and traits of native grasses. &g of the drought tolerance and
summer activity ofAustrodanthonia caespitosa will be investigated, in particular
variation in growth traits that may make this afuspasture species, between ecotypes
sourced from across the range of the species ithaeouAustralia. Given the climatic

influence on both plant rooting depth and soilrsgli and the requirement for summer
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active, deep rooted plants for salinity controln@mber of questions regarding the
usefulness of Australian grass species are rais€Hdis study aims to investigate
variability in rooting architecture in the specidsistrodanthonia caespitosa, to
determine the contribution of plasticity and gemoty differentiation on root
distribution, and to see how root distribution esrelated with factors such as rainfall
seasonality, event size and soil type that may iafeence salinity. In addition, | aim
to use optimality modelling is utilized to examitteeoretical optimal plant biomass

allocation and root distribution under a varietyahfall regimes and soil types.

There is an association between rainfall event sugd both salinity and root
distribution, although both small and large evecdssidered to be associated with
salinity though different processes, while deeptedlants are considered useful in
combating salinity. Similarly, areas with a higias towards winter rainfall are
considered at a risk of salt accumulation due tatgr winter recharge, but there is
conflicting evidence of associations between rdlirdaasonality and rooting depth.
This study aims to determine the feasibility ofngsplants of non-local provenance to
combat salinity, if the plants show characteristiosh as deep roots and summer water

use that are useful in reducing winter recharge.
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7. RAINFALL PATTERNS IN AUSTRALIA

7.1. Introduction

Historically, description of rainfall regime acrogsustralia and other regions has
focused on average annual and monthly rainfallgpteith some consideration of inter-
annual variation (Australian Bureau of Meteorold§88; Gentilli 1971). However,

intra-annual rainfall regime can be an importametrof both natural ecosystems and
agricultural biological systems, though the impafctactors such as rainfall event size,
the spacing between rainfall events, the clusteoihgninfall events, and the seasonal

bias of rainfall.

Precipitation event size, which may vary, for ins& with whether the region of
influence receives the majority of its rain fronorital systems or large storm events,
can have an impact on the infiltration depth ofewanto the soil profile (Reynolds,
Kemp et al. 2004). Small precipitation events may only peatetinto the surface of
the soil (Kemp 1983) while larger events may beeetgd to wet the soil profile to a
deeper depth, assuming infiltration is not limitinchwinning and Sala (2004) suggest
that different sizes of rainfall events will triggdifferent ecological processes, from
nitrogen mineralisation, though to plant growth @eed germination. In terms of total
rainfall and productivity in the system, large etgenan contribute a disproportionate
amount to rainfall. Golluscio (1998), in a studytbe Patagonian steppe, found that the
number of small events varied little from year &ay, but there was high variability in

the number of extreme events, explaining the vanan total rainfall between years.
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Similarly, in a study examining the effect of crsjubble on soil moisture in Walepup,
Australia and Balcarce, Argentina, it was found thahigh rainfall years, large events
contribute a greater proportion of total rainfdldnzon, Sadrast al. 2006). Event-
size can influence the hydrological pathway of watethe system (Loik, Det al.
2004), with water from small rainfall events terglito be lost through evaporation and
canopy interception (Sadras and Baldock 2003),enhilge events contribute to run-off

and deep-drainage (Reynolgtsal. 2004).

The gap between precipitation events, also terrhedirtterpulse, also has important
implications for ecosystem functioning. Evaporatigss is the main factor driving soil
water dynamics during the interpulse period (Letikal. 2004), with the potential to
lead to plant stress in water limited systems. d@hsught tolerance of plants in a
system may be related to the typical interpulsgtleexperienced in that system, with
long interpulse periods resulting in plant morial_Lundholm and Larson 2004)
especially in the seedling stage (Veenendaal, Etrat 1996). Drying of the surface
soil during the interpulse can be particularly imtpot for grasses, as the majority of
the roots are in the surface 20cm of the soil (fuand Fu 2000), and therefore
interpulse length and changes in rainfall regimey meofoundly influence grassland

and pasture dynamics.

Event clustering and the timing of individual ev&throughout a growing season also
have a strong influence on ecological communiti8sh(eiber and Sutter 1972).
Consecutive days of small events may have the sampact on a system as a single

large precipitation event (Reynolds, Kermgpal. 2004), and in arid systems, some
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consider many small events to be more useful totpléhan a single large event (Sala
and Lauenroth 1982) although others have disredatte importance of precipitation
events less than 5mm in size in arid systems (Ney-MI973). Germination, again,
may be strongly influenced by the clustering ohfali events and the influence of
multiple small rainfall events (Veenendaal, Emtsdl. 1996). A study (du Plessis 2001)
suggests that in an arid environment, single lakgats may not be sufficient to trigger

germination, but multiple small events may be.

The seasonal distribution of rainfall is importdr@cause it influences the interaction
between precipitation and evaporation, and the mwdiglance of the system.

Stephenson (1990) highlights the importance of icensig ecosystems and soil water
in terms of the water balance, taking into accdbetseasonal coupling of water and
energy input into a system. Systems with simiéanfall and temperature profiles on
an annual scale may have vastly different watearuzas and deficits due to the
seasonal timing of rainfall and evaporation. Rdingless effective in the summer due
to higher evaporation rates (Reynolds, Keeh@l. 2004), which can influence plant

growing season and root distribution, given the leater availability in surface soil.

There may be a threshold amount of summer raib&bire it becomes useful for plants
grow roots in the surface soil to utilize it (Ehtegger and Dawson 1992). In contrast,
environments with a strong bias towards winterfeditend to experience greater deep

drainage and run-off (Seyfried, Schwinnietgal. 2005).

There is clearly strong and significant variationfactors such as rainfall event size,

interpulse length, clustering and seasonality acrdgstralia. Regions such as the
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northern tropics and the Mediterranean-climate st coastal regions have strong
biases towards summer and winter precipitation eesgely. In addition, different
weather systems in different regions of the comtinefluence the small-scale rainfall
regime, including event size and spacing. Foramst, southern regions that
experience frontal systems may have strong clugteri small events, while more arid,
central regions tend to get intense rainfall evdrds isolated storm events. This
variation, and any change in rainfall pattern otmere, may be expected to influence
productivity across geographical arg&tenkin, Seligmaret al. 1998; Le Houérou,
Bingham et al. 1988; Paruelo and Lauenroth 1995), plant chamctech as root
distribution and allometry (Fay, Carlisteal. 2003) and species assemblag@geltzin,
Loik et al. 2003) Event and interpulse size may have an influenceeanpetitive
interactions, providing a diverse range of niches plant water acquisition and
contributing to species diversity (Goldberg and djgansky 1997; Goldberg and

Miller 1990).

This study aims to apply a number of establishedl @ovel indices to precipitation
regime in Australia. As both agricultural and watplant species may be expected to
response to small-scale rainfall influences in whteited systems, it may be useful to
have a greater understanding, and simple desajptdr intra-annual variation in
rainfall across the continent. For example, spetiaits and ecosystem function may
be strongly affected by drought length, particylan grasslands (Fay, Carliskt al.
2000), or by the clustering of rainfall events (Weedaal, Ernstt al. 1996). Climate

change may also be expected to modify rainfallmegon a scale smaller than annual
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rainfall totals, for instance, by resulting on mesdreme rainfall events (Hughes 2003),

and new indices may be useful in quantifying clenghhange.

Rainfall seasonality is analysed with the Walsh aad/ler (1981) seasonality index,

and the vector seasonality index (Markham 19709, tmethods that enable monthly

rainfall distribution to be summarised in small rhers of variables, in order to map

small-scale gradients in seasonality across tharmont. Event-size is described using
an index that makes use of the scale-independéutenaf rainfall events to measure

the bias towards small or large events independeatnual rainfall totals, a method

that can also be applied to interpulse length. Ewdustering is described using

Markov-chain analysis of rain days, a method catééh with the average rain-period

length. The potential for these indices to be useclimate-change analysis is

explored, with an analysis of changes in rainfaleré-size bias over time across
Australia. Changes in rainfall regime, particutashanges in event size and frequency,
are expected to have significant impacts on teteésicosystems (Weltzin, Loié al.

2003).

7.2. Methods

Data Sources and Maps

Rainfall data for the indices were obtained from Australian Bureau of Meteorology.
Different stations and datasets were used for reiffe indices, (listed in Table 1).
Stations were selected to give good coverage ofcthinent, with a particular
emphasis on the south-east. Daily rainfall data wlatained from the patched point
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dataset (PPD). In addition, 189 rainfall statiodentified as being high quality
(Lavery, Karikoet al. 1992) were used in the analysis of temporal trends These
stations had the most complete records, with thvee$e missing days and most
consistent, accurate recording of rainfall. Thstsg¢ions, however, did not necessarily
provide as even coverage as the larger set uggoduction of the static maps. Indices
were smoothed using the Kriging method and plo#iedontour maps over Australia

using Golden Software Surfer 8.

Table 1- Rainfall data used in calculation of indies.

Index Data Type Number of Stations Record Length
(years)

Walsh and Lawler | Monthly 969 25-150
Averages

Vector Monthly 969 25-150
Averages

T statistic Daily PPD 350 100

T statistic change | Daily High 189 80
Quality PPD

G statistic Daily PPD 433 80-100

Markov Daily PPD 247 100
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Event Length Daily PPD 247 100

Walsh and Lawler seasonality index

The Walsh and Lawler seasonality index (Walsh laaagler 1981) calculates a single
value indicating the strength of seasonality ohfial regime, with no regard to the
direction or distribution of the seasonality. dtdalculated as the sum of deviations of
monthly rainfall from the expected monthly rainfélkain was equal in all months, as

expressed in equation 1.

n=12

1 _ —
3 :EZM -R /12 Equation 1
n=1

Where X, = mean rainfall of month and R = mean annual rainfall.

The period of time over which monthly averages weleulated varied from 25 to 150
years, but the large number of stations utilizedxpected to smooth variation caused

by short rainfall records at some stations.

Vector seasonality

Seasonality vectors provide information on bothititensity of seasonality in rainfall
regime, and the direction of seasonality, thaths,time of year in which most rainfall
occurs (Markham 1970). The average amount of alirdccurring in a month

determines the length of that month’s vector, dralector’s direction is determined

by an angle associated with the month. For instaleeuary has a vector angle of 15
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degrees, February has a vector angle of 45 deg@edso on, increasing by 30 degrees

for each month. Monthly vectors are added to geerean overall rainfall vector.

Vectors were calculated using a Python programst,Anonthly rainfall average %n)
and month-angles (A) were converted to Cartesiaardioates for each month

(Equations 2a and 2b).
X, =% codA) Equation 2a
Y, =%, sin(A,) Equation 2b

Cartesian coordinates were then summed to calcalaBammary coordinate, the
displacement of which from 0,0 indicates the sttengnd directionality of rainfall

(equations 3a and 3b).

m=12

=Y'x
Yot Z; m Equation 3a

m=12

Yit = Z Y Equation 3b
=1

Angle and magnitude of the vector from 0,0 werentloalculated. Magnitude was
divided by the average annual rainfall for the f@genormalize vector magnitudes

between sites with different annual rainfall aves@equations 4a and 4b).
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Angle = arcta{hj

ot Equation 4a

V X’[%)t + yt%)t

m=12

>R,

m=1

Magnitude = Equation 4b

The angles above were calculated in radians, aed tonverted to degrees. In

addition, the angle was converted to “compass” eegthrough the following process:
If Xiot> 0: Corrected Angle = 90 — Angle
If Xiot <= 0: Corrected Angle = (90 — Angle) + 180

In the calculations, the vector for January wasgieks 15 representing the average for
the month and therefore the middle day of the mortherefore, & or “North” on the

map, represents January 1

T (Tau) event-size index

T is defined as the slope of the regression of &gfall event size) vs log (event size
frequency). As rainfall event distribution is exped to follow a power law (Peters and
Christensen 2002; Sadras and Baldock 2008puld be calculated at any time or event
size scale. For the purposes of this study, & dialle scale was used, as daily rainfall

records were most easily available.
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Events sizes were divided into 5mm-wide classest. ifStance, counts were made in
the data of the number of rainfall events less thraequal to 5mm in size, greater than
5mm but less than or equal to 10mm in size etcthénregression, the upper limit of
each event size classed was used as the x valath eBent counts and size classes
were log-transformed and a linear regression wa®meed, with the slope reported as
thet statistic. Separate regressions were performethéosummer and winter subsets
of the rainfall data, with “summer” defined as tmenths from October to March, and

“winter” the months from April to September.

For the analysis of temporal changerjrdata from the years 1920 to 2000 were used,
as this was the period over which the data sets wwrst completer was calculated
for intervals of 1-year, 5-years and 10-years betwthe years 1920 and 2000, with
annual, summer and winter values reported. Inscageere there were less than three
rainfall events during a calculation period, thanpavas discarded as a meaningful
regression was unable to be performed. This siuarose quite frequently while
calculating summer values at one-year intervals. If a rainfall statitad regression
slopes of the same sign (positive or negativepfothree sampling resolutions, the site
is marked with a + or — on the map. Positive manklicate sites where there has been
an increase in rainfall event size bias, while tiggamarks indicate a decrease in
rainfall event size bias. Sites with regressionat ttid not have consistent slope
directions at different sampling scales are mankeét circles, to indicate uncertainty

of trend.
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Gap-size index

The distribution of sizes of gap (drought lengtietvieen rainfall events is also
expected to follow a power law (Peters, Hertletiml. 2002). A Python program was
written to analyse daily rainfall records, and meca distribution of drought lengths
versus the number of drought events of that lenddnought lengths of zero, that is,
consecutive days of rain, were ignored, and droleyigths of up to 1,000 days were
recorded. Records of drought length distributierevalso calculated for summer and
winter months. Drought length and number of draugtents in each class were both
log-transformed, and a linear regression performéth the slope being recorded as
the gap-size index, G. Separate regressions vegfermed for the summer and winter
subsets of the rainfall data, with “summer” definesl the months from October to

March, and “winter” the months from April to Septeen.

Markov probability and event length

Categorizing rainfall data into “event” and “noneeN” days allows rainfall to be
viewed as a Markov-chain process. Daily rainésfents were analysed to determine
the (1,1) Markov probabilities in a&%brder chain, that is, the probability that if & i
raining on day t, it will also be raining on daylt+ This statistic gives a measure of
how grouped rainfall events are; low values indgicatregime where rainfall events are
isolated and occur on single days, while high valuelicate a regime where rainfall
tends to occur for several days in a row. It ntereéfore help delineate regions where

rainfall is dominated by storm events, and regiarere rainfall is dominated by
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frontal systems that take several days to pass over

Another way of examining rainfall event clusterisgpy examining the number of days
rain typically experienced in succession, termeal ghise length. The average pulse
length was determined by considering successive dayainfall, surrounded by days
with no rainfall occurrence, as rainfall pulsesheTaverage number of days per rainfall
pulse throughout the data set was recorded as traue. Both the Markov and the
pulse length index have only been calculated ferdhtire year at present, rather than

for summer and winter seasons.

7.3. Results

Walsh & Lawler Seasonality Index

The rainfall regime is highly seasonal in the tcapnorth, the west coast, and coastal
South Australia (Figure 1). In the tropics, ralhfig biased strongly towards the
summer months, with almost no rainfall in the deason. Highly seasonal areas in
southern Australia are those with a Mediterranelimate — South Australia and
southwestern Western Australia. In these areasfaliais biased strongly towards the
winter months. The Great Dividing Range also appe® influence rainfall
seasonality, with an increase in seasonality aitsngainge, particularly in northern New

South Wales.

Much of New South Wales, Victoria and Tasmania eepee an equitable rainfall

regime, as do arid inland areas. Southern Wegtastralia has a winter dominated
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rainfall regime, and the north of the state hasimmer dominated rainfall regime.
However, the seasonality index remains equallyngtralong the coastline from south

to north, unlike the transition from winter to surmmainfall in other parts of Australia.

Figure 1- Walsh and Lawler seasonality index acrosAustralia

Vector Seasonality

The bias towards summer rainfall in the north amadtev rainfall in the south is clear
from the orientation of the vectors (Figure 2). dler scale variations in seasonal
timing of rainfall is apparent, with Victoria hagra bias towards rainfall earlier in the
year than South Australia, and the coast of NewttS®ales having a bias towards

spring rain, compared to summer rain inland of @reat Diving Range. Arid and
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aseasonal areas show low magnitude vectors witmas random direction.

Along the Western Australian coast, the vector seality index shows shift in time of
rainfall concentration from winter rain in the sbuto spring rain around the Exmouth

Gulf, to summer rain in the tropical north.
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Figure 2 - Vector seasonality index across Austrai
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In order to test the validity of the vector seasitpandex compared to the Walsh and
Lawler seasonality index, a linear regression wexrfopmed (Figure 3) between vector
magnitude and Walsh and Lawler value. Thealue of 0.988 (n=1137) indicates an
excellent correlation between the two indices iating strength of seasonality, and it
appears that in Australia errors caused by multiaheainfall distributions are small.
1.251
1.00

0.754

0.50+

Walsh & Lawler Sl

0.25+

0.00 T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09

Vector Magnitude

Figure 3 - Correlation between Walsh and Lawler inéx and vector magnitude index. Both indices

are dimensionless.

T (Tau) event-size index

Large values of the index indicate a bias towardaller rainfall events, while small

values indicate larger events. Large rainfall eseltminate much of northern Australia
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(Figure 4). In the northern tropics, the bias ta¥galarge events may be due to the
intense nature of tropical monsoon rain, while wrenarid regions a large proportion of

the rainfall comes in infrequent, intense stormnese

The southern coastline of Australia, on the ottaerdh is dominated by smaller rainfall
events. Rainfall in this region is dominated byntad systems. In particular, the
southeast of South Australia, coastal Victoria amgtern Tasmania experience a bias
towards small showers. Small spatial scale vanatin rainfall event size can be seen
along the east coast, with coastal regions expangriarger rainfall events than sites
further inland beyond the Great Dividing Range. &l event size in Tasmania

decreases from east to west.
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Small Events

Figure 4 - t (Tau) event-size index across Australi

In summer, small rainfall events dominate the Iseurt coast, Tasmania, Victoria and
the Great Dividing Range (Figure 5). There alspeaps to be a bias towards smaller
events in the tropical north of the Northern Temyt Large summer events dominate in
the arid interior, where most rainfall arrives asense storm events, and coastal

Queensland. Summer rainfall event size in Tasmdetaeases from east to west.
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Figure 5 - t (Tau) event-size index across Austraifor the summer half year

Overall, southern Australia experiences a bias tdsvamall rainfall events in winter,
while northern Australia experiences a bias towdadge rainfall events ( Figure 6).
Southern Australia is dominated by frontal systdémisging showers, while during the
winter months, the only rainfall much of northermstralia receives is in the form of

occasional intense storms.

Again, the Great Dividing Range through New Southl&¥ has a clear impact on
rainfall patterns, with larger winter events on tteast, and smaller events inland.

Winter rainfall event size in Tasmania decreasas feast to west.
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Small Events

. Large Events
p 5

Figure 6 - t (Tau) event-size index across Australifor the winter half year

Gap-size index

High values of the gap-size index indicate aredB wiias towards small gaps between
rainfall events, while low values of the index icatie large gaps between rainfall
events. Most of arid central and northern Austrak@eriences a rainfall regime with
long droughts between rainfall events (Figure H).tropical areas, the low value of the
index reflects the dry season, where rainfall may accur for several months. An
anomaly is apparent on the north Queensland Pacdast, between Cairns and
Townsville, where higher values of the index occiihis region, centred on Innisfail,

receives one of the highest annual rainfall total®\ustralia, as the Great Dividing
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Range meets the ocean and uplift of moist oceanicdeposits near constant
precipitation. Rainfall in this region is very fr@ent compared to other sites at the

same latitude.

Coastal New South Wales, Victoria and parts of Bduistralia and southern Western
Australia have relatively high values of this indexdicating frequent rainfall events.
Tasmania, in particular, experiences relatively Isrgaps between rainfall events,

particularly on the west coast.

Small Gaps

R N N UK NI QUK U (I I G N (S ]
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Figure 7 - Gap-size index across Australia

The east coast of Australia, from Victoria throughnorth Queensland experiences

frequent rainfall events during the summer, as dibes south coast of Western
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Australia, with drought lengths increasing as onaves inland (Figure 8). Summer
gap-size index decreases heading into South Aigstrghere summer rainfall is less
frequent. Again, the local effect around Innisfailnorth Queensland is clear, with
very frequent events compared to other sites atsémee latitude. Unexpectedly, the
arid regions and the tropical north experience éorgpps between rainfall events in

summer.

Small Gaps
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Figure 8 - Gap-size index across Australia for theummer half year

A clear difference can be seen between the wirdprsige and the summer gap-size

map along the east coast, particularly in Queedshahere events have become much
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less frequent during winter (Figure 9). In contraainfall events in winter are more

frequent in South Australia and southwest Westarstralia.

Small Gaps

Figure 9 - Gap-size index across Australia for thevinter half year

Markov (1,1) probability and event length

The arid inland has low probability of consecutdegys of rain, as most rain in these
regions occurs as intense, isolated storm eveigsr@-10). By contrast, most coastal
areas have a higher probability of consecutive adyainfall. In the south, rainfall is

dominated by frontal systems that can take sewagd to pass over and deliver rain,
hence a high probability of several days conseeutn. High probability values arise

in northern Australia due to the constant dailynfal occurring during the tropical
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monsoon. Western Tasmania stands out as havingrya high probability of
consecutive rainfall days, a reflection of the highmber of rain days per annum in that

region.

Figure 10 - Markov (1,1) probability across Australa.

For the summer half-year, the high probability ohsecutive days rain in the tropical
regions, and the high rainfall east coast is cle@h southern and western areas, and

the arid interior showing a low probability of cegsitive rainfall (Figure 11).
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Figure 11 - Markov (1,1) probability across Australa for the summer half-year.

Compared to the summer, consecutive days of raiafal much less common in the
tropics during the winter, and the inland area whaultiple days of rainfall occur with
a low probability has expanded northwards (Figu2g 1Southern areas, around the
coast of South Australia, Victoria, and south west&Vestern Australia, areas
dominated by frontal systems in winter, show a tpgbbability of consecutive rainfall

days.
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Figure 12 - Markov (1,1) probability across Austrdia for the winter half-year.

There are a number of similarities between the ofegverage days per rainfall events
(Figure 13) and the Markov probability map, in padar, the tendency for short

periods of rain in the arid centre, and longergugiaround the coast and in Tasmania.

Arid areas generally experience rainfall eventemfy 1 to 2 days. Frontal dominated
southern Western Australia, South Australia anddria tend to have rainfall events
lasting 2-3 days. The west coast of Tasmania haavarage of greater than three
consecutive days of rain per event. The tropicatmalso has a high average event

length, reflecting the near daily rain during tlsensner monsoon season.
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Figure 13 - Average pulse length (days) across Auatia

T event-size index change over time

Areas with a visually consistent trend towards dargainfall events include inland
south-western Western Australia, southern SouthrAlis and parts of Victoria (Figure
14). Areas with a consistent trend towards sma#erfall events include far, coastal
south-western Western Australia, northern South tralis, New South Wales,

Queensland and the Northern Territory.
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Figure 14 - Trend in t-statistic across Australia, 1920 — 2000, indicatghchange in rainfall event
size bias. + = trend towards larger events, - = trel towards smaller events, O = no significant

change.

The regression analysis was repeated using raohdédl for the summer (Figure 15) and
winter (Figure 16) half year. Summer event sizewsha trend towards smaller events
at a few stations in south-western Western Austrddut with a trend towards larger
events further inland. A trend towards smallerntsds evident in most of South

Australia, inland New South Wales, central Queartsland the Northern Territory.
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Figure 15 - Trend in t during summer across Austrail, 1920 — 2000

Areas with a trend towards increasing winter rdirdaent size include inland south-
western Western Australia, semi-arid South Austradouth-eastern Queensland, and
parts of western Victoria. Areas with a trend todgasmaller winter rainfall events
include south-western Western Australia, coastalthbseastern South Australia,

western Queensland, the Northern Territory, ananBasa.
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Figure 16 - Trend int during winter across Australia, 1920 — 2000

Significant correlations of T event-size with time

T index was highly variable for year to year, leadia few significant correlations with
time, hence the choice of a conservative approaakgorting directions of change in
the above maps. Table 2 shows rainfall stationl gignificant correlations for the 1-

year sampling period for the annual data set, T8ddows the summer data set and

Table 4 shows the winter data set.
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Table 2- Significant correlations in t index for amual records.

Regression significant
p<0.05

Regression significant
p<0.01

Regression significant
p<0.005

Annual

+ Beechworth (082001)

- Branxton (061014)

+ Canary Island (080004)
+ Cape Grim (091011)

+ Gabo Island (084016)
+ Merredin (010092)
+ Nyerilup (010541)
+ Orroroo (019032)
- Pardelup (009591)
- Peppermint
(009594)

- Pine Creek (014933)
- Rylstone (062026)

+ St. Arnaud (080009)

Grov¢

+ Appila (019001)

- Boulia Airport (038003)

- Burketown PO (029004)
- Casino Airport (058063)
- Roebourne (004035)

- Tempe Downs (015557)
- Toorourrong Reservo

(086117)

+ Wickliffe (089033)

+ Wilsons Promontory
(085096)

- Yolla (091109)

- Barraba PO (054003)
- Bingara PO (054004)
+ Blinman (017014)

+ Cape Naturalistg
(009519)

- Clarence Town (061010
r- Fairymead Sugar Mill
(039037)

+ Hopetoun (009557)

- Kalamia Estate (033035
- Katherine (014902)

+ Leslie Manor (090053)

- Lindenow (085050)

- Macknade Sugar Mill
(032032)

+ Meredith (087043)

+ Mt Brisbane (040140)

- Mudgee (062021)

- Murgon PO (040152)

- Natimuk (079036)

+ Wallangra (054036)

- Westbourne (009616)

- White Cliffs PO
(046042)

D
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Table 3 - Significant correlations in t index for smmer records.

Regression significant

Regression significant

Regression significant

p<0.05 p<0.01 p<0.005
Summer
- Bathurst (063005) + Blinman (017014) + Arthur Rive (010505)

+ Boolardy (007007)

+ Broomehill (010525)

- Burketown PO (029004)
+ Canary Island (080004)
- Clarence Town (061010
Collarenebri (048031)
Doctors Creek (041024)
Fingd (092012)

- Kalamia Estate (033035
- Kaniva (078078)
+ Kilmore
(088034)

- Marree (017031)

+ Mt Brisbane (040140)

- Mulga Downs (044054)
- Natimuk (079036)

+ Nyerilup (010541)

- Orbost (084030)

- Tempe Downs (015557)
- Westbourne (009616)
+ Wickliffe (089033)

- Yolla (091109)

College

- Casino Airport (058063)
+ Gabo Island (084016)

+ Leslie Manor (090053)
+ St Arnaud (080009)

- Urandangi (037043)

- Barraba PO (054003)

- Bingara PO (054004)

- Boulia Airport (038003)
+ Cape Schanck (086017)
+ Casuarina Vale (010024
- Fairymead Sugar Mill
(039037)

- Hay (075035)

+ Hopetoun (009557)
Katherine (014902)
Kondoolka (016022)
Lindenow (085050)
- Macknade Sugar Mill
(032032)

+ Meckering (010091)

+ Meredith (087043)

- Mudgee (062021)

- Murgon PO (040152)

- Rylstone (062026)

- Toorourrong Reservo
(086117)

+ Walk Walkin (010133)

+ Wallangra (054036)
- White  Cliffs
(046042)

+ Wydgee (007090)

-

PO
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Table 4 - Significant correlations in t index for winter records.

Regression significant

Regression significant

Regression significant

p<0.05 p<0.01 p<0.005

Winter

- Arthur Rive (010505) + Appila (019001) - Bauple (040013)

- Beaufort (089005) - Barraba PO (054003) |- Birdsville (038002)

+ Canary Island (080004) | + Casuarina Vale (010024 + Blinman (017Q4)

+ Cape Naturaliste- Farleigh Co-Op Sugar- Canning  Downg
(009519) Mill (033023) (041013)

- Casino Airport (058063)| + Hallett (021028) - Fairymead Sugar Mil
- Clarence Town(018065) + Hopetoun (009557) (039037)

+ Cleve (018065)

+ Hay (075035)

- Kalamia Estate (033035
- Murgon PO (040152)

+ Rainbow (077036)

- Roebourne (004035)

- Sheringa (018045)

+ St Arnaud (080009)

+ Twin Peaks (006048)

+ Wickliffe (089033)

+ Yardea (016055)

- Yolla (091109)

+ Yoweragabbie (007095)

+ Minlaton (022009)
+ Orroroo (019032)

+ Lake Carmody (010670)
+ Leslie Manor (090053)
+ Mt Brisbane (040140)

- Pardelup (009591)

- Tempe Downs (015557)
+ Wallangra (054036)
+ Wallaroo (022020)
+ Wentworth PO (047053)
- Westbourne (009616)
White Cliffs PO
(046042)

+ Whyalla(018058)

+ Wilsons Promontory

(085096)

7.4. Discussion

The Walsh and Lawler seasonality index describeth e strong summer-biased

precipitation regime in the tropical north, and thiter-biased regime in southern

Western Australia and South Australia. Arid regioand areas of inland New South

Wales and Victoria have a low seasonality indexshbuld be noted that as this index
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is calculated from long-term averages, this in@isadn equal probability of rainfall in
all months, rather than constant rainfall, as id aegions rainfall events may be very
unpredictable and widely spaced, and vary from yearear. The resolution of this
index allows changes in seasonality along the Gb@ating Range to be discerned,
with a stronger seasonal bias on the range comparezbastal and inland areas,
especially in northern New South Wales. A failifgtlis index is revealed along the
Western Australian coastline, where a strongly aeasrainfall regime is observed
along the coast from the winter-dominated regimethie south to the summer-
dominated regime in the north. In not providing arformation about the direction of
the seasonal bias, the Walsh and Lawler seasoiadigy fails to explain the lack of an

equitable regime between the two seasonal extrasi&sund in eastern Australia.

The vector seasonality index, in contrast, giveslear indication of bias towards
different months of the year, with indications afemer rainfall in the north and winter
rainfall in the south. This index also gives adigation of small shifts in the seasonal
timing of rainfall across short gradients, for arste, winter rain occurs earlier in the
year in Victoria than South Australia, and coabtalv South Wales has a bias towards
spring rain, while inland areas have a stronges Iigavards summer rain. Random
vector directions in arid regions confirm the highkiariable, unpredictable rainfall in
the region, with even averages over many decadestirey in recordings of different
seasonal rainfall biases in closely situated rdirdetions. The vector seasonality
index also reveals the reason for equal strengteeatonal bias along the Western

Australian coastline. There is indeed a steadift ghitime of rainfall concentration
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from winter rain in the south, to spring rain arduhe Exmouth Gulf, to summer rain

in the tropical north, with no equitable regimetlie middle.

One potential weakness of the vector seasonalilgxin comparison to the Walsh and
Lawler index is the difficulty in dealing with midtnodal rainfall regimes, that is, areas
where there is more than one annual rainfall pedke Walsh and Lawler index is
based upon absolute deviations from an averagéalaiwith no regard to the actual
time of year in which rainfall peaks occur, andlwilve the same index value even if
months are shuffled. The vector seasonality intdgxcontrast, relies on the timing of
rainfall. If the rainfall occurs in two peaks, thiector direction will lie in the period
between the peaks, when in reality it may be aopedf low rainfall. If peaks are
separated by six months, the vector magnitude vélizero despite a high degree of
monthly inequality. The regression of vector sttenggainst Walsh and Lawler index
indicate a near-linear relationship with few ouslieindicating that these two indices
are close to equivalent and there are no multi-inodafall regimes in Australia,

which would have caused a disagreement betweemthimdices.

The 1- statistic described large rainfall events in ttopics, from monsoonal rain, and
in arid areas influenced by occasional storm evewtsile the southern coasts,
dominated by frontal systems, had a bias towardallemrainfall events. Again,

differences were visible between coastal and inldledv South Wales, with large

rainfall events along the coast and smaller evedsd. Dividing rainfall event size

bias into summer and winter half-years provided enaformation about the seasonal
rainfall regime, and the usefulness and limitatiohghis index. In the summer
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half-year, the extreme tropical north actually lzatlias towards small events, despite
the strong monsoonal rain at this time of the yelarshould be remembered that this
index describes the distribution of rainfall evesites for a particular location, so
although Darwin may experience very large eventspared to other areas, within the
scope of Darwin's rainfall regime at this time bé tyear extreme events may be rare.
For the winter half-year, ther- statistic describes the small events from thatab
dominated system in coastal southern Australialendti this time of the year northern
Australia has a bias towards large events, as glahe “dry” season, what rain does

occur is from infrequent large storm events.

The gap-size index shows a bias towards smallgotse lengths in southern Australia,
dominated by frontal systems. In contrast, th@io® and arid interior have a bias
towards large interpulse lengths. While this isestpd in the arid regions, due to low
and infrequent precipitation, the tropical regiexperience very frequent rain during a
period of the year, and in this region the indexyrba affected by the very long
interpulse periods during the dry season and mayadequately describe annual
rainfall regime. The region around Innisfail andit@s on the north Queensland coast
is an exception to the trend towards large intag@lgngths in the tropics, due to local
topographic effects of the Bartle Frere range. iding the gap index into summer and
winter half years provides more information, withediiterranean-climate regions of
southern Australia having a bias towards frequexih in the winter and larger
interpulse lengths in the summer. The bias towadodger gaps in the Northern

Territory is unexpected, as rainfall occurs vemsgirently during the monsoon season.
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However, this index is calculated for six monthstloé year, which may also take in
relatively dry periods with large gaps between éwents, significantly altering the

slope of the regression in this highly seasonadbreg

The Markov clustering index indicates a low proligbbdf consecutive days of rain in
the arid interior, which is as expected in a regidrere most precipitation comes in the
form of isolated single-day storm events. A higipeobability of clustered events
occurs along the coasts, and in southern Austratieere frontal systems can deliver
rain over several days, and clustered events are omommon. Interestingly, there is a
discrepancy between the information provided by ¢fap-statistic index, and the
Markov index for tropical northern Australia. Tiarkov index indicates a high
probability of consecutive days of rainfall duritige, as influenced by daily rainfall
during the wet season. However, the gap-staiistiex indicates a bias towards large
interpulse length, due to long drought periodshimdry season. This is true even when
comparing these indices for the summer half yedy.omhe Markov index for the
summer half year indicates a very high probabihtyconsecutive days of rain, while
the gap-statistic index for the same period shdoaa towards large interpulse lengths.
A possible explanation for this is that the regi@sdhe gap-statistic is based on is
biased by including a few large drought lengthsrduthe end of the dry season, which
would be included by looking at this six-month peli The gap-statistic index may not
be appropriate in highly seasonal climatescause the regression used to calculate the
index appears to be strongly influenced by seasommalghts rather at the expense of

day-to-day interpulse lengths, and Sadras and BRI@003) suggest the statistic
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may face similar limitations. There was a strongilarity between the information
provided by the Markov index and the average elegth index, although the Markov
index appears to provide a higher resolution inedetg differences across small

spatial scales.

Analysis of change in the statistic over time was intended to be consereats few
sites showed significant trends in the index oireet and the index proved to be highly
variable when calculated from only a few yearshfal data. The clearest regional
trend was for a shift towards smaller events ameefeextreme events in the southwest
of Western Australia, a phenomenon observed byretfi¢aylock and Nicholls 2000;
Hughes 2003; Li, Cadt al. 2005). This trend is particularly strong in thenter half-
year. A number of stations across Australia shmgnificant regressions with the-
statistic calculated at multiple time scales, pdarafrom Western Australia no regional
trends can be identified, with in some cases qtidse rainfall stations show trends in
opposite directions. There is a potential for fidirrecords at a station to change over
time with, for instance, the removal of vegetatitime construction of buildings, or
slights shifts in the location of the rain gauge\(ery, Karikoet al. 1992). However,
stations used in this analysis were from a datafiteted from these influences.
Possibly, the calculation of this index from relaty short periods of rainfall data into
order to track changes through time results inrmaech noise for conclusions about

changes in rainfall regime to be drawn.
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7.5. Conclusion

Both the Walsh and Lawler seasonality index andvidator seasonality index provide
high resolution descriptions of gradients in seasaosinfall bias across Australia. The
strong linear relationship between the Walsh andléaindex and the vector length
index indicates a lack of bimodal rainfall regimesAustralia that may distort the
vector direction index’s description of the seasdmaing of rainfall. Therefore, the
vector index is close to equivalent to the Walskd &awler index for Australia, but
provides more information on gradients in the tignaf rainfall during the year. The
statistic and G-statistic also provide a usefulcdption of small scale variation in
event size bias and gap length bias. However, agpihem to regions with a very
strong seasonal bias in rainfall regime, such agrtipics, may be inappropriate due to
a conflict between processes operating on diffetem¢ scales, for instance, annual
seasonal drought and interpulse periods betweafallagvents during the wet season.
The Markov (1,1) rainfall clustering index and teent length index provide similar
information, with a greater resolution in the Mark@.,1) index, although again this
index provides a conflicting description to the @tistic index in tropical areas due to
highly seasonal rainfall. Conservative analysiclodinge in the- statistic over time
revealed few regional trends in rainfall event di&s over time, with geographically
close stations often showing opposite trend dioasti However, there was a consistent
trend towards smaller rainfall events, particuladlyring winter, in the southwest of

Western Australia.
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Overall, it appears that for Australia, the vectmasonality index gives a useful
description of rainfall seasonality, and thestatistic can also be applied across the
continent to describe event size bias. Indice$ measure temporal distribution of
rainfall days, including the G-statistic and therktav probability statistic, appear to be
influenced by seasonal factors on a scale longar ttaily rainfall, and therefore their

use should be restricted to well defined seasoobbkeis of annual rainfall data.

7-97



8.NATURAL RAIN POPULATION COMPARISON

8.1. Introduction

Shifts in allele frequencies and differentiation genotypically controlled plant
characters are influenced by abiotic factors acisgelective forces on plants. There
is a potential for climatic influences, for instentemperature averages and extremes,
frost occurrence or rainfall regime, to drive gemat differentiation in plants
(Patterson, Pault al. 1978; Raper Jr. and Barber 1970; Slatyer and Mo677).
Rainfall, in particular, may be expected to driedestion in water limited systems, as
the size, spacing and seasonal distribution offathihas an impact on the spatial and
temporal availability of water in the soil profilesading to the potential for a variety of

strategies for root placement and water uptake.

The size of individual rainfall events can influerntbie depth of infiltration of water in a
system, and heterogeneity in soil water availagbdan lead to a trade-off in the optimal
placement of roots (Williams and Ehleringer 200@ifferent sizes rainfall events,
which can differ between regions, may thereforailtes different plant root niches
(Schwinning and Sala 2004). Small rainfall evantsy only infiltrate to surface soil
layers (Kemp 1983), leading to an optimal strate§ghallow root placement, while
larger events penetrate deeper (Paruelo,&ala2000), leading to deeper root growth.
Small rainfall events in semi-arid systems are wred useful by some workers (Sala
and Lauenroth 1982), triggering ecosystem resposigels as nitrogen mineralization

(Schwinning and Sala 2004) but there may be ahbidssize of rainfall events before
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shallow roots become useful for extracting the wat®&ater from small rainfall events
tends to suffer greater loss to evaporation (L&k,et al. 2004), and harsh, high
temperature conditions in surface soil layers el lto high costs of root maintenance
(Davidson 1969a). Noy-Meir (Noy-Meir 1973) sug@ekthat, in arid systems, rainfall

events of less than 5mm are not useful, and ptaaisinstead rely on deeper water.

The spacing of rainfall events, or the interpulsegth, may also have an influence on
plant characters, as differences in plant morphokoyd physiology affect the drought
tolerance of plants, and the ability to survivelat soil water potentials. Drought
tolerance in plants has been found to be linkedotd depth and proliferation, with
deep roots correlated with drought tolerance irsgga (Garwood and Sinclair 1979),
and Bell and Sultan (1999)finding that more roatsdry soil can aid soil moisture
capture. Deep roots aid drought survival if theg able to access deep, stable soll
water storage during the dry interpulse period. [&/growth and competition are the
main plant processes affected by pulse events,t @arvival and death become
dominant during the interpulse (Goldberg and Noaopky 2001), which highlights the

potential importance of interpulse length as aci®le force.

The seasonal distribution of rainfall throughoué tyear may also act as a selective
force on plant growth and root characters, asnteraction and timing of rainfall input
and evaporative demand results in different sotewavailability patterns (Stephenson
1990). Summer rain, for instance, is consideresk leffective than winter rain
(Reynolds, Kempt al. 2004), meaning seasonal rainfall distribution ageptially as

important as annual rainfall averages in descriltotgl available water in a system.
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There are also relationships between the seasppéliainfall and depth distribution of
water in the soil, and therefore the distributidnmamts. The high availability of water
during the winter in winter-biased rainfall regimmagay keep the surface soil constantly
moist, due to low evaporation, leading to a shaltoating habit (Schwinning and Sala
2004). However, in winter-biased rainfall reginpdsnts experience very dry summers,
where shallow roots can become damaged, and aengixp to maintain. Globally,
deep roots have been found to be associated wititembiased rainfall regimes
(Schenk and Jackson 2002b). In a study of snakews&ddynamics, Wan (2002)
found a regime of winter watering and summer drougblulted in deeper roots than
the opposite. It seems more likely that a wing@nfall regime would result in a deeper
root distribution, which could make use of deepengirating water in the winter
(Schwinning and Ehleringer 2001), but maintain &stion from deep reserves during
dry summers. There may be a threshold amount ofm&rmmain before there is an
advantage to deploying shallow roots to make ussuaimer rainfall events, which
tend to result in shallow water infiltration and lprshort-term water availability
(Williams and Ehleringer 2000). Plants in ared®re seasonal rainfall is predictable,
whether summer or winter biased, may face a s&osglective force than plants in
more variable environments, such as the arid regod\ustralia where rain is rare, but
may happen at any time of the year. Under thepeedittable conditions with random
seasonality, strategies of deep root deploymeritutibze groundwater, followed by
rapid growth of fine roots that utilize rain aften event, may be optimal. A short life
history strategy may also be a means of makingafisenpredictable rainfall, with

much of the biomass in these regions composed at-Bhed ephemerals after large
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rainfall events. Flowering phenology may alsodbeen by rainfall seasonality, with
some perennial plants showing a more annual-likeegyy, with strong winter growth
and early flowering, in regions with unpredictall@mmer rainfall(Hodgkinson and

Quinn 1976).

Austrodanthonia caespitosa is a perennial grass common across southern Aastra
covering a wide range of average annual rainfall Eater-annual rainfall variability.
Previous studies have found a high degree of wamian this species across its range,
including variation in flowering time with latitudéHodgkinson and Quinn 1978),
variation in growth rate over the winter growing@sen (Quinn and Hodgkinson 1984),
and variation in growth habit over small spatiadles (Scott and Whalley 1984). The
high degree of variability over small spatial ssal@ake it a useful candidate for
selection and improvement (Robinson and Archer L988h variability likely to be
the result of differentiation to local niche envirents (Wilson 1996). We may
expect to see a correlation between relevant plaits and climate variables across the
range of this species if climate has acted asextbet force. In this study, populations
of Austrodanthonia caespitosa were sampled from a range extending from the eonth
Yorke Peninsula in South Australia, through the RMdwofty Ranges and eastern South
Australia, through Victoria to southern New Soutlaléé at Wyalong. This covers an
area of approximately equal annual rainfall totalstween 400-500mm, but the range
varies in seasonality, from a strongly winter-bchsainfall regime in South Australia,
to an equitable regime in central New South Wal&bkere is also some variation in

rainfall event spacing, with populations in southeé¥ictoria and coastal South
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Australia experiencing short gaps between raimfajls during winter, with longer gaps
experienced in New South Wales. Complex variatitso exists across this range in
the event size bias, with coastal and southern lptipaos experiencing a bias towards
small rainfall events, while northern and inlandplations experience a bias towards

larger rainfall events. Soil texture also varesally between collection sites.

Grasses have been found to be sensitive to chardgjieniate regime (Fay, Carlisét al.
2002), suggesting that rainfall regime may act aselactive force in these species.
Austrodanthonia spp. have been found to be responsive to changes sosakrainfall
(Austin, Williamset al. 1981), and the high degree of variation betweegouladions
indicates they may be a useful model species tesiigate differentiation in response
to rainfall regime. In terms of characters thatyrba influenced by rainfall regime,
root depth appears an ideal candidate. Rainfgiine results in different heterogenous
water distributions in the soil, making the distiion of roots important in water
acquisition in water-limited environments (Yanagisaand Fujita 1999), and trade-offs
between deep and shallow roots may result in vanatithin a species in response to

rainfall regime (Williams and Ehleringer 2000).

The aim of this study is to investigate differentetween a range of populations of
Austrodanthonia caespitosa from southern Australia in morphology, growth rate
phenology, and root depth distribution. | attentgpaissess the degree of variability in
these characters across a gradient in rainfalhmegand between different soil types, in

order to determine which environmental factors m&glain population differentiation.
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8.2. Methods

A growth experiment was set up to measure intraBpe@riation in Austrodanthonia
caespitosa under natural meteorological conditions, ratheantha fixed watering
schedule in a glass house. Polythene planting t{Rag Products, Regency Park) with
a height of 25cm and a width of 8cm were filled hwgandy loam soil (Jeffries,
Wingfield) and placed on the roof of a buildingtheé North Terrace campus of the

University of Adelaide (34.91 S 138.60 E).

On June 28 2004, seeds from a range of populatbbmsistrodanthonia caespitosa
(Table 5) were germinated on moist filter papepéatri dishes. A map of the locations
of all populations can be found in Appendix A. QuyJ7 2004, germinated seeds were

sown, and a week, seedlings that had died weraaeglwith new seedlings.

Table 5 - Populations of Austrodanthonia caespitosa used in the natural rain population

comparison

Population Latitude Longitude Locality
SA-002 33.97S 137.75E Kadina
SA-006 3355S 138.95 E Mokota
SA-009 3391S 138.58 E Spring Gully
SA-010 36.04 S 140.31 E Keith
SA-012 36.35S 140.67 E Mundulla
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SA-021

SA-023

VIC-004

VIC-006

VIC-007

NSW-001

NSW-004

NSW-005

NSW-007

35.16 S

35.62 S

36.29 S

36.11 S

3591S

3557 S

36.16 S

33.89S

33.84S

139.01 E

138.11 E

143.09 E

143.83 E

14549 E

14498 E

14594 E

147.12 E

146.27 E

Red Creek

Cape Jervis

Donald

Boort

Strathmorten

Deniliquin

Jerilderie

West Wyalong

Rankin Springs

Plants were monitored several times a week. The afaflowering of each plant was

recorded during late spring and early summer, &eddate of death, defined as the

point when no green biomass existed on the plaad, necorded over summer. When a

plant was considered dead, a Theta probe was oseedsure deep soil moisture, by

inserting it through the polythene tube 3cm abdwe lhase of the planting tube. All

plants had died by December 2004.

Dead plants had their aboveground organs trimmdteatoil surface. Material was

placed in paper envelopes and dried at’Cofor two days before being weighed with
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an electronic balance. Remaining soil cores weogan to a cool room at°€ for

storage until roots could be washed.

Soil cores were cut at the middle of the soil calyd2cm from the soil surface. Upper
and lower soil cores were washed over a 1mm seawve roots were washed further to
remove remaining soil and organic particles. Roetye then placed in paper
envelopes and dried at 1@ for two days before being weighed with an eleutro

balance.

Experimental data was analysed using ANOVA to detdifferences between

populations. In the case of phenological data,revipepulations did not flower or had
too few flowering plants to be suitable for anadyssing ANOVA, those populations
were excluded from the analysis. A non-metric mdifftensional scaling (NMS)

ordination was performed using PCORD version 4vsnk. Measured plant data,
including flowering time, lifespan, and root andehmasses in the first matrix, and
environmental variables in the second matric. Trersgronmental variables included
data measured at the collection sites; latitudegitade, soil depth to rock, soil clay
percentage and soil bulk density, and interpoladath obtained from the rainfall

analysis; seasonality indexstatistic, winterc-statistic, G-statistic, summer and winter

G-statistic.
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8.3. Results
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Figure 17- Number of days after planting when Figure 18 - Lifespan of plants from day of
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Figure 19 - Number of days between flowering
and death for populations in the natural rainfall
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In examining phenological traits, the analysis ed®d significant differences in
flowering time (df=11, p<0.0001, Figure 17), lemgif from planting to dormancy
(df=13, p<0.0001, Figure 18), and the length ofetibetween flowering and dormancy
(df=11, p<0.0001, Figure 19) between populatiohmssome cases, there appear to be
regional trends, such as a tendency for shortersjiians in South Australian ecotypes
compared to New South Wales, but significant |aité&rentiation within regions is the

main source of variation.

300

250+
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S
<
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Figure 20 - Linear regression of time from flowerirg to dormancy versus time from planting to

dormancy.

There was a strong positive correlation betweertithe from flowering to dormancy,
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and the time from planting to dormancy (Figure £0; 0.89, n = 65), indicating that

the length of the survival period after floweringp&ined most of the variation in
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Figure 21 - Dry shoot mass for populations in the Figure 22 - Total dry root mass for populations in
natural rainfall experiment*. the natural rainfall experiment.

08 * Bars indicate standard error and letters
indicate significant differences. Letters not
included in Figure 22 due to the complexity

of the pair-wise comparisons.

Top:Bottom Root Mass Ratio
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Figure 23 - Top:bottom root mass ratio for
populations in the natural rainfall experiment*.
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There were significant difference in dry shoot méastween populations (df=13,
p=0.0032, Figure 21) with a Tukey HSD test reveplhat populations NSWO007 and
VICO006 had particularly high shoot biomass, and ydagon NSWO004 having low
shoot biomass. Total dry root mass also had sggmifidifferences between populations
(df=13, p=0.0008, Figure 22). Populations NSWOBKEWO007 and SA002 had
particularly low root mass, while populations VI@&@nd VIC007 had particularly
high root mass.There were significant differenaeshie ratio of roots in the top and
bottom soil layers (df=13, p=0.0013, Figure 23A Tukey HSD test showed
population SA012 to have a particularly high topttwm ratio, that is, shallow roots,

compared to populations NSW001, NSWO007 and SA009.
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Figure 26 - Root:shoot mass ratio for populations
in the natural rainfall experiment*.

Root mass in the top and bottom layers was alssidered separately, with differences
found between populations in both shallow (df=180,0001, Figure 24) and deep
(df=13, p=0.0135, Figure 25) soil layers.Root:ghatmass ratio was significantly

different between populations (df=13, p=0.0009guF¢ 26) with a Tukey HSD test
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showing that population NSWO007 had a low root:stratib, indicating a bias towards

shoots, compared to populations NSW004, SA009 #0P &

NMS Ordination - Plant Characters by State
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Figure 27 - NMS Ordination of measured plant charaters, overload with joint plot of

environmental variables. Stress = 6.64. State 1SA, 2 = Vic, 3 = NSW.
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The NMS ordination presented in two dimension (Feg@7), had a stress value of
13.1, and shows that plants could not clearly gedumto states based on similar
characters in the ordination. Time to death ame tio flowering provided the greatest
discrimination among samples. Seasonality index| anstatistic during the winter

half-year were the climatic variables with the megplanatory power, although the
cut-off * value for the joint plot in the figure was low,@t, indicating these variables

explained very little of the variation.

8.4. Discussion

Significant differences were found between popafaiin a number of morphological
and phenological characters, although some of lderest differences were flowering
time and time to dormancy. These two factors empththe majority of the variation
in both axes of the NMS ordination. However, themre few significant differences
between populations or regions for time to flowgriand within-population variation
in this character was high, indicating some degrveelasticity. A previousstudy
(Hodgkinson and Quinn 1978) has identified extemsiariability within this species in
phenology, with southern populations in Victorialdaasmania having a set flowering
time, and northern populations from NSW having fowg time controlled by water
availability. Life span before senescence was aladable, with a number of
significant differences found between populatiorsgain, however, trends were not
clear, with all three states having short and Ibwed populations. A higher number of
New South Wales populations had long life spangr@rhing 230 days from planting,

while the majority of South Australian populatiomad life spans of around 200 days,
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with the exception of population SA002 which wagn#icantly longer. Although it
may be considered unusual that South Australiarulptipns lasted a shorter time
when grown in a climate most similar to that of m@ucompared to New South Wales
populations, the longer lifespan of most New SoMéles populations may indicate a
genotypically controlled adaptive phenology. IfviN&outh Wales is considered as a
high summer rainfall zone, plants from this regioay maintain growth longer before
dormancy, as compared to South Australian plant® weanfall after October is low
and erratic. A study on other Australian grasselet shorter life span to a more
unpredictable climate (Cox and Conran 1996). Previstudies (Hodgkinson and
Quinn 1976; Quinn and Hodgkinson 1984), in regaod8ustrodanthonia caespitosa
populations further north in New South Wales, hewesidered this end of the species
range to experience a hot, dry summer, where sif@rspans, high growth rates, and
early reproduction are favoured, although this mat apply in southern New South
Wales where my populations were collected. In eslslng the question of whether
dormancy is genotypically controlled or whetheogturs when soil moisture reaches a
lower threshold, one must remember that an aclaet pequires the presence of water
in the soil. Longer living plants still had accégswater later in the season, suggesting
either a strategy of water conservation by thegaujations allowing maintenance of
green tissue for longer, or equal water availgpiiit all populations, but the early
senescence of some populations while a water stitireemained. Laude (1953) noted
the variety of strategies grasses may employ inagiag dormancy, with some species
remaining active only if water was supplied, othbecoming dormant even with

watering. Species that did not use water avaitglds a cue for summer dormancy did
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not respond with growth when further water was addaggesting species that respond
to summer water, al.caespitosa does, may not require low soil water availabiliby t
trigger dormancy. Measurements of deep soil watere taken with a Theta probe
upon dormancy, but measurements were highly variabt affected strongly by any
rain that occurred on the previous day, and argrestented here. However, the strong
apparent influence of individual large rain eveshising spring-summer growth period
may explain some of the variability found in tinledormancy. The plants that showed
longer life spans may have, by chance, been ablert@min active long enough to
receive a further rainfall event, the utilizatiohwhich enabled a significantly longer
time to dormancy. This may be supported by the smn@sments of time between

flowering and dormancy, where both inter- and ktagulation variability is high.

Shoot mass also showed significant variability lestw populations, although this
character varied very little between the South Adlisin populations included. As
detailed above, previous studies (Hodgkinson anarQi976; Hodgkinson and Quinn
1978; Quinn and Hodgkinson 1984) have suggestedhilgh productivity and short
time to flowering and dormancy may reflect an addph to an unpredictable
environment. Although some eastern populationsvelosignificantly greater shoot
biomass than South Australian populations, this m@sconsistent. Indeed, some of
the populations with highest shoot mass also shdvigiu intra-population variability,
which may indicate the maintenance high genetierdity within the populations as an
adaptation to an unpredictable climate, althoughighdifficult to confirm with the low

replicate numbers. Higher shoot production in NS8auth Wales and Victorian

8-114



populations in this experiment may also reflect tingher winter rainfall received in
Adelaide compared to population sources. Non-Sdtistralian plants may be
adapted to more limiting water availability durimgnter. A further explanation may
be maternal effects, with seeds collected fromwild being grown directly in this
experiment without a generation in-between. Indseeéd size and weight was quite
variable between populations, which may have imgghparticularly on early seedling
growth, a phase which has been noted to oftendye &l this species (Jones 1996).
However, no significant correlations were foundwesn average population seed

weight and any growth variable (results not shown).

Root distribution, as described by the top:bottametrmass ratio, was also quite
variable, with a few South Australian and Victorigopulations having notably
shallower roots. Again, intra- populations varigpiwas high, for top:bottom root
ratio and root mass partitioned into the top anttdoo soil layers. Visually, there
appears to be a bias towards more shallow rootsmamy South Australian and
Victorian populations, which may be expected irstheegions that experience a higher
proportion of winter rain, and smaller rainfall e¥® High winter rainfall can keep the
surface soil layers moist, with low evaporatiorvdiaring root placement in the surface
soil, and small rainfall events only penetrate ballow soil layers (Loik, Det al.

2004).

There were no strong correlations between any efahvironmental variables and
measured growth variables, in either the linearaggions or multivariate analysis,

although seasonality index and longitude had tlghdst explanatory power. The
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multivariate analysis also failed to discriminagtvieeen plants by state or source soil
type. Overall, this suggests a lack of relatiopsietween the genotypically determined
plant characters and the environmental variablelsidied in the analysis, indicating no
selective influence of factors such as rainfallimey However, there were clear and
significant differences between populations in ebters such as productivity, root
depth, and biomass allocation, indicating a sigaift degree of diversity between, and
sometimes within populations. There are two posséiplanations for this variation;
selection by factors not examined in this studyramdom gene shifts and high genetic
diversity overall. There appeared to be littledevice of gradual gradients of change in
plant characters across the sampling range, suggesty selective force acting on
populations is operating at a smaller spatial scdleeed, populations collected in
superficially similar environments only tens ofdatetres apart often had quite distinct
characteristics. Local environmental effects saglsoil type are a strong possibility, as
soil type has been found to cause genotypic sl very small spatial scales
(Snaydon and Davies 1982), although once againonelation was found between
growth characters and the soil variables includedthis study. It should be
remembered that soil measurements included here dexived from a coarse national
dataset rather than local samples, although thig n@ be important given that
A.caespitosa is wind pollinated and populations will integragenetic material from
plants growing over a wide area. Measurements ibdepth, rockiness, pH, nutrients
and other structural features may provide bett@lagmation of genotypic variation in
this species. Grazing pressure has also been faumdsult in genotypic shifts in

Austrodanthonia sp. (Scott and Whalley 1984) over small spatial scaébpugh seeds
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in my study were collected mainly from roadsidebeathan grazed pastures.

Conclusion

There were clear differences in morphology and plogy between populations of
A.caespitosa, with particularly strong differences in time towering and dormancy.
As all plants experienced the same climatic coodsj including temperature and day
length, this indicates genotypic differentiationpimenology between populations. NSW
populations appeared to survive longer before doapawhich contrasts with other
studies indicating a shorter lifespan for NSW pagiohs adapted to harsh summer
conditions. These longer lived plants may possessore conservative water use
pattern. South Australian and Victorian populasioappeared to trend towards
shallower roots, which may be expected in regiomsidated by high winter rainfall,
due to a constantly moist surface soil layer. &heas high intra-population variability
in some characters, suggesting strong geneticsiiyewhich may provide populations
with the ability to survive in an unpredictablenclite. Overall, no strong correlations
were found between plant characters and rainfajinte indices, and the strong
differences between plants from closely situatdtection sites suggests a more local

effect, such as soil type, drives population ddferation.
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9.PULSE-SIZE GLASSHOUSE EXPERIMENT

9.1. Introduction

As with the seasonality of rainfall, the size aphcing of individual rainfall events
can have an important impact on ecosystems, inst&inmdepth of water infiltration,
length of water availability, and length of watemnited periods between rainfall events.
Given the important impact of these factors on ues® availability to plants, small-
scale rainfall regime may be expected to act aslective force on the evolution of
plant characters, or, alternatively, plants shdw#lde phenotypic plasticity in characters
related to water acquisition, such as root depthromt:shoot allocation. Size and
spacing of rainfall events may determine whethanis develop a strategy of using
shallow or deep water, with events of a low sizérequency being below a threshold

of usability (Schwinning and Ehleringer 2001).

The size of individual rainfall events affects tthepth of penetration of water into the
soil profile (Reynolds, Kemgt al. 2004). Smaller rainfall pulses may only wet the
surface soil layers (Kemp 1983; Sala and Laueni®82; Yanagisawa and Fujita
1999), while larger events may be expected to paigetdeeper and increase water
availability for longer (Paruelo, Sak al. 2000). The ultimate hydrological pathway
of water in a system may be determined by the esiaa, with Loik et al. (2004)

suggesting water from small events is dispropoatidy lost to evaporation and canopy
interception, and water from large events is lostun-off and deep-drainage. Soil

evaporation is greater in the surface of the swifile (Maestre, Cortinat al.
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2003), so small events may be less useful to pluesto high evaporative loss (Sadras
and Baldock 2003) while large events that penettaper into the profile can escape
evaporation (Paruelo, Sa¢aal. 2000). On the community-scale, Schwinning and Sala
(2004) suggest that there may be a hierarchy dbgical responses to different pulse
sizes, with small events promoting bacterial attiand nitrogen mineralization, while
larger pulses may be transpired by plants, anammessystems extreme rainfall events

are required for seed germination.

The length of time between rainfall events, or fiptése length, is also important for
the growth and survival of plants in water-limitegstems. Evaporation and drying of
the soil profile, particularly the surface soil, @ important process during the
interpulse period (Loik, Det al. 2004), and plants may differ in their ability torgive
low soil water potential and their strategies taxmmaze use of water when available.
Mortality is potentially a more important processarn growth during the interpulse
period (Sher, Goldberg al. 2004), particularly in seedlings, and this stresy result

in interpulse length being an important selectioecé in water-limited systems.
Grasslands are characterised by the prevalenchatibe roots (Jackson, Canadell
al. 1996), and event spacing may have a strong inflieon the productivity and
composition of these systems, due to soil dryimgnfthe surface down. There is also
the potential for an interaction between event aizeé gap size, for instance Sher et al.
(2004) found that under high water availability ddions, peak survival ofulpia and
Erodium spp. was found with small, frequent rainfall events, lumder lower total

water, peak survival occurred at an intermediaterjpulse length, indicating that

9-119



frequent events may not be useful if they are toalk

The variation in soil water availability with depthused by different rainfall regimes is
expected to have an influence on root distributiovianagisawa and Fujita (1999)
suggest that the root distribution of plants ismportant character when the soil water
distribution is heterogeneous. Assuming that smaihfall events are biologically

useful (Sala and Lauenroth 1982), a region withas bowards small rainfall events
may result in evolution of shallow root depth céupls, while large events may promote
evolution of deeper roots that make use of deepeetpating, longer lasting water,
although the possibility of phenotypic responserdamfall event size must also be

considered.

A number of studies have found evidence of plam ok small rainfall events, for
example, forage grasses using water from the sudait under small, frequent rainfall
events, (Bennett and Doss 1960), a leaf water pateesponse ifBoutuloua gracilis
following watering events of 5mm (Sala and Lauemrd®82), arid € plants using
water from frontal systems where the rainfall onlgt the surface soil(Kemp 1983),
and shallow rooted grasses making use of smallalagvents on the Colorado Plateau
(Schwinning, Davist al. 2002).0n the other hand, small rainfall events mat be
biologically useful in a system due to low peneétratand high evaporative loss from
the surface soil. Noy-Meir (1973) considered esemaller than 5mm not to be useful
in arid and semi-arid systems. The water from suchinfall event would wet just the

top 5 cm of soil, and would evaporate rather qyicKurthermore, placement of roots
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in the surface soil in order to access water fromlkrainfall events may not be useful
due to the high cost of shallow roots. Roots m shrface soil are subject to hot, dry
conditions, resulting in high root respiration sat@tkin, Bruhnet al. 2005) and a
greater root loss through desiccation (Davidson9a®6particularly in hotter, water-
limited environments. Forbes et al. (1997) fouedrdases in root longevity at higher
temperatures iholium perenne. Constant loss of shallow roots entails rapidaghoof
replacement roots when precipitation occurs (ChesSebaueet al. 2004), and given
the short length of time water remains availablesumface soil, this may not be an
optimal strategy. Therefore, below a threshold wéne size or frequency, a better
strategy of root placement may be a bias towardpeteroots to utilize groundwater or
deeper water from occasional large events. Althowngtrient dynamics is not
considered here, it is important to consider thgaathge of shallow roots in the

acquisition of mineral nutrients, particularly ppbsrous (Ge, Rubiet al. 2000).

While root distribution may result from phenotypmasticity, for example, the
proliferation of roots in response to high soil stare availability (Pregitzer, Hendrick
et al. 1993), rainfall regime may also act as a seledbvee, resulting in genotypically
determined differences between populations in @hstribution, although in reality
plants tend to lie between the extremes of purelgdf and purely plastic phenotypes
(Aphalo and Ballaré 1995). Previous studies waheties of wheat (Oyanagi, Saib
al. 1991a) have found genotypic differentiation inp@sse to soil moisture regime,
with root growth angle appearing to be under singg@eetic control (Oyanagi, Sa¢b

al. 1991b). Genotypic selection is more likely whttre variation is spatial but locally
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fixed (Snaydon and Davies 1972), while plastic oeses to environmental variation
are expected where there is pulsing and temporétian in the environment (Moran
1992; Sultan 2003) although plasticity requiresuaate prediction and response to the
environment. For example, Hutchings and de Krd®94) suggest that low plasticity
in root growth may be expected in a strongly pulsegironment, as maintaining a
constant root distribution may be more effectivanttquickly growing new roots in
response to a short-lasting pulse. However, it poliferation and water extraction
are able to keep up with changing patterns of wateilability in the soil profile, then
prediction and response to rainfall regime may éeeficial. Plasticity in response to
rainfall regime might therefore be expected in asgrin a water-limited environment,
although there may be differences in plasticityusein populations (Schlichting 1986)
across a gradient in rainfall regime and prediditsgbwith ecotypes experiencing less

heterogeneity in resources showing less plasticitgot distribution (Fitter 1991).

Austrodanthonia caespitosa, or white-top wallaby grass, is a perenniagldgfass found
throughout southern Australia. It grows acrossaegiexperiencing a wide range of
annual rainfall totals and intra-annual rainfaljirees, including differences in rainfall
event and interpulse sizes. This species dis@dygh degree of genotypic variation
between populations (Quinn and Hodgkinson 1983)ijchvhs thought to reflect
selection and differentiation to local environménteches (Wilson 1996). The high
genotypic and phenotypic diversity in this speca&soss its range indicates the
potential for local adaptation to environment. €3es are considered highly sensitive

to changes in climate and rainfall regime, inclgdiactors such as pulse and interpulse
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size (Fay, Carlislet al. 2002), and rainfall regime has the potential tbasca selective
force in shaping characters in this species, saaloat depth and root:shoot ratio. As a
result of adaptation to local climate, specific tgpes may be found to have a
particularly deep rooting habit, even under diffgéreainfall regimes. Presence of deep
roots in grasses has been found to correlate wtil dvought tolerance and the ability
to extract all the available water from the s@h(wood and Sinclair 1979), reducing
deep drainage, and deep-rooted ecotypes may beutently efficient at making use of
the large rainfall events that contribute to deegirhge (Seyfried, Schwinning al.

2005).

The aim of this experiment was to investigate \emm between A. caespitosa
individuals collected across a climate gradientmfr8outh Australia to New South
Wales, where annual rainfall totals are approxitgaggual, but rainfall event size
distribution changes. A range of watering regim&sjulating different pulse and
interpulse sizes, were applied to plants in a plasse experiment in order to determine
whether (a) plants show a plastic response indepth to water availability, (b) plants
show a fixed root depth response that reflects rdiefall regime in the source
environment, or (c) plants show variation in plasgsponse to watering, revealed by

an interaction between watering treatment and sopopulation.

9.2. Methods

An experiment was set up to compare the growthbémmhass allocation of populations

of Austrodanthonia caespitosa under different water pulse regimes. The threeeria]
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treatments applied were:

Small Pulse — 5mm (1 min) twice a week.

Medium Pulse — 10mm (2 mins) once a week.

Large Pulse — 20mm (4 mins) once a fortnight.

An electronically controlled watering system was gp in a glasshouse, under part
shade with temperature maintained at 23.9The watering system timer was an Orbit
WaterMaster model 57114. Three sprinkler systemsewset up on three tables. Each
system consisted of seven “mister” microsprinklees on risers at a height of 40cm
above the surface of the table, that is, 15cm altbeesurface of the planting tubes.
Each system was controlled by solenoid valves. ayspate was calculated at an
average of 5mm of rainfall per minute of operatimpnplacing beakers at a number of
locations under the sprinklers to catch the watkw rate was not adjusted during the

course of the experiment.

A number of 25cm high x 8cm wide polythene plantiniges (Poly Products, Regency
Park) were filled with sandy loam soil (Jeffriesjngfield) to 1cm below the surface.
After filling, the height of the soil column was@a. Tubes were arranged underneath

the watering system, with no space between tubes.

Seeds from ten populations Abistrodanthonia caespitosa (Table 6) were germinated
on damp filter paper in Petri dishes. Populatiorese selected for this experiment if

they had a large number of seeds available, angred\the sampling range well.

9-124



Table 6 - Populations ofAustrodanthonia caespitosa used in pulse-size experiment

Population Latitude Longitude Locality
NSW004 35.16 S 14594 E Jerilderie
NSWO005 33.89 S 14712 E West Wyalong
SA002 33.97 S 137.75 E Kadina

SA010 36.04 S 14031 E Keith

SA020 35.35S 139.12 E Langhorne Creek
SA022 3551S 138.70 E Middleton
SA023 35.62S 138.11 E Cape Jervis
VIC003 36.36 S 142.84 E Litchfield
VIC006 36.11 S 143.83 E Boort

VICO007 3591S 14549 E Strathmorten

Seedlings were planted on April 24, 2004. Ten leegsl were planted per population
per watering treatment, giving a total of 300 plagttubes. For the first three days
5mm of water was applied to all treatments, aftdrictv experimental watering

treatments begun. After one week, a number oflisgmsdhad died (29 in treatment A,

26 in treatment B, 12 in treatment C) and theseeweplaced with fresh seedlings. No
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further replacements of dead plants were made thietime.

On June 30, it was discovered that the wateringesy$ad failed, and had saturated all
treatments with water overnight. Planting tubesewimmmediately moved to a freezer
at -20C to prevent further growth and to preserve rogatrifiution at the time of

experimental failure.
Plants were harvested according to the followiraqwol:

Frozen planting tubes were removed from the free®t shoots were trimmed
at the soil surface, placed in paper envelopes,cied in an oven at 100

before being weighed on an electronic balance.

The remaining frozen soil core was sliced with &@mp masonry saw at a depth
of 12cm below the surface of the soil. Becauseraber of tubes had lost soil
from the bottom during saturation, it was decidedlice at a point 12cm from
the top, assuming that soil would have been laghfthe bottom, and any roots

in the bottom half of the soil would be compressed that space.

Frozen soil slices were stored in plastic freezgsband returned to the freezer

until ready for root washing.

Frozen slices were washed over a 2mm sieve withmwaater. Roots were

collected and placed in sealed Petri dishes.

Roots were washed further in RO water, dipped ansolution of methyl violet
stain (0.5g [), then washed again, before being spread outtingishes filled
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with water.

The water in the petri dishes was left to evapora@ving dried, spread-out,

stained roots in the dish.

Roots were then sealed in transparent plasticsskdastructed from overhead
transparency film. Slides were scanned at 300dgi the images stored for

later analysis.

Dried roots were then removed from the slides aethed on an electronic

balance.

Root measurements, including length, surface aredume and fractal
dimension were determined by processing the scarmmdimages in Regent
Instruments WinRhizo software. The fractal dimensid the root system is a
measurement obtained by analysis of images of sg&tem branching, giving
an indication of the complexity of the root bramghipattern (Fitter and

Strickland 1992; Walk, van Em al. 2004).

Two-way ANOVAS were performed to determine sigrafit differences for a variety

of plant measurements, with population source, ivggereatment and the interaction

of these terms as effects. Tukey HSD tests weed ts determine the direction of

differences between treatments.
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9.3. Results

There were significant differences in dry shoot sn&®tween treatments (df=29,

p=0.0085). Dry shoot mass differed between pofmuriat(df=9, p<0.0001,

Figure 28), but the watering treatment (df=2, @80.and interaction (df=18, p=0.79)

were not significantly different.
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Figure 28 - Differences in dry shoot mass between Fi 29 - Diff in total d i

populations for pulse-size experiment*. \gure - biiterence in total dry root mass
between watering treatments for the pulse-size

experiment*.

* Error bars indicate standard error, and

0.0075

L letters indicate significant differences as
@000507 l
g determined by Tukey HSD test. Letters have
" oooas] been ommitted in Figure 30 due to the

complexity of the pair-wise comparisons.
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Figure 30 - Difference in total dry root mass betwen
populations for the pulse-size experiment*.
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There were significant differences in total dry troeass between treatments (df=29,
p=0.004). Both watering treatment (df=2, p<0.00&igure 29) and source population
(df=9, p=0.038, Figure 30) had significant effectsroot mass. The large/infrequent
treatment resulted in lower total root mass thanriore frequent treatments, but no
differences were found between populations in thikey HSD test, despite the
significant ANOVA result. The interaction term ftwtal root mass was not significant

(df=18, p=0.617).

There were significant differences in total dry romss between treatments (df=29,
p=0.0061). The effect of watering treatment wassignificant (df=2, p=0.1459), but
there were significant difference in total biomasswveen populations (df=9, p=0.0003,

Figure 31). The interaction term was not signifitc@f=18, p=0.5184).
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Figure 33 - Difference in top:bottom root mass rat
between watering treatments in the pulse-size
experiment*.

For the whole model ANOVA, root:shoot ratio was sahnificant (df=29, p=0.1755).
However, the effect of watering treatment alone wagificant (df=2, p=0.0268,
Figure 32), with a lower root:shoot ratio in theg@/infrequent watering treatment, that

is, there was a bias towards more shoot biomasteaadoot biomass.
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For the whole model ANOVA, root mass ratio in the versus bottom soil layers was
not significant (df=29, p=0.498). However, therasaan effect of watering treatment
(df=2, p=0.0453, Figure 33) with the large/infrequdreatment having a lower
top:bottom ratio than the medium treatment, witlvdo ratio indicating a bias towards

deeper roots. The small watering treatment treatrwas intermediate.

Due to the very low root masses, there were coscabout the accuracies of the
weights measured, and the top:bottom root ratio vegeated using root lengths.
Whole model ANOVA for top:bottom root length ratwas not significant (df=29,

p=0.081). However, there was a significant diffee between watering treatments
(df=2, p=0.0023, Figure 34) with the large/infreqt treatment resulting in a lower

top:bottom ratio than the other treatments, indigpa bias towards deeper roots.
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Figure 36 - Difference in total root length
between populations in the pulse-size
experiment*.

There were significant differences in total roohdth between treatments (df=29,
p=0.0026). Watering treatment had a significaféatf(df=2, p<0.0001, Figure 35)
with the large/infrequent treatment resulting iméo total root length compared to the
more frequent watering treatments. Population sowiso had a significant effect

(df=9, p=0.0032,
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Figure 36) but the interaction term was not sigaift (df=18, p=0.889).

Scanning of roots enabled calculation of the fladtaension of roots, indicating the
degree of branching and complexity in root struetur There were significant
differences in fractal dimension of roots in the@ fayer between treatments (df=29,
p=0.0002). Watering treatment had a significafeaf(df=2, p=0.0142, Figure 37)
with roots in the top layer in the large/infrequevdtering treatment having a lower
fractal dimension than the more frequent waternegtiments. Population source also
had a significant effect (df=8, p<0.0001, Figu®) But the interaction term was not

significant (df=18, p=0.4944).
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Figure 39 - Difference in fractal dimension
between populations for roots in the bottom soil
layer in the pulse-size experiment*.

There were also significant differences in the tithdimension of roots in the bottom
soil layer between treatments (df=29, p=0.0127% with roots in the top soil layer,
there were significant differences in fractal dimien between populations for deep
roots (df=8, p=0.0003, Figure 39), but wateringatment did not have a significant

effect for deep roots (df=2, p=0.969). The intdacterm was not significant (df=18,
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p=0.576). For both shallow and deep roots, pomria/IC006 appears to have a

particularly low fractal dimension.

Fractal dimension was regressed against root leingtme top (Figure 40) and bottom
(Figure 41) soil layers. There was a positive dneelationship between fractal
dimension and root length in the tof=0.49, n=272) and bottom?&0.21, n=272)
layers, although the relationship appears stromgéne top layer, and the relationship
was not strictly linear, with a wider range of rotengths with higher fractal

dimensions.
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Figure 40 - Root length versus fractal dimension ithe top soil layer.
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Figure 41 - Root length versus fractal dimension ithe bottom soil layer.

9.4. Discussion

Variations in a variety of root measurements irs periment were found between
watering pulse treatments rather than between ptipnk. This indicates that the
species displays a high degree of plasticity int gr@wth in response to soil water
availability, with no significant interaction inditing differences in plasticity between
populations. Consistent variations in root measers between populations, which

would have indicated genotypic differentiation guudsibly different selection histories
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for root growth, were not found.

The ratio between roots in the top soil layer ahd bottom soil layer, measured
through both root mass and root length, showedaioaship with watering regime
that indicated that plants utilized small eventghie surface layer by deploying roots
preferentially in this layer. Large, infrequentiges were associated with a bias
towards deeper roots, indicating a plastic respais®ot deployment to deeper soil
wet by larger watering events. Such plastic respsnin root deployment under
different water availabilities may be common, aitgb many studies have, in the past,
focused on identifying genotypic differences (Heatlk, Davieset al. 1987) Small
rainfall events are considered only able to wetgtdace soil layers (Loik, Det al.
2004), while larger events penetrate deeper. Pusviworkers have debated the
usefulness of small rainfall events of less thambim water limited ecosystems (Noy-
Meir 1973; Sala and Lauenroth 1982), but the faat shallower roots were found in
the smallest, most frequent watering treatmentatds that pulse events of this size in
this study were biologically useful enough for $hal root deployment to be
beneficial.. The most useful way to view the effet rainfall event size in water
limited systems is as a hierarchy of responsesvémtesize (Schwinning and Sala
2004), with very small events triggering microkeéativity, small pulses contributing to
transpiration, and large events triggering seedangetion. Had the small, frequent
events proved too small to be biologically usefuttie plant, an alternate strategy may
have been to deploy deep roots and make use of stelske deep water supplies, water

present in the soil at the beginning of the expentn The optimal strategy is

9-137



controlled a threshold of either event size or diestcy, which determines whether to
rely on deep water storage, or whether to inveshadlow roots and take advantage of
small pulses(Schwinning and Ehleringer 2001). tiudth be noted, however, that the
young age of the plants during the experiment mighte made surface water use
unavoidable. Seedlings, particularly those of ggaswithout a tap root, must rely on
moist surface soil conditions as deeper roots gtberefore responsiveness to small
watering events during this life stage is to beeet@gd. The significant difference in

top:bottom root ratio with watering treatment ovire short experiment period,

however, indicates the presence of plasticity émethe early development of the root

system.

Total root length and root mass were found to lgmicantly different between
watering treatments, with less total root lengtlhinfd in the treatment with large,
infrequent watering events, and more root lengtltha intermediate and small-pulse
treatments. Previous studies have reported radifgration in response to a plentiful
resource, both nutrients (Larigauderie and Rich&a8$2l) and water (Loomis and Ewan
1936; Pregitzer, Hendrickt al. 1993), and alternatively increases in root lenigth
regions where a resource is limiting, as a meansnofeasing availability and
acquisition of the limiting resource (Sultan 2003j.appears that changes in growth
and proliferation within an organ group, such agstspmay result in proliferation in
response to high resource levels, but changedameiry between organ groups result
in increased biomass allocation to the organ acguihe most limiting resource.If

root proliferation reflects effort directed intocagring a limiting resource, the results
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indicate that water from the large, infrequent éseamre less limiting to the plants than
the small, frequent watering treatment. The pathefdarge events in a system differs
from that of small events; a larger proportion @lter from large events is lost to run-
off and deep drainage, but a smaller proportioloss to evaporation (Loik, Det al.
2004). In the confines of planting tubes, whene-off is not possible and watering
events were still too small to result in loss taidage, large, infrequent watering events
may provide more usable water than small events tdukower evaporative loss,
provided the plants can survive the prolonged dnbpgriod between waterings, which
A. caespitosa appears to be able to do (Bolger, Rivetlial. 2005). It is important to
consider that while root length is a better indicatf resource uptake than root mass
(Sun, Coffinet al. 1997), measurements of root activity and actulepss of water
uptake are the best measures of plant responssl teesource availability (Ehleringer

and Dawson 1992) although they are difficult toandfor grasses.

An alternative explanation to differences in ro@ss or root length may be differences
in plant size resulting from higher growth ratésdeed, differences found in root mass
between populations reflect the differences in lt@ii@mass between populations.
However, no differences in total biomass were folnetween watering treatments
while differences in root mass and root length leetv watering treatments were
significant, indicating differences in the amouiffitroots may reflect something other
than absolute plant sizes. Examination of the :sbobt ratio provides more

information on the relative allocation of assingiatto above- or below-ground organs,

with biomass expected to be greater in the regibere/ resources are most limiting
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(Sultan 2003). A number of studies have found magbt:shoot ratio is related to low
water availability, at both the global (Schenk aadkson 2002b) and local scale. For
instance Rodrigues et al. (1995) found an incré@geot:shoot ratio in lupins under
drought conditions, and Bell and Sultan. (1999nfibthat while less root mass in total
was found inPolygonum spp. exposed to dry conditions, a higher proportiorplaint
mass was in roots in the dry treatment. Fischer Burner (1978) also noted that
root:shoot ratio increases with low soil water emit Limitations in nutrients can also
result in a shift in biomass allocation towards ribets (Reynolds and D'Antonio 1996),
and Wilson (1988) proposed that water would hagsarélar affect to mineral nutrients
in determining root:shoot ratio. Root:shoot raigolower in the large, infrequent
watering treatment, indicting less root mass redatio shoot biomass. This again
indicates that water is less limiting to plantsaiging the large, infrequent pulses, with
more biomass being allocated to above-ground orfganigght acquisition rather than
below-ground for water acquisition. This is in t@ast to the findings of Fay et
al.(2003) in a study in a rassland, where larger, less frequent pulsedtedsin a
higher root:shoot ratio, indicating large pulser@geare more limiting in that system.
In using root:shoot ratio as an indicator of pleegéponse to resource limitation, it is
important to recognise that allometry can also geawith absolute plant size, and
throughout the life of the plant (Fernandez andrieéds 2000). In this experiment,
however, no significant differences were found otak plant mass between watering

treatments, only biomass allocation, and all plavéee the same age upon harvesting.

Simple root systems will have a fractal dimenstbwse to one, while complex root
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systems with branching at a variety of scales aNe fractal dimensions approaching
two. Branching pattern may give an indication obtr proliferation in response to
locally high resource availabilityBerntson and Woodward (1992) found longer inter-
branch lengths irsenecio vulgaris under dry conditions, and denser branching under
moist conditions. However, a study of the fractahehsion of the root systems of a
range of sorghum varieties found higher fractal etision in more drought tolerant
varieties (Masi and Maranville 1998), suggestingt tomplex branching patterns may
be a way of increasing water acquisition from doit. sThe drought tolerant sorghum
varieties in this study were also found to haveeaper rooting habit, which may have
also contributed to their drought tolerance. In tibye soil layer in this experiment, the
large, infrequent watering treatment resulted sigmificantly lower fractal dimension
than the intermediate and small, frequent watetirgatments. A lower fractal
dimension indicates a less complex root architectbat might be expected when soll
has a lower water availability, and roots exploithvong interbranch lengths in order
to extend into zones of higher water availabilifyhe higher fractal dimensions found
in the top soil layer of the treatments receivimgalier watering pulses may indicate
root proliferation in response to the higher wateailability in the shallow soil in these
treatments.No significant difference in fractal dimension detroot system between
watering treatments was found in the deeper sgirlapossibly indicating a more
stable water environment with fewer differencesvater dynamics between treatments
than in the surface soil. Differences in totaltréengths in the top and bottom soil
layers appear to reflect differences in fractal efision, with lower root length in the

top soil layer of the large, infrequent treatmdmitt no differences in root length in the
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bottom soil layer. If we assume that root probtesn is associated with capturing
resources in zones of high resource concentratiug, again indicates differences
between treatments in the surface layer, with high&ter availability at the surface

with smaller, more frequent pulse events.

It appears that small watering events resulted lantp responding plastically by
producing more roots in the surface soil. Largenés penetrated deeper into the soil
profile, leaving the surface soil to dry out duritng inter-pulse period resulting in low
root deployment in the surface layer. However,ltheer root:shoot ratio found in the
large, infrequent watering treatment indicates dagyents result in greater water
availability, possibly through deep water beinglaffected by evaporation. Chesson et
al.(2004) suggest that in natural systems, whithaege of deep layers is infrequent, a
higher average water content is maintained, inoigdairge events and deep water may

be less limiting water sources than small, shajpoNges.

While no significant differences were found betwgmpulations in top:bottom root
ratio, or root:shoot ratio, variables measured tledliected overall productivity did
show significant variation between populations. tald®iomass was highly variable,
although no trend across the range from South Alistto New South Wales was
evident. Root mass and root length were similaalyable, but with no trend reflecting
the selective influence of climatic gradients. ViRvas studies have related the timing of
flowering in different populations oA. caespitosa to productivity (Hodgkinson and
Quinn 1976; Quinn and Hodgkinson 1984), concludivag plants at the northern limit

of the range of the species, in northern New Sddifes, showed a higher growth rate
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in order to flower earlier before the onset of fiwnmer conditions. In my treatment of
rainfall seasonality across the gradient from SoMistralia to New South Wales, |
regard New South Wales as experiencing higher suman&all than the western end
of the gradient. . Despite the higher proportidrs@mmer rain in this area, the rain
may not be very effective due to the higher averagemmer temperatures and
evaporation rates. Total biomass measurementsotio however, indicate higher
growth in the New South Wales populations, and masation between populations in
growth variables indicates a few “stand out” pofoless, with genotypically
determined productivity produced by an influencewtng at a finer scale than the
climatic gradient examined here. Once again, theng age of the plants at harvest
lends caution to interpreting final biomass as espnting productivity or growth rate.
Rather, it may reflect seedling growth rate, whichihis species has been found to be
low (Jones 1996), with higher and more represergagrowth differences likely to be
found in older plants, although clearly differencs exist in growth rates and root
distribution even in young plants, which can enalknerable seedlings to survive

sub-optimal establishment conditions.

9.5. Conclusion

Austrodanthonia caespitosa plants displayed plastic root growth response &beving
regime, with no clear evidence of genotypic différation, or differences in plasticity
between populations. There was a trend towarddoslea root deployment under
small/frequent and intermediate watering regimes] a trend towards deeper roots

under large/infrequent watering events. Root nmas$ root:shoot ratio differences
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between watering treatments indicated large/infeegevents were less limiting in this
experiment, possibly due to lower evaporative lmm®pared to small/frequent events.
The infrequent watering regime did not result iarplmortality, indicating the ability
of this species to survive long interpulse periodRoot system proliferation and
complexity, as measured by the root fractal dinmmsalso indicated the less limiting
nature of large/infrequent events, and the diffeesrin root response in the surface soil
between watering treatments. While no evidence feasd of particular populations
having a genotypically fixed root depth distributiahe plasticity of the species in
response to water pulse regime indicates a mecghdaoisdrought tolerance, with the

ability to develop a root system in response to adiate water availability.
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10. SEASONAL WATERING COMPARISON

10.1. Introduction

Historically, ecological analysis of the effects pfecipitation in ecosystems has
focused on relating annual rainfall to primary protivity (Le Houérou, Bingharet al.
1988). These studies suggest that the relatipriggtiween annual rainfall and annual
productivity is particularly strong in grasslandénapp and Smith (2001found a
strong relationship in North American grasslandas] suggested that deserts don't have
enough plant density to make use of extraordinainfall events, while forests tend not

to be water limited.

In addition to the importance of inter-annual vaoia, intra-annual rainfall variation,
such as the seasonal timing of rainfall, can havgortant influences on plant growth
and community structure. (Stephenson 1990) emmwasithe importance of
understanding the water balance of ecosystems.rgimseipply and water supply are
coupled, with energy required to extract water, arader required to use energy for
growth. The seasonal timing of rainfall, as redate times of high evaporative
demand, needs to be taken into consideration. &hisfconsidered less effective in
summer due to high evaporation rates {Reynolds4R00Winter rain, while more
effective in temperate climates where green biongssaintained, tends to have a
higher proportion of water lost to deep drainagd amn-off from a saturated soil

profile (Seyfried, Schwinningt al. 2005).
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Seasonality of precipitation also affects the irdiion depth of water into the soil, and
heterogeneity in soil water availability may resintdifferent optimal strategies for
plant root depth (Williams and Ehleringer 2000).nr rain tends to penetrate deeper
into an already wet soil profile. In an evolutionary algorithm modelling study,
Schwinning and Ehleringer (2001) found that a higiveportion of the annual rainfall
falling during the winter resulted in increased mlesoil recharge and deeper roots,
while winter drought resulted in shallower rodd&henk and Jackson (200Zbund a
relationship between winter rainfall bias and desqts at the global level. In a study
of SnakeweedGQutierrezia sarothrae), Wan et al. (2002found a regime of winter
rainfall and summer drought resulted in deepersrdloan the reverse. In comparison,
summer rainfall, entering a soil profile dried bigth evaporation, may only wet the
surface soil layers (Paruelo, Safaal. 2000; Weltzin, Loiket al. 2003) and a high
density of roots in the soil surface may be neagdsaextract water before it is lost to
evaporation (Fischer and Turner 1978). Therefamepptimal root distribution strategy
may favour shallow roots in summer-rainfall areasgd deep roots in winter-rainfall

areas.

However, due to low evaporation rates in winterfage soil layers may remain moist
longer (Schwinning and Sala 2004) and utilizatibsurface water with shallow roots
may be advantageous to plants, with the additi@uisiantage of the extraction of
nutrients concentrated in the top soil, such assphorous (Ge, Rubiet al. 2000).

Summer rain, on the other hand, may only be aJailabthe surface soil for short

periods due to high evaporation rates during timsetof the year, reducing the
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usefulness of surface roots (Schenk and JacksoRa20Weneklaas and Poot (2003)
found that shrubs and forbs in south-west Westenstralia experienced stress in
summer when they only possessed shallow rootsthé&mumore, it may be energetically
expensive to maintain roots in shallow soil durs\gnmer, due to high temperatures
and extended periods of low water availability. iHigoil temperatures can lead to
higher carbohydrate log®avidson 1969a), short root life spans (ForbescBét al.
1997) and root desiccation, meaning roots haveetoeblaced constantly in order to
utilize summer rainfall events. Several workersvehaoted that there many be a
threshold amount of summer rainfall above whiclbecomes optimal for plants to
allocate resources to roots that can extract waben surface layers (Ehleringer and
Dawson 1992). This predicts that there should ieaispecific variation in root depth

along a gradient in rainfall seasonality.

Rainfall seasonality also affects hydrological msses, such as deep drainage. Deep
drainage is of concern in Australia, as the reptesr® of deep-rooted perennial
vegetation with annual crops throughout much ofdbgcultural zone has resulted in
increased drainage, leading to rising water tabled dryland salinity (Peck 1978;
Petheram, Walkeet al. 2002). Higher amounts of deep drainage are fanrateas
with a strong bias towards winter rainfall, and ararse soils (Dyson 1993; Keating,
Gaydon et al. 2002; Seyfried, Schwinningt al. 2005). Reducing deep drainage
requires plants that can remain active over sum(hiatton and Nulsen 1999),
continuing to dry the soil profile, in order to pide greater water storage capacity for

winter. Deep rooting habit and the ability to dooe to transpire at low soil water
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content are also characters for deep drainageatd®eyfried, Schwinningt al. 2005).
Native perennial grasses have the potential to dsfuli for reducing deep drainage,
provided they are drought tolerant and can remamnser active (Johnston, Cliftast

al. 1999; Lodge 1994).

One species with the potential to fulfil this radeAustrodanthonia caespitosa (white-
top wallaby grass), a perenniag Grass common over southern Australia. Its range
covers a wide variation in annual total rainfalhdaseasonal distribution of rainfall.
This study aims to investigate the responses @hge of collections of this species,
obtained from sites with rainfall ranging from stgowinter precipitation in South
Australia, through to an even distribution of raihfin southern New South Wales.
This species is capable of remaining active overrsar if water is available (Robinson
and Archer 1988), with Williams(1961) noting thatppears to thrive on late spring
and early summer rain. Austin et al. (1981) notledt Austrodanthonia spp. are
responsive to differences in seasonal rainfall, ®Williams(1968) found small-scale
rainfall regime to have an impact on populationaiwcs in the species. A high degree
of morphological and physiological diversity hasbédound in this species across its
range, including variation in characters relatedaiofall seasonality and predictability.
For example, populations from northern New SoutHea/ain a climate with low and
unpredictable rainfall and low summer rainfall udeéss, were found to display rapid
winter growth and early flowering, compared to moseuthern populations
(Hodgkinson and Quinn 1976). Over the range sainptethis study, the South

Australian collections experience very low, infrequ rainfall during the summer
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months, while the proportion of rainfall falling the summer in New South Wales is
higher, but evaporation rate and average temperaner also higher. We might expect
to see a stronger response to summer water avigjlai ecotypes from an
environment with higher or more predictable summnaén, while plants sourced from
environments with low summer rain may show gregtemwth during winter and less
responsiveness to summer rain. Plants may demtmstlifferent strategies for
surviving seasonal drought (Kemp and Culvenor 19%9d) instance, maintaining
transpiration at a reduced rate, relying on deefemeserves, or becoming dormant
and then responding when large rainfall events rsccuBolger et al. (2005) reported
that A. caespitosa shows high drought tolerance compared to other rAlish and
exotic perennial grasses, with leaves survivingld®s in stage Il drought conditions,
the point at which stomata reach minimal conduag&inclair and Ludlow 1986). The
aim of this experiment is:

(a) To investigate the capacity #f caespitosa to survive summer drought, and to
determine if responsiveness to summer rainfallegabetween ecotypes. It is
hypothesized that plants from New South Wales meplay a stronger
response to summer water than South Australian lptpos, as summer
rainfall proportion is higher in New South Walesidathe plants may show
adaptation to that seasonal regime.

(b) To investigate differences in root depth distribatibbetween populations and
the summer water/summer drought watering treatmeatsdetermine the
strategy of root placement to survive drought, &mcutilize larger summer

watering events.

10-149



10.2. Methods

| set up an experiment to measure the responsigenagowth and biomass allocation
of different populations oRustrodanthonia caespitosa exposed to different seasonal
watering regimes. Two treatments were imposedh beteiving equal amounts of
water in winter, but one of the treatment was wadever summer while the other was
droughted. On October 30, 2004 seeds from fiveujadipons of Austrodanthonia
caespitosa, as listed in Table 7, were germinated on moistrfittaper in Petri dishes in
a controlled temperature room, then transplantedetdling trays filled with sandy
loam soil (Jeffries, Wingfield) three days aftermgeation. Seed populations for this
experiment were selected to reflect a contrast éetwMediterranean climate plants
from South Australia, and equal-rainfall regime rpéga from New South Wales.
Seedlings were grown in a controlled temperatuoenréor three weeks at 20 with a

12 hour day/night cycle.

Table 7 - Populations of Austrodanthonia caespitosased in the seasonal watering experiment.

Population Latitude Longitude Locality

SA020 35.35S 139.12 E Langhorne Creek
SA021 35.16 S 139.01 E Red Creek
SA023 35.62 S 138.11 E Cape Jervis
NSWO004 35.16 S 14594 E Jerilderie
NSWO005 33.89S 147.12 E West Wyalong
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Polythene planting tubes (Poly Products, Regenak)P&0cm high and 10 cm in
diameter, were filled with Mt Compass Sand (Jesfri¢vingfield), a loamy sand soil.
On November 19, 16 seedlings of each populatiorewéanted in the planting tubes,
and eight plants of each population were allocttetie summer watering, and eight to
the summer drought treatments. The tubes were gliacea controlled climate room,
with a night-time temperature of 4D and a day-time temperature of°C8 The
controlled climate room was set to a 12-hour dayfncycle, with 6 hours of the day
providing 60% sunlight, and 6 hours providing 108uslight. Plants were watered

with 20mm equivalent of water on the first two déysid establishment.

Two hundred mL of water was applied on November&@ following that, 200mL
were added every two weeks. On December 23, theotled climate room broke
down, and plants were moved to a different corgtbtilimate room, set to a day/night
temperature of I’Z/22°C, 10 hours of light, 14 hours of dark. On Marct2@05, the
day watering was due, photosynthetic activity ofpgnts was measured with a Pulse
Amplitude Modulated Chlorophyll Fluorometer (MinARI, Heinz Walz GmbH,
Germany). One mature leaf on each plant was medsunder ambient light
conditions. A further 200mL of water was then apglio all pots, and photosynthetic

activity was measured again the following day.

On March 16, 2005, the “summer” treatment wasatet, and plants were moved from
the growth cabinet to a glasshouse at the Rosew@#mpus of the University of
Adelaide. Glasshouse temperature was set t€.30/olumetric soil water content in
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upper and lower soil was measured with a Thetaegnoberted through the polythene

tube 5cm below the surface of the soil, and 5cnvaltiee base of the planting tube.

Shoot growth before and after the summer wateriegtinents were imposed was
examined separately by considering leaves underl8wn trimming level to be
biomass produced during the winter phase of therxent, and leaves trimmed above
15cm to be summer growth. On March 30 2005 all bissrabove 15cm was trimmed,
placed in paper envelopes and dried in an ovenOAE 8or a week before being
weighed . Watering of summer treatments occurrezhaeek intervals, and trimming

of biomass above 15cm occurred at 4-week intervals.

On May 18, 2005, plants were harvested. Biomasweli5cm was trimmed and
placed in paper bags for drying, and the remairshgots were trimmed and stored
separately for drying. Planting tubes were cutatf at a height of 22cm below the soil
surface, and roots in each layer were separated fne soil by shaking on a 2mm-
mesh sieve. The remaining soil was washed fronrdbés in a sink, and the washed
roots were placed in paper envelopes for dryingovebl5cm shoots, lower shoots, and
roots were dried at 10Q for two days before being weighted with an elmut
balance. A series of 2-way ANOVAs were used tonsra differences between

populations and watering treatments in the seaseai@ring comparison experiment.
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10.3. Results

Population SA020 showed a significantly higher ltathoot mass than populations
NSWO004 and NSWO0O05 according to the ANOVA (df=4, @805, Figure 42), and
summer-watered plants also produced more totaltsimass than droughted plants

(df=1, p<0.0001), but the interaction term was sighificant (df=4, p=0.4475).
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Figure 42 - Dry shoot mass at harvest by Figure 43 - Dry root mass by population in the
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Figure 44 - Total dry mass by population in the
seasonal watering experiment*.

While watering treatment did not alter total rocss according to the ANOVA (df=1,
p=0.359), populations NSW005 and SA020 did havé&drigoot mass than the other

populations (df=4, p<0.0001, Figure 43), and thees no interaction between the
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effects (df=4, p=0.133). Summer-watered plantsipced more total biomass (df=1,
p=0.0192) than droughted plants, and population28A8lso had significantly higher
total biomass than populations NSW004, SA021 an@23Adf=4, p=0.001, Figure

44). The interaction term was not significant (dfp40.288).

Summer-watered plants were found to have a sigmifig lower root:shoot ratio than
summer-droughted plants (df=1, p=0.0022), and pjmri NSWO005 was found to
have a higher root:shoot ratio than the other pipris There was a marginally non-
significant interaction term, (ANOVA df=4, p=0.0544igure 45),with population
NSWO0O05 having a particularly high root:shoot raticthe summer drought treatment.
Although this interaction was not significant ab% level, the implications should be
considered as ignoring an interaction is potentialbre serious than accepting a non-

significant interaction (Fowler 1990, Facelli anacElli 2002).
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Figure 45 - Root:shoot ratio for watering treatmens and populations in seasonal watering
experiment. Error bars indicate standard error, and asterisk indicates a difference between

watering treatments for the same population as indiated by a Tukey HSD test.

Summer-watered plants showed a slightly lower tofidm root ratio, that is, more
deep roots, than the summer-droughted plants, el ANOVA showing a marginally
non-significant effect (df=1, p=0.062, Figure 4Bdpulation SA020 had a higher
top:bottom root ratio, that is, more shallow rootisan populations NSWO004 and
NSWO005 (df=4, p=0.0047, Figure 47), but the intdoan term was not significant

(df=4, p=0.282).
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Figure 46 - Top:bottom root ratio by watering rigyre 47 - Top:bottom root ratio by population in
treatment in the seasonal watering experiment®.  {ha seasonal watering experiment*,
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Figure 48 - Winter shoot dry mass by population in
the seasonal watering experiment*.

Watering treatment did not affect below 15-cm shooass (df=1, p=0.1608)
confirming leaf biomass below 15cm was not affedigdsummer watering treatment.
However, population SA020 had higher shoot producturing winter than the other
populations. (df=4, p=0.0003, Figure 48) The iattion term was not significant

(df=4, p=0.652).

As expected, summer-watered plants produced sitgnifiy more 15cm trimmed shoot
mass than summer droughted plants. (df=1, p<0.000th) summer-watered plants
producing more shoot mass than summer-droughtedtspla Populations SA020,

SA021 and SA023 also had significantly higher sumitgoot growth than
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population NSWO005 (df=4, p=0.001) The interactmmiween watering treatment and
population was significant (df=4, p=0.0089, Figut®). A Tukey HSD test on all
treatment combinations showed that there were goifgiant differences between
watering treatments for the New South Wales pojmriai while there were for the
South Australian populations, suggesting the Séutktralian populations were more
responsive to summer water addition. There wersigiificant differences between

populations in the droughted treatment.
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Figure 49 - Summer shoot growth for watering treatnents and populations in seasonal watering
experiment. Error bars indicate standard error, and asterisks indicate a difference between

watering treatments for the same population as indiated by a Tukey HSD test.

In examining summer shoot growth as a proportértotal shoot biomass, with
summer-watered plants producing a higher propomiotiheir growth in summer than
summer-droughted plants (df=1, p<0.0001). PoputagtiSA021 and SA023 also
produced a higher proportion of their growth in soen than populations NSW005 and
SA002 (df=4, p=0.0004) The interaction term wasoadignificant (df=4, p=0.0032)

and the results are graphed in Figure 50. Agéieret appears to be a tendency for
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some South Australian populations to be more resiperio summer rainfall than New

South Wales populations.
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Figure 50 - Summer shoot growth as percentage oft for watering treatments and populations
in the seasonal watering experiment. Error bars inttate standard error, and asterisks indicate a

difference between watering treatments for the sampopulation as indicated by a Tukey HSD test.

PSIlI quantum efficiency (Fg'/Fm’) was higher afteatering than before watering
(df=1, p<0.0001, Figure 51) with Fg'/Fm' higheteafwatering than before watering.
Population also had a significant effect (df=4, @629, Figure 52) with population
SA020 having a significantly higher Fg'/Fm' tharpplation NSWO004. The interaction

term was not significant (df=4, p=0.205).
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Figure 51 - PSII quantum efficiency (Fq/Fm’) befoe  Figyre 52 - PSII quantum efficiency (Fq/Fm') for
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Figure 53 - Total dry mass per mL of water supplied
for watering treatments in the seasonal watering
experiment*.

With water as a limiting resource, total biomasexpected to correlate with total water
added. In this experiment, the two seasonal tresatsireceived different total watering
amounts, which alone may explain differences iraltdiomass between watering
treatments. Therefore, an ANOVA was performedampgare total biomass per mL of
water added. Summer-watered treatments had lessbs per unit water than summer
droughted treatments (df=1, p<0.0001, Figure 9B)s indicates more growth was
achieved with less water addition during winterhefle were also differences between

populations (df=4, p=0.0014) as would be expecteths comparison is equivalent to
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the total dry weight comparison. The interacti@nmnt was not significant (df=4,
p=0.181).
10.4.  Discussion

As might be expected, additional summer waterirgulted in more shoot biomass
production than the summer drought treatment, owmiriig that water was a limiting
resource in the summer-drought treatment, andAhegaspitosa plants remain active
over summer and are able to make use of additiorzér in this period. The
significantly reduced growth per unit of water adda the summer-watered plants
confirms the lower effectiveness of rain occurridgring summer. There were,
however, no significant differences between watgrireatments in below-ground
biomass, which is important given the effect waitgrhad on shoot biomass. An
increase in root biomass in the summer-wateredtplamnght have been expected as
assimilates are invested in continued expansionhefroot system over summer.
Alternatively, imposing drought and reducing sodter availability may have resulted
in a shift in root:shoot ratio towards root groviththe droughted treatment. Shifts in
root:shoot ratio are expected to be in the directbthe organs that capture the most
limiting resource (Davidson 1969b; Reynolds and ridohio 1996). Kemp and
Culvenor (1994) list three possible plant respontsesdrought; escape, such as
dormancy or persistence in the system as seedstadjnt, such as reduction in leaf
area or stomatal control of water use, and recowergh as low growth during drought
then response to the return of water availabiliy.shift towards root growth in the
summer-drought treatment would have indicated aegy of drought adjustment by
these plants, as a means of maintaining transmirati low water availability. Bell and
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Sultan (1999) found higher relative root biomasdroughted treatments Polygonum
sp., a possible adaptive response to increase watgrnison ability during drought.
Rodrigues et al. (1995) also found an increased:siooot ratio under drought in
Lupinus albus. However, the lack of difference in root biomagtween treatments
here, the significantly greater shoot growth witimsner watering, and the significantly
lower root:shoot ratio in the summer-watered plaoisbine to indicate that changes in
allocation to above- and below-ground organs witmmer watering are due to change
in shoot biomass rather than root biomass. Othefied have found that water stress
tends to affect shoots more than roots (Busso,dreleret al. 1998). ForA. caespitosa

in this study, dormancy was taken to mean a lackefsured growth, but in plants
affected by summer drought this was accompanied lagk of green leaf biomass. In
this experiment, summer-droughted plants tend tdsvaslowing of growth and
dormancy, while summer-watered plants respond ttenmg events with the rapid
production of aboveground biomass. The speciesefttre shows a strong growth
response to summer water addition, presumably edupiith high transpiration rate
and water usage to maintain the growth, indicatinyecovery” strategy. This has
important consequences for the use of this spesiescomponent of pastures, and for
deep drainage reduction. A species that is capafblgilizing large summer rainfall
events to produce green biomass, rather than r@rgagdormant, can make a useful
contribution to forage in grazing systems, and cedsoil water content (Holmes and
Rice 1996). Large summer rainfall events may beé tosevaporation in dormant
pastures, while species capable of rapid growthesponse to rain use the available

water more efficiently for productionJtility of the species for deep drainage reduction
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iSs more questionable. Reduction of deep drainagaires transpiration over summer,
leaving the soil profile dry by the beginning oft@mn and capable of storing high
winter rainfall amounts (Johnston, Clifta al. 1999; Singh, Birdet al. 2003) Soil

profiles that are still wet at the end of summes avore likely to experience deep
drainage during winter. Given the results of thigeximent, unless large summer
rainfall events occur, the species appears to becdonmant and does not produce
more root biomass to continue water acquisitiorher&fore,A. caespitosa may not

contribute significantly to drying the soil profiever summer, instead responding to
and transpiring only summer rainfall events, rathan deeper water left over from the

previous winter and spring.

The height of the planting tubes used in this expent, 50cm, reflected a typical root
depth obtained in this species, but not the maxirpossible depth, which is expected
to be significantly deeper. Root depth, as inédaty the top:bottom root mass ratio,
showed a slight, marginally significant differenicetween watering treatments, with
the summer-watered plants having deeper roots.s fit@asured difference may not
reflect an actual, repeatable difference in rogitidevith season, especially given that
no difference in total root mass was observed batweeatments. However, deeper
roots in summer-watered plants should be expedtigh temperatures reached in the
surface soil may result in high respiration rated aot death in this layer, making
reliance on surface roots costly. For instance,i@n (1969a) reported high rates of
carbohydrate loss under high soil temperatureschvhad an influence on root:shoot

ratio. Forbes et al. (1997) found decreases in laajevity at higher temperatures in
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Lolium perenne, while Williams and Ehleringer (2000) suggest pési of drought in
the surface soil can result in cavitation and dam&g roots. Additionally, high
evaporation rates that render water available fdy a short time after a pulse may
make root placement in this layer less useful immer than in winter. The large
watering events applied in the experiment are epeto have penetrated into the
bottom soil layer, and a higher root investmenthis layer would be expected given

the unavailability of water in the surface layer.

Focusing on growth partitioned into seasonal corepts) winter above-ground
production was calculated as above-ground weighaatest, minus additional growth
trimmed over summer. The lack of effect of watgrineatment on this parameter
confirms the suitability of using leaf-mass belaimntlevel as a measurement of growth
during winter, given that different watering treaimh were not imposed during the
winter growth period. Summer growth was determifrech trimmings of leaves over
summer, and the difference in shoot production betwthe two watering treatments
becomes clear when summer growth is examined iatisn. As reflected in total
biomass, summer shoot growth was greater, and susimet growth as a proportion
of total was greater in the plants that were watesger summer. Interestingly,
however, this effect was not found for all popwas. South Australian populations
showed a substantial shoot production over sumwigich was not observed in New
South Wales populations. Interestingly, Williams9§1) found thatA. caespitosa
showed a strong response to large late-springtsartymer rainfall events in a

population at Deniliquin in New South Wales, whitey experiment showed little
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responsiveness of New South Wales populationsrtorgr water but a strong response

in South Australian populations.

Across the transect from South Australia to NewtBMWales from which populations
were sampled, seasonal bias decreases, from coeteehtwinter rain in South
Australia, to even rainfall year-round in centrabW South Wales. If rainfall
seasonality has acted as a selective force on planmer growth strategy, we should
expect a higher degree of dormancy in South Auatrglopulations originating from a
region of low summer rainfall, and more summer \aigtiin New South Wales
populations originating from a region where summainfall makes up a higher
proportion of the annual total. However, the ressshow significant shoot growth in
most summer-watered South Australian populationsnb significant shoot growth in
the summer-watered New South Wales populationse iiiterpretation of New South
Wales as being a high summer rainfall region mayntgtaken, given that higher
summer rainfall is combined with higher averageperatures and evaporation rates
(Australian Bureau of Meteorology 2006). Previowsrk examining population
differences inA.caespitosa along a gradient from Tasmania to northern Newtlsou
Wales considered populations from northern New Isdales, well inside the summer
rainfall zone, to be experiencing a “hot, dry” suernclimate, where summer rainfall
was less reliable and useful (Quinn and Hodgkink®®4) compared to the southern
end of the range. This is certainly true, in a parnson of northern New South Wales
with the more temperate summer climate of south@ratoria and Tasmania.

Williams(1968), in describing the climate experieddy a population oh.caespitosa
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near Deniliquin, close to the eastern end of tHiection range in my study, considered
winter rain in this region to be more effective thaummer rain. If summer shoot
growth is a reflection of the populations’ respuesess to summer rainfall
effectiveness, the results of this experiment iaidicthat this might also be true in
comparing Mediterranean South Australia to the ewaémfall zone of New South
Wales. Despite the differences in summer growtindbbetween these two regions,
there was no correlation between summer growthraimdall indices, including Walsh
and Lawler Seasonality Index (Walsh and Lawler }98fd t-statistic, in linear
regressions (results not shown). This confirms #ffects other than rainfall, such as
temperature, may drive the adaptation to the differstrategies found in the
experiment.. In a study comparing the responsédeafiterranean and desert species of
Vulpia and Erodium to rainfall pulsing regime, Sher et al. (2004) riduthat
Mediterranean plants, from a region with higheeetifize rainfall, were more plastic
and were better able to respond to additional wagethan plants from more arid
regions. South Australian populations of this spe@ppear more able to use the large,
infrequent summer rainfall events experienced @t ttegion, while the New South
Wales populations appear dormant. Previous stugHesigkinson and Quinn 1976)
have suggested that northern New South Wales piqnsaof this species display a
life-history strategy closer to that of an annuedsg than a perennial, including high
winter growth and early flowering before the dormadry summer period, while
studies of Mediterranean-climate grasslands haued@n annual life-history strategy
is more likely where summers are dry and hot (Jatkand Roy 1986). Similar

dormancy was found in this experiment, but winteowgh was not found to be
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significantly higher in the New South Wales popwas. Indeed, the only population
showing significantly higher winter growth than anther was South Australian in

origin. It would have been useful to include plagpions from the southern end of the
range of the species in the experiment. In this,Wgw South Wales populations in
which summer growth is limited due to the low effeeness of rainfall events, and
South Australian populations in which summer growtiturs opportunistically after

large rainfall events, could be compared with papahs from a region where summers

are both wet and mild, and water may be less Igitind available more continuously.

Besides the differences between populations in semsmoot growth, there were a few
genotypically controlled differences between popaoies evident in other plant
variables measured. Population SA020, grown fremdscollected near Langhorne
Creek on the lower Murray River, showed a numbesighificant differences from
other populations used in the experiment. It slibwaher growth during winter
compared to all other populations, high produgtiwaterall, high shoot biomass, and
high photosynthetic efficiency as measured by dgbyll fluorescence. It also
showed significantly shallower roots than other yapons, and a high root mass
overall. It is possible that the dense, shalloated phenotype of this population
contributed to its higher growth rate during wint&inter rain is expected to be more
available in the surface soil than summer rainloager evaporation rates during this
season allow rainfall pulses to keep the surfadlensoist for a longer period. This
population may display a strategy of high utilipatiof winter rain from a frequently

wet surface soil layer. The total root mass insireg total water acquisition may be
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more important than the depth of roots in this cdsmwvever, as all populations
experienced the same watering regime, with notloskainage, during winter, so root
depth distribution may have had little influenceidg the winter growth period. In

addition, summer growth in this population was hidéspite the cost of shallow roots

during this period.

Some other significant differences were found betwgopulations in regards to
top:bottom root mass ratio, with New South Walepyations having significantly
deeper roots than population SA020, and the otbethSAustralian populations also
appearing to possess shallower roots. As dethiéalv, shallow roots may be useful
in an environment with high winter rainfall, sucls &outh Australia, where low
evaporation rates lead to water lasting longehendurface soil (Schwinning and Sala
2004). Examination of growth per unit water supglin this experiment confirms the
greater effectiveness of winter rainfall, a resudbfirmed by others (Reynolds, Kemp
et al. 2004; Reynolds, Kemgt al. 2000) less total rain is required in winter-rain
dominated regions compared to summer-rain biasgidne for the same productivity.
Despite the shallower roots that appeared to beepten South Australian populations,
summer growth was strong, while the deeper rootsgesed by New South Wales
populations did not assist them in making use ofenstable, deep soil water resources
over summer to maintain growth. Within the pararebf this experiment, relative
root depth, while variable, may not have had aiBgant impact on transpiration and
growth. Partitioning of root depth distributionrdhg winter and summer by means of

multiple harvests or rhizotron would provide morgormation about the interaction
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between seasonal watering availability and genoaflyi influenced root distribution.

10.5. Conclusion

Austrodanthonia caespitosa plants showed a tendency towards dormancy under
summer drought conditions, but showed significamo$ production when watered
over summer, a “drought recovery” strategy, indigathe potential of this species to
provide useful forage production over summer byngladvantage of large rainfall
events. However, the dormancy and lack of deepgomwth during summer drought
conditions suggests the species may not be usetlrying the soil profile and reducing
deep drainage during drier summers, although aufditi research into soil water
dynamics during summer watering and drought woutd useful. Despite being
sourced from a region with strong winter rainfahd infrequent summer rainfall,
South Australian populations appeared more resperisisummer watering than New
South Wales populations, by producing more shoatmbss. Summer water
availability to this species may actually be greaemore reliable in South Australia
due to lower evaporation rates and cooler tempeggtinan central New South Wales
during summer. There were no trends in winter abgnound growth differences
between New South Wales and South Australian pt@puoldhat may have indicated
different life history strategies and growth rateSputh Australian populations did tend
to have shallower roots, which may be useful in imé&ing water acquisition in winter

when evaporative loss from the surface soil is low.
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11. EVOLUTIONARY ALGORITHM MODEL

11.1. Introduction

Organisms that have faced natural selection antved@t a particular location may be
expected to possess traits suited to the localuresodynamics, allowing the most

efficient, or optimal, utilization of the resourcasailable. In any arid, semi-arid and
temperate dryland systems, soil water is the masource limiting growth, and hence
soil water regime may act as a strong selectiveefoon the morphology and

development of water acquiring organs. In the,gasal annual precipitation has been
related to productivity (Le Houérou, Binghagh al. 1988; Paruelo and Sala 1995),
particularly in grasslands (Knapp and Smith 200Ijaits such as root depth has also
been related to total annual precipitation (Scham#t Jackson 2002b), with increased

root depth associated with more total annual piretipn (Schenk and Jackson 2002a).

At a finer scale, however, soil water distributiand the temporal dynamics of soil
water availability are more strongly linked to aennual rainfall regime than annual
rainfall averages. Aspects of smaller-scale rdimkgime that may impact on soil
water availability include rainfall event or pulsgze, spacing between events or
interpulse length, and the seasonal bias of thdalai Event size is variable between
locations depending on the prevalence of, for ms#a frontal, storm or monsoonal
weather systems. The size of individual rainfams can affect the penetration depth
of the water in the soil profile (Reynolds, Kerdapal. 2004), with small events only

wetting surface layers (Kemp 1983), while largeer@vypenetrate deeper and last longer
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at depth (Paruelo, Sakh al. 2000). The pathway of water through the systewmise
influenced by event size, with large events contiiiy more to run-off and deep
drainage (Loik, D.et al. 2004) but escaping more soil evaporation, and Isevants
contributing a greater proportion of water to se¥aporation (Sadras and Baldock
2003). The interpulse length, representing the isgdoetween rainfall events, is also
variable across the landscape, with some sitesviegefrequent rainfall, and others
being subject to only occasional storm eventserptise period and rainfall frequency
can have an important influence on vegetation dubigh evaporation and low soll
water content during drought periods (Loik, &.al. 2004), resulting in mortality
(Goldberg and Novoplansky 1997) and strong selegiressure. Pulse frequency may
be a particularly important driver in grasslandteyss (Fay, Carlislet al. 2000), as
drying of the surface soil can have rapid negaimpacts on shallow-rooted grasses.
The seasonal timing of rainfall also has an impurtafluence on the distribution and
availability of water in the soil profile. The goling or decoupling of rainfall timing
with energy input into a system can result in thme annual rainfall total being more
or less useful to plants in a system (Stephens80)19or example, summer rainfall is
considered less effective than winter rainfallaageater proportion of summer rainfall
is lost to evaporation in the hot conditions (RdgspKempet al. 2004), and water use
efficiency is a negative function of vapour pressdeficit (Kemanian, Stocklet al.
2005). Rainfall seasonality can also determinedépth of water penetration, with
summer rain entering a dry soil profile only wetftithe surface layers (Paruelo, Setla
al. 2000; Weltzin, Loiket al. 2003). Winter rainfall penetrating a moist profgdan

recharge deeper soil layers (Schwinning and Ehderirr001), but may also face
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greater losses to run-off and deep drainage (RarGellaet al. 2000; Weltzin, Loiket
al. 2003). Soil texture can also have an importaittemce on the soil water dynamics,
with deeper penetration of water in coarse soilsdfC1986; Sun, Coffiret al. 1997),
due to greater infiltration capacity. In water ilied systems, evaporative loss from
sandy soil may also be less due to the inversentexffect (Noy-Meir 1973; Shreve

1942).

As water is the primary limiting resource in ariddasemi-arid system, plants may be
expected to display morphological adaptations paréicular soil water distribution and
regime. Root depth distribution is one trait thaaymshow significant variation in
response to soil water distribution, with root depkpected to show greater correlation
with intra-annual rainfall regime than long-terninchte averages (Schenk and Jackson
2002a). The optimal root distribution based onnéwze is unclear. Some authors
(Sala and Lauenroth 1982) consider small rainfaknés useful, leading to the
expectation of a shallow root distribution for azg small rainfall events, while large
events penetrate to deep soil layers (Reynolds,Keinal. 2000), leading to a deep
root distribution being optimal. However, othernkers consider small events not to
be useful, particularly in arid and semi-arid regio(Noy-Meir 1973), due to low
penetration and rapid evaporative loss. Therefthrere is the possibility that roots
accessing more stable deep water supplies may theabpn a location experiencing
small rainfall events, and there may be a threslbldvent size or frequency before
shallow roots to take advantage of this rainfak aptimal. Pulse frequency, or

interpulse length, may also influence optimal rdepth, particularly in the stability of
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surface water availability. Infrequent rainfallees can result in prolonged periods of
low water availability in the surface soil, leading selection for deeper roots

independent of the size of rainfall events or tcaaifall.

Similarly, there are two possibilities of optimaot placement with different seasonal
rainfall bias. Deep roots may be expected witmates biased towards winter rainfall,
due to the deeper penetration of winter rain, whienmer rain only reaches surface
layers, so shallow roots may be optimal. A numbérstudies have found an
association between deep roots and winter rainwBeliing and Ehleringer 2001),
including on a global scale (Schenk and Jackso2I200 In a study of snakeweed root
dynamics, Wan et al. (2002) found a plastic respondere deeper roots were
developed under winter rainfall and summer droughtd shallow roots were found
under the opposite rainfall conditions. Howeveghtwinter rainfall, coupled with low
evaporation during this time of the year, can d&sep the surface layers constantly
moist (Schwinning and Sala 2004), potentially fawog a shallow root distribution
with high winter rainfall. Plants may also be uleato make use of summer rainfall
events below a particular threshold of size, fregyeor predictability (Williams and
Ehleringer 2000), relying on deep stable water Bepprather than making use of
shallow penetrating summer events. Finally, optiraat depth may be related to soil
texture, with some evidence of an association betveearse, sandy soil and deep roots
(Schenk and Jackson 2002a; Seyfried, Schwingirad. 2005), although the reduced
evaporation rates in sandy soil (Noy-Meir 1973) gagis there may be conditions

where shallow roots are favoured in this soil.
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It should be noted that in reality, resources othan water may influence adaptation in
root distribution, although in water limited systent should be important. Physical
constraints, such as impenetrable soil layersrednce the actual range of root depths
available. Nutrient that are spatially heterogendis soil, such as the shallow
distribution of phosphorous (Ho, McCannenal. 2004), can also create trade-offs in

root depth distribution.

Root:shoot ratio is another plant growth trait tHatermines the ability of a plant to
utilize resource, and which is often affected bgorgce limitation, with greater relative
growth of organs expected in the region with thesttioniting resource (Sultan 2003),
and water deficit has been found to reduce shantttr more than root growth (Busso,
Fernandezt al. 1998). As such, different rainfall regimes casufein different water
availability and limitation, so differences in rcgitoot ratio may be expected. In a
grassland system, Fay et al.(2003) found more gvowth with large, infrequent
rainfall events compared to small, frequent pulseghile Fernandez and
Caldwell(1975) found a shift towards more root mesth high winter rain in desert
shrubs. There appears to be a complex relationsbtpreen rainfall regime and
root:shoot allocation, as both large events, anditewri rainfall, are in some
circumstances considered more effective, so oneldvonagine water to be less
limiting, and hence more shoot allocation mightex@ected instead. Rainfall regime,
particularly seasonality, can also have an affectoptimal life history strategy in
grasses, in the determination of an annual or pexkstrategy, and the continuation of

growth over summer. Perennial grasses do notvaias well when the summer is dry
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(Jackson and Roy 1986), leading to an annual giydteing more common. There is
evidence of high winter growth rates and early #owg in perennials that escape
summer drought (Kemp and Culvenor 1994), requihiigi winter water availability,

and life cycles may be shortened as a reactiomtangredictable climate (Cox and

Conran 1996).

Evolutionary models offer a tool to examine straegfor plants in a complex and
heterogenous environment. Rather than attemptingotrelate plant traits with the
abiotic environment, which requires carefully s&delcdescriptors of the environmental
effects of interest, we attempt to determine wHa# tideal” plant for a given
environment would look like. This involves intrading variability in traits into the
individuals in the model, using a heterogenous kted environment to trigger
selection and adaptation (Bousquet and Le Page )2@th identifying which
individuals did well and poorly under those cormtis. Including temporal variation in
resources and environment improves the accuracynaels (Metcalf, Roset al.
2003), which is particularly important when dealivgth small-scale resource
fluctuations such as daily rainfall input and evagospiration. Modelled plants
possess a genome, with individual genes controthiegexpression of a particular trait,
for instance root depth, root:shoot allocation, g@rmination requirements. These
modelled genes need not reflect actual plant gesydbut should reflect traits that are
under some form of genotypic control. Individuahmts in the model grow in response
to the simulated environment, within defined partarseand based on traits controlled

by the model genes. At the end of a generatiah@imodel, a subset of the modelled
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plants are selected as being the fittest indivelfraim that population. Fitness can be
defined in order to answer the question of interestinstance, fit plants may be those
with the most total biomass, or those that havespied the most water, or those that
achieve greatest reproductive allocation. Theedittplants in a generation undergo
genetic recombination with other selected plants] a new population of plants is

created containing the fittest genes from the evipopulation. Genes may also
under go some random mutation, in order to ensumgtete exploration of all possible

trait combinations. After a number of generatiagenes tend towards the optimal trait

values for the environment to which the populati@s exposed.

In defining the plant model and the variabilityoalled in trait values, it is important to
consider trade-offs, so optimal outcomes remaitogioally realistic. For example, in
the case of roots, although the surface soil maydtemore frequently than deeper soil
layers, it is important to consider the high cobtsballow roots in grasses, as these
roots may experience high respiration rates antldesiccation in the hot surface soil
(Williams and Ehleringer 2000), reducing their \&alu Other factors, such as water use
efficiency and photosynthetic rate, can run to ximam if not constrained by realistic
biological trade-offs, as an increase in theseabdes will always lead to an increase in
growth. Plant characteristics returned by evolwignalgorithm models are only
optimal within the constraints and trade-offs definn the model, and are unlikely
reflect realized adaptations in real plants. Raorth and Niklas (1995) note evolution
may not be a case of optimality, but simple of mardess efficient designs under the

environmental constraints imposed, and that optiadptations are likely to change
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during the life of an organism under different @ommental circumstances. Such a
capacity for changeable characteristics, for exanppsticity, is not included in this
model. Despite the output of evolutionary algarittmodels not reflecting true

biological optima, the term “optimal traits” willbused in this chapter for simplicity.

A number of workers have used evolutionary algamithodels to examine optimum
plant traits, with particular reference to biomad®cation and root distribution.
Schwinning and Ehleringer (2001) used an evolutipm@égorithm model to determine
optimal plant functional type in an arid systemyésponse to a particular water pulse
regime. This model was based on the hydraulicentags of plant organs, such as stem
conductance, root allocation to deep or shallowewsburces, and stem water storage.
The model produced optimal plant functional typleattcorrelated well with actual
plant strategies in arid systems. van Wijk andtBo(2001) developed an evolutionary
algorithm model to examine optimal root placemeitrees in different soil profiles.
This model based plant fithess on the amount oémamoved from the soil profile,
included the costs associated with different raptdepths, and identified optimal
strategies of root placement in different soil ty@ad competitive environments. The
model developed in this paper extends on previdast pmorphology evolutionary
algorithm models by focusing on root distributienmultiple soil layers, rather than a
two-layer soil model, and by modelling the growthaograss with fithess determined
by growth, rather than tree roots with, with fitedsmsed on water extraction (van Wijk

and Bouten 2001).

11-177



Austrodanthonia caespitosa is an Australian perennial grass that is commamsac
southern Australia. It is highly variable across liange, with variations found in
flowering time with latitude (Hodgkinson and Quirt978), and more northern
populations showing a faster growing, more annikal-llife cycle (Quinn and
Hodgkinson 1984). Local differences have also bidentified, with sheep grazing
resulting in a shorter habit than nearby ungrazgalifations (Scott and Whalley 1984).
These local differences in plant genotype may beréisult of selective pressures in the
local environment (Wilson 1996), with plant traisflecting adaptation to resource
dynamics, for instance. Rainfall regime is highigriable across the range of the
species, in annual averages, seasonality, evenisid event frequency, as detailed in
the previous chapter on rainfall regime in Aus&aliThe species also grows in a wide
range of soil types. Based on experimental knogéeaf the extent of variation in this
species, and important trade-offs in morphology thay be present, an evolutionary
algorithm model may be useful in exploring adapplemnt traits, and the environmental
factors behind variation in root depth and rootath@tio. There is some evidence of
climate change in Australia, particularly changestatal annual rainfall, and event
intensity, which may have an influence on traitchswas root depth. Identifying
adaptations to different rainfall regimes may befulsin determining ecosystem

response and species survival in the face of clirobange.

The model discussed here has been developed torexgle effects of small scale
moisture regime and soil type on adaptive root:slatlocation and root distribution of

Austrodanthonia caespitosa. The model aims to determine what environmentabfs,
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such as soil type and rainfall regime, are impdriamfluencing the placement of deep
or shallow root, and which combination of soil tyaged rainfall regime result in the
least limiting soil water availability, and gredtgsant growth. Gradients in event size,
frequency, seasonality, and total water are siradlat order to identify the existence
of thresholds beyond which water acquisition sgatemay shift. Real daily climate
data from a number of meteorological stations acsasithern Australia were also used
as model input, in order to examine the potentaréinfall regime to act as a selective
force. Finally, the model is used to examine thpartance of the high cost of surface
roots in determining water acquisition strategyd @ime potential for plant density to

influence root distribution.

11.2. Methods

Model structure

An evolutionary algorithm model was constructed é@mplore optimal biomass

allocation and root depth strategies under a wagktainfall regimes, climates and soil
types. Individual components of the model, suckthassoil water dynamics, and plant
biomass assimilation, have been informed by previmodels, but the coupling and
evolutionary optimisation components of this motieve been developed for this
study. A simplified flux diagram of major operat®owf the water and photosynthesis
sub models can be found in Figure 54. The modetabge on a daily time step, and
consists of an individualistic “big leaf” plant grth model with a number of growth

parameters under genetic control, and a soil m@stub-model that calculates rainfall
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infiltration and evaporation in three soil layeféie plant growth model is coupled to an
evolutionary algorithm routine that selects plaatsording to a fithess function at the
end of each generation of model execution, andmbates genes to generate a new
population of plants for the subsequent generatidfier a number of generations, the
model outputs gene values that represent the optipiant traits for the climate and
soil data that acted as model input input. Contipetbetween individual plants is not
explicitly modelled, but density dependent effecas be simulated by modifying the

soil surface area occupied by the plant.

Rainfall input is defined as a quantity (mm) deleet at a set frequency (days),
partitioned into summer and winter half-years fjuged. Alternatively, rainfall data
can be read from a text file containing daily ralhfecords from a rainfall station.
Other climate inputs are based on monthly averaged, include daily maximum
temperature, daily 3pm relative humidity, and dgilgn evaporation. Soil type is
defined by the volumetric wilting point and fieldmgacity, and by the rate of diffusion
of water between the layers. Each soil layer gagented by a volume, defined by the
layer height and the soil surface area being censtd The daily solar flux integral is
calculated from the latitude of the site. A li§tall model parameters can be found in

Table 8.
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Table 8 - Model parameters.

Parameter

Value/Units

Source

Specific Leaf Area

220 chy’*

Based a value obtained fo
Austrodanthona from a
study of drought and
defolation in perennial
Australian grass species.

(Bruce 2001)

[

Photosynthetic Efficiency

0.0092 pmol CG, pmol

photons'

Derived from experiment
using a Cirrus 2 portable
photosynthesis system -

See Appendix B

Water Use Efficiency

Range, 0.000402 g hio

0.000539 g mt*

Derived from experiment,
based on a regression of
plant dry weight against
water supplied - See

Appendix B
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Water Extraction Rate pémRange, 0.02 mL cthday®

Root Length

to 0.04 mL crit day*

Based on a previous

simulation model of root

=

growth dynamics and wate

use. (Adiku, Braddockt

>

al. 1996)

Specific Root Length 10,000 cni'g An approximation based o
average values obtained in
the Pulse Size Experiment

Soil Water Conductivity | 10% Approximation of the

(K)

amount of water that
diffuses between soil layers
as a percentage of water
content difference in

unsaturated soils.

Loss of mass due to
respiration based, on

temperature

Based on R = 8&

a = 0.000625

b =0.0693

Based on typical valugs
discussed in Atkin, Bruhn

et al. 2005.
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Solar Input
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Potenti{l}kssimilation

Shoot Allocation
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Water Deficit

Root 0 Allocation

= Soi| Water Ayailability

available W:t}t)\
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~
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Evaporation 2

Root 2 Respiration

Deep Drainage

Figure 54 - Simplified flux diagram of water and plotosynthesis model, with soil water storage on

the left, and plant biomass allocation on the right
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Daily plant growth loop

Each generation in the model grows for two calengzars, a timeframe chosen to
allow model plants to experience both winter anchrser growing conditions. Model
trials were run for 150 generations, adequatedoltrén stable gene output. Each model
generation beings with 300 seeds, which must meggiroariate germination
requirements before growth begins. The model runs @aily time step, and during

each day calculations are carried out in the falhaoworder.

The daily environmental variables are calculatadluding rainfall input, temperature,

relative humidity, and solar integral.

The cascading soil water infiltration function ialled, to introduce the daily rainfall

into the soil and calculate any deep drainage.

The soil water diffusion function is called to aakte further water redistribution in the

soil along moisture gradients.

The respiration function is called to remove biogntem plant roots and shoots as a

function of temperature.

The plant growth function is called, which includsgculation of photosynthesis, soll

water acquisition, biomass allocation and seed gption.

The soil water evaporation function is called.
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At the end of two years growth, the evolutionargoaithm sub-model determines the
fittest plants, and recombines genes to producengxt generation of plants. The
model outputs utilized here are average gene valnéplant growth variables from the
population at the end of the final generation ie simulation, reflecting the optimum
plant traits. In addition, the model can outpul swisture data, and deep drainage
guantities. Also, the software can be set to regene averages at the end of each
generation, in order to track shifts in gene vadwer time, or to report plant growth

and soil water content daily for individual plamshe model.

Water infiltration

Water infiltration is modelled primarily throughcascading infiltration model. This is
a simple but hydrologically realistic model of watpenetration in pulse events
(Schwinning and Sala 2004), and has been utilizel mumber of recent plant models
(Eitzinger, Trnkeet al. 2004; Reynolds, Kemgt al. 2004). As seed collection sites for
the other associated experiments were flat, andfalhiwas low, run-off was not
included in the model and was assumed to be ZEne.model has three soil layers, the
top two being 10cm in depth each, and the bottoyerldeing 20cm in depth, to
simulate a large, deep water store. This gives@n4€oil column, comparable to the
pot size used in associated plant growth experisnedtainage below the deepest layer
is recorded as a model output, and there is assumdiE no negative effect of
waterlogging on plant growth or root deveopmentat®¥ is added to the top soil layer
until saturation point is reached, then the renmgnwvater is added to the next layer,

and so forth. Any water still remaining after tierd layer has been filled is recorded
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as deep drainage. This algorithm models both éncal movement of water from the
surface to deep layers, and allows particularlyldpers to absorb a higher proportion

of the rainfall.

Soil water diffusion

In addition to the cascading infiltration functioa,diffusion function is included to
model diffusion of water from moist to drier layesnoothing gradients in soil water
and increasing the penetration of water pulseswiehng and Sala 2004). For each
pair of layers, the difference in soil water contisncalculated, and a percentage of that
difference is exchanged between the pair of layeosn the wetter layer to the drier
layer, ignoring drainage below the three modelledl layers. This simple diffusion
approximation allows small amounts of water to t@ndferred between layers with
similar water contents, and larger amounts to &esferred when the gradient is large.

The conductivity parameter, K, allows the modellofglifferent soil textures.

Respiration
Respiration rate R, the proportion of biomass resbiis calculated according to the
first-order exponential equation:

R=ad"

Where T is the temperature in Celsiasjs the respiration rate at 0°C, abdis a
parameter that describes the rate of increasespire¢ion with temperature. While no

respiration measurements were takerfastrodanthonia caespitosa, this equation was
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fitted to an exponential curve with a respiratia@ter of 0.25% at 20°C, within the
realistic range of 30%-80% of average daily assitih (Atkin, Bruhnet al. 2005),
and a Qo value of 2, representing a doubling of respiratrate with every 10°C
increase in temperature. Values of 0.000625 ad@93. were obtained for parameters
a and b by fitting the respiration equation to the;gQurve calculated from that

respiration rate.

R indicates the proportion of biomass respired srdoved from the organ. Three
different respiration sub-models are available; firg intends to simulate the lower
cost of roots in deeper soil layers by reducing témperature in the respiration
function, in the 2 layer by 5°C and in the®layer by 10°C. The second respiration
function has equal temperatures, and respiratites reor shoots and all root layers.
The third respiration function simulates a lagamperature deeper in the soil, with the
2" layer experiencing temperature of the previous tmorand the %8 layer
experiencing temperature from two months ago, ieféort to simulate the heat storage
capacity of the soil. In the winter, deeper sojleiis may be warmer than the surface,

while in summer, deeper soil layers may be cooler.

Photosynthesis and assimilation

Photosynthesis in the model uses the “big leaf’rapgh, with all aboveground
biomass able to photosynthesise, and no self-spadken into consideration. This is a
reasonable approach to take for a short, open espesuch asA.caespitosa.

Photosynthetic leaf area is calculated as follows:
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LA = SLA * DM

Where LA is leaf area in ¢cmSLA is specific leaf area dng* and DM is dry mass g.
Shipley and Vu (2002) reported a SLA of 227.1°@m for Danthonia spicata, while
Bruce(2001) reported a SLA value of 220 “crg® for the Australian species
Austrodanthonia auriculata. This later value was used in the model. SLA rieeth
constant throughout the life of the plants, andanocount was made for changes with

ontogeny or water supply.
Potential daily assimilation is then calculatedad®ws:
A =LA * Peg * Flux * Cpy

Where A is assimilated carbon (g), LA is leaf afear), P is photosynthetic
efficiency in pmol CQO, pmol photond, Flux is daily solar flux integral inumol
photons crfy and G, is the molecular weight of carbon. ¢sPwas calculated from
measurements with a CIRRUS 2 photosynthesis systenpart of the water use
efficiency experiment, described in appendix B.value of 0.0092umol CQO, pmol

photons" was obtained from this experiment for use in troeleh.

Daily solar flux integral is estimated numericaltgm an assumed PAR of 15@dnol

m? s when the sun is at the zenith, and calculationthefhourly altitude of the sun
above the horizon, with the flux reduced with lowatitude. Solar altitude is
calculated following Carruthers et al. (1990). é@angles could be calculated at any

interval required to give a more accurate estiroatie daily solar integral, but hourly
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calculations were considered accurate enough émibdel.

The photosynthesis function returns a potentidlydasimilation amount (g) which is

then modified based on water availability beforspeallocated to organs.

Water availability and usage

An important aim of this model is to explore théat®nship between soil water and
growth. This necessitates a mechanism for letirgamount of soil water available
moderate growth. More specifically, there neededbéomultiple soil water stores
which, through interaction with roots, reduced giowhen there was a soil water
deficit, and allowed maximum growth when soil wabeas plentiful and available to

roots.

A simpler linear approach was taken in this moaéiere growth is moderated by
processes of supply and demand, although other aagthincluding hydrological

models based on water potentials and conductan@gsalso be suitable (Schwinning
and Ehleringer 2001). Demand, M, is determined by the potential maximum
assimilation for the day, calculated by the phomtisgsis function, and the water use
efficiency, that is, the amount of water that wolld transpired if that amount of
photosynthesis took place. Integrated water usdeiexfcy for A.caespitosa was

calculated in a variable watering growth experimdiyt a regression of dry weight
against total water added. Two populations weszlus this experiment, populations
SA023 and NSWO005, which returned WUE values of 053® g mL* and 0.000402 g

mL™ respectively. These WUE values are of the samerasfl magnitude although
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slightly lower than other measures in perenniakgga from Mediterranean climates
(see for example Marais 2006). The low values madlgct the measurements being
based on individual potted plants rather than gelaicale canopy. As the model is also
based on individual plants growing over a definezhaf bare soil, these WUE values
were considered realistic in the context. WUE ie thodel was under genetic control,
in order to determine if there were any circumstsngnder which WUE values lower
than the maximum possible were ever optimal, aedehwo values were used as the
extremes of the phenotypic range of this paramef@aily WUE is adjusted by the
vapour pressure deficit calculated from averagethprumidity and temperature, to

decrease WUE during the warmer months.

Supply is determined by the amount of water inttiree soil layers, and the mass of
roots in each of the soil layers. (/¥ the ideal maximum amount of water required to
support the photosynthesis for that day, calculétenh total assimilatiorA and water
use efficiency WUE. W, the maximum amount of this water to be extradteth
each layer, is determined by the proportion of moass in each layer. Following that,
the maximum water able to be extracted,\V is determined by the length of roots in
each layer, a product of the root mass and theifgpemot length, and the maximum
water extraction rate per root length. Specifictdength was calculated from plants in
the pulse-size experiment, taking an average mugth per mass. An approximate
value of 10,000 cm § was obtained, and this is a fixed parameter in rtieelel.
Maximum water extraction rate was included as ewdssions of the model allowed

plants with relatively few roots to dry the soilofite in a day under high
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photosynthesis conditions, leading to a bias towatcdnsistently low root mass
allocation. The CERES-wheat model uses a maximutarvextraction rate of 0.03024
mL cmi' day* of root length (Adiku, Braddockt al. 1996). Water extraction rate per
root area was made variable and under geneticaidntthe model to examine if any
water conserving strategies that reduced watekaptate were optimal, and the value
of this parameter was allowed to vary between @20.04 mL ci day”, centred on

the value used in the CERES model. The amount térwaots in a layer will attempt

to remove is the lesser of ) and Whax for each layer, allowing extraction limited by
either root mass or length. Water is then subdhétom the soil in each soil layer, to
the wilting point. The difference between the katater wanted, W and the water

actually removed, W/ is added to the water deficitd/

The difference between the water deficitsge¥Vand the total water wanted, (}V
determines how much growth actually takes placer ifstance, if only 50% of the

wanted water is available, assimilation will beueed by 50%.

This algorithm allows larger plants to place greaemand on the soil water supply,
allows soil water supply to control growth, andoals root distribution to modify

where water is extracted from the soil profile.

Assimilation and Biomass Allocation

Once the daily amount of assimilate is determimeded on photosynthesis and water
availability, biomass is allocated to organs untiez control of three genes, RS

(Root:Shoot ratio), RDO (Root Determinant 0) and1lR{oot Determinant 1). RS
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determines the allocation between shoots and ratts the maximum genetic value of
255 indicating a 75% allocation to roots, and theimum genetic value of O indicating
a 25% allocation to roots. RDO determines the qutdgn of allocation to the surface
layer, compared to the two deeper layers, with &imam value of 255 representing
100% of root biomass allocated in this layer, amdi@@mum value of O representing no
biomass allocation in this layer, and allocatiortite deeper layers instead. While an
allocation of no roots to the surface layer is otirse biologically impossible, the
model results show that in no case did plants aléoao surface roots, so this did not
affect the outcome of simulations. RD1 is similarRDO, in allocating the remaining
root biomass left after the surface layer to theosd and third layers. A maximum
RD1 value of 255 indicates allocation of 100% afrbass to roots in the second layer,
while a minimum RD1 value of O results in allocatiof all remaining root biomass to

the third layer.

Evaporation

Modelling soil evaporation in isolation of plantagoration is difficult, especially when
considering the evaporative contribution of differsoil layers. Some models rely on a
two-phase soil evaporation model, moderating ewapor by soil hydraulic
conductivity (Paruelo, Salet al. 2000), while other models restrict soil evaporatio

a single 10cm surface layer (Reynolds, Kezngl. 2000).

A simple algorithm was implemented that was desigimeenable evaporation to vary

throughout the year, based on measured tank euaponzlue rather than climatic
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variables such as vapour pressure deficit and teafype. The model also allowed
different amounts of water to be evaporated frorapdand shallow soil layers, and
allowed less evaporation to occur when the soil &ddwer water content, a method
used in other models (Dunbabin, Diggieal. 2002). Daily evaporation from each

layer was calculated as follows:

Ejayer = Eprop ™ Wps

Where Euyeris the amount of water to be removed from therggg,, is the percentage

of tank evaporation to be removed from that laget,at 70% for the top layer, 5% for
the middle layer, and 0.5% for the bottom laye &s is the percentage saturation
by volume of the soil layer. These evaporatiorceetage values are approximations
aimed to allow for greater evaporation from surfgeers, and to allow a proportion of
water to remain for transpiration after soil evagtmn, as evaporation and transpiration
are not coupled in this model, with transpiratinstéad being a function of growth and
soil water availability. For example, in the sudasoil 30% of the total evaporative
demand is reserved for potential plant transpimatishile in the next layer, 95% of

total evaporative demand is potential transpiration

Plant reproduction

Evolutionary algorithm models, by their nature lipé fitness, genetic recombination
and reproduction as core processes in the modejrdesUsing the evolutionary
algorithm technique to model actual natural sebectn a biological organism offered

an opportunity to more closely model the procesdaeproduction. An early version
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of the model aimed to do this by incorporating miaalistic biological processes into
the fitness, genetic recombination and reproducfiorctions. This version of the
model operated with a continuous timeline, no m#i¢ population size, and
overlapping generations. Plant flowering was tiggl by a genotypically determined
temperature, allowing pollen transfer, genetic exge and seed production, with the
fitness function determining the relative contribatof flowering plants to the gene

pool.

This simple simulation of flowering and reproductiwwas used so that phenological
traits themselves could come under genetic contfebr instance, genes coded for
critical water content and temperature for gernwamat time until maximum seed
germinability, seed life span, critical temperatfwe flowering, and flower life span.
There was potential for many of these phenolodieats to be under selection under
different climatic and rainfall regimes in this spes. For instance, Hodgkinson and
Quinn(1978) found differences in flowering timingtiveen southern and northern
populations ofA.caespitosa, with southern populations having predictable #oivg
time, and northern populations showing a relatignstetween flowering and rainfall.
Strategies for seed germination may also be impgrtplants experiencing small
rainfall events or summer drought may delay gertionauntil later in the season when

soil water storage is higher.

Runs of this model version, however, showed litd&bilising selection for
phenological traits, and the algorithms used prawmefficient in reporting the optimum

genotype for plant growth traits. Lack of strommntrol of population size meant a
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sizable soil seed bank built up, slowing down mogelcessing while adding little
improvement to model output. Adding a carrying aafy to limit seed germination
improved model speed at the expense of randombtidgl seeds carrying favourable
genotypes. The fertilization function relied too chuon random chance, with the
potential for optimum genotypes to be ignored, audb-optimal genotypes to be
selected by chance. While the model still tendedatds the optimal genotype,
progress was much slower. Often, several thougaads of model simulation was

required before gene shift stabilised, so this fofrthe model was abandoned.

In the second model revision, a more traditionall@vonary algorithm approach was
used. The model is broken down into non-overlapmgeanerations, each lasting two
years. The two year life span was chosen to aftmwplants to experience summer
conditions as a mature plant, to experience hownsemwater usage may alter autumn
and winter water availability, and to allow integoa over multiple years of rainfall

when using real rainfall data.

Each generation starts with a set number of 300tglas seeds. At the end of the two
years of modelling, plants are sorted accordingh# fithess function of choice, for
instance, total biomass. The top 10% of plantssatected as the “best” plants, and
genetic recombination occurs among these plantpréaluce the next generation,
including mutation at a rate of 3% across the gemonith a mutation involving the
insertion of a randomly selected 1 or O at a rangomt in the genome. Mutation rate
can have an influence on model output, with low atiah rates resulting in poor

exploration of the fithess landscape, while hightatian rates can result in accidental
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loss of optimal genotypes. Recombination involselecting two plants at random, and

for each gene in the offspring plant randomly satgoone of the parental genes.

This method ensures that the best plants are alseggsted for, and the worst plants
are not, greatly enhancing the speed at which fitenal genotype is determined.

Using this method, and depending on the size ofpthet population and the rate of
mutation, gene shift stabilizes at around 150 geiers. The fitness function,

however, is binary in effect, with genotypes eithreaking it into the next generation, or
not. A bias could be added to allow those at tipeaiothe chosen 10% to contribute a
greater proportion to the gene pool than thoséebbttom, but the current algorithm
ensures a reasonable degree of genetic diversityamsferred from generation to

generation, while maintaining fast evolution rates.

Soils

Three soil textures were used in the simulatiorgindd by wilting point and field
capacity, as outlined in Table 1. The surface af¢he soil volume was set to 100gm
and the top, middle and bottom soil layers haddept 10, 10 and 20cm respectively.

The soil conductivity parameter K was set to 0.1.
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Table 9 Soil texture inputs for model.

Soil Wilting Point (%) Field Capacity (%)  Storage Capacity (%)
Sand 7.0 15.0 15.0
Loam 14.0 30.0 30.0
Clay 21.0 40.0 40.0

Simulation Experiments

A range of simulations was run with the model, wdifferent rainfall and soil inputs,
listed in Table 11. All models used monthly climaata as input for temperature and
evaporation, while rainfall occurred on a daily ¢iretep, either simulated or derived

from a 50 year daily rainfall data set for the diation location.

Firstly, the model was run with output set to regmne values for each generation in
order to examine gene shifts over time. The madal also run with soil water content
of the three soil layers reported daily for a yaarder a range of rainfall regimes,
including 10mm per 7 days, 20mm per 14 days, stwimger bias, and actual daily

rainfall data from seed collection sites SA002 BI8IV005.

The pulse size simulation aimed to examine thectffef rainfall event size and

frequency on adaptive plant traits, in the threkétgpes. The model was run across a
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gradient in pulse event size and frequency, withtttal rainfall held constant, across
the three soil types. Pulses occurring at freqesnof 2, 5, 7, 10, 12, 15, 17, 20, 22
and 25 day were used, with the total rainfall amdweid constant at 20mm per 7 days,
or 520mm yeat. There were six replicates of each simulatiom @ach replicate was
run for 150 generations. Climate data for Adelaidas used for the humidity,
evaporation and temperature inputs, the variabte-dépth respiration model was

used.

The seasonality simulation aimed to examine thecesfof rainfall seasonality, ranging
from mild summer bias through to strong winter bias adaptive plant traits in the
three soil types. The model was run across a gnadh seasonal bias in rainfall, from
slight summer bias to large winter bias, for the¢hsoil types. Rainfall frequency was
constant at an interval of seven days, but amotiriofall per event in each season
varied, from 12mm in summer / 8mm in winter, to 4nmsummer / 16mm in winter at
increments of Imm. Total rainfall amount per yeas held constant at 10mm per 7
days, or 520mm yedr There were eight replicates of each simulatiam] aach
replicate was run for 150 generations. Climate dataAdelaide was used for the
humidity, evaporation and temperature inputs, tliable-with-depth respiration

model was used.

The total rainfall simulation examined plant adeptiesponse to different total rainfall

amounts, with a set rainfall frequency. The maslas run across a gradient in total
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annual rainfall for the loam soil. Rainfall eveinéquency was held constant at an
interval of seven days, but the amount of rain @ent ranged from 4 to 15mm at
increments of Imm. This corresponded to a vanaticannual rainfall from 208mm to
780mm. There were six replicates of each simulatémd each replicate was run for
150 generations. Climate data for Adelaide was @isethe humidity, evaporation and

temperature inputs, the variable-with-depth resjpinamodel was used.

A simulation was also conducted using real dailpfedl records from seed collection
locations, in order to determine potential plaradtion to a real rainfall regime. The
model was run using daily rainfall data from statidocated near each seed collection
site, with the exception of populations SA005, SA(Nnd VIC002, for which the
nearest rainfall recording station was shared lmthear population in the model. Fifty
years of daily rainfall data, from the period 196000, was obtained for each station
from the Australian Bureau of Meteorology's PatcReiht Dataset. Monthly average
maximum temperature, 3pm relative humidity and tawkporation data were also
obtained from the Bureau of Meteorology, for theselst station to each collection site
that maintained this data. Temperature, humidiy @vaporation data were shared by
several sites in the model. Weather stations @iseéach climate variable for each

population are listed in Table 10.
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Table 10 - Populations and climate stations used daily rainfall data model runs.

Population Rainfall Temperature  Humidity Evaporation
SA001 Pt. Clinton Price (22015) Price (22015) Price (22015)
(22022)
SA002 Kadina (22006)Xadina (22006) Kadina (22006) Price (22015)
SA003 Moonta Kadina (22006)Kadina (22006) Price (22015)
(22011)
SA004 Manoora Bundaleer Bundaleer Bundaleer
(23310) (21008) (21008) (21008)
SA006 Mount  Bryan Bundaleer Bundaleer Bundaleer
(21034) (21008) (21008) (21008)
SA007 Spalding Clare (21014) Clare (21014) Bundaleer
(21047) (21008)
SA008 Blyth (21003) Clare (21014) Clare (21014) @&aileer
(21008)
SA009 Clare (21014) Clare (21014‘ Clare (21014) d2eer
(21008)
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Population Rainfall Temperature Humi dity Evaporation
SA010 Keith (25507)  Keith (25507) Keith (25507) Bedvay
(26089)
SA012 Mundulla Serviceton Serviceton Padthaway
(25510) (78034) (78034) (26089)
SA013 Wolseley Serviceton Serviceton Padthaway
(25519) (78034) (78034) (26089)
SA020 Langhorne Murray Bridge Murray Bridge Adelaide
Creek (24515) (24521) (24521) (23000)
SA021 Callington Strathalbyn Strathalbyn Adelaide
(24508) (23747) (23747) (23000)
SA022 Goolwa Victor Harbour Victor Harbour Adelaide
(23718) (23751) (23751) (23000)
SA023 Cape JerviiVictor Harbour Victor Harbour Adelaide
(23773) (23751) (23751) (23000)
VIC001 Glenorchy Stawell (79080)Stawell (79080)Stawell (79080
(79015)
VIC003 Litchfield Donald (78072)Donald (78072)Stawell (79080
(78027)
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Population Rainfall Temperature  Humidity Evaporation
VIC004 Donald (78072)Donald (78072)Donald (78072)Stawell (79080)
VIC005 Narrewillock  Wycheproof  Donald (78072)Stawell (79080)
(80094) (78042)
VIC006 Boort (80002) Boort (80002) Boort (80002) a®ell (79080)
VIC007 Cobram Numurka Boort (80002) Stawell (79080)
(80007) (80101)
NSWO001 Deniliquin Deniliquin Deniliquin Deniliquin
(74128) (74128) (74128) (74128)
NSW002 Finley (74042) Berrigan Berrigan Deniliquin
(74009) (74009) (74128)
NSWO003 Berrigan Berrigan Berrigan Deniliquin
(74009) (74009) (74009) (74128)
NSWO004 Jerilderie Berrigan Berrigan Deniliquin
(74055) (74009) (74009) (74128)
NSWO005 West Wyalon¢Wyalong Wyalong Deniliquin
(50044) (73054) (73054) (74128)
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Population Rainfall | Temperature H umidity Evaporation

NSWO006 Yalgogrin Wyalong Wyalong Deniliquin
North (50045) ' (73054) (73054) (74128)

NSWO007 Rankins Wyalong Wyalong Deniliquin
Springs (73054) (73054) (74128)
(75057)

Each location was modelled for 8 replicates of fjB@erations. For each generation,
lasting two years, a random pair of two consecuyigars was selected from the 50
years of rainfall data for that location for modeput. This allowed plants to

experience a broad range of rainfall regimes resmbiat a particular location, in order
to drive selection with long-term rainfall patterrsther than a fixed and possibly
unrepresentative shorter period. However, dudostrong influence of total annual
rainfall on productivity and drainage and the vaitity in annual rainfall from year to

year, results for absolute biomass was not comfmraétween locations, and the

analysis focuses on long-term gene shifts and ptiopal allocation.

The respiration function simulation aimed to deteenthe importance of high cost
shallow roots in influencing optimal root distrilart under a range of rainfall event
sizes. The three different soil respiration suldaeis® were tested, depth-variable,

constant respiration and time-lag. The model was with each respiration method
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over a range of pulse frequencies, including watgevents at frequencies of 2 days, 7
days, 12 days and 20 days. Total rainfall amowet ¢the year was held constant at
10mm per 7 days, or 520mm yéar There were six replicates of each simulatiow, a

each replicate was run for 150 generations. Clirdata for Adelaide was used for the

humidity, evaporation and temperature inputs.

Finally, the soil surface area simulation aimednmamic plant density effects by
reducing the total soil water volume plants hadeasdo, in order to determine plant
adaptive response to density and competition. rmbeel was run with a range of soil
surface areas per plant, determining total watéume accessible to the roots, as a
means of representing plant density and competitiofotal rainfall amount over the
year was held constant at 10mm per 7 days, or 52Qeait. There were 8 replicates
of each simulation, and each replicate was runlff} generations. Climate data for

Adelaide was used for the humidity, evaporation @meperature inputs.
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Table 11 - Summary of simulation experiments.

Simulation Rainfall Data | Soil Number of Other Notes
Runs

Pulse size 520mm per | Sand, Clay 6 replicates x | Adelaide
year, but and Loam 150 generations climate data,
delivered at depth variable
frequencies respiration.
from 2 to 25
days.

Seasonality 520mm per | Sand, Clay 8 replicates x | Adelaide
year, delivered | and Loam 150 generations climate data,

every 7 days.
With a seasona|
bias ranging
from 40%
winter rain to
80% winter

rain.

depth variable

respiration.
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Total water

Range 208mm
to 780 mm

annually, with

Loam

6 replicates x

150 generation

Adelaide
5 climate data,

depth variable

rainfall every 7 respiration.
days.
Daily Rainfall | Each model Loam 8 replicates x | Local climate
Record year used one 150 generations data, depth
year of rainfall variable
data, randomly respiration.
chosen from 50
years of data
for seed
collection
locations.
Respiration 520mm per | Loam 6 replicates x | Adelaide
year, but 150 generations climate data,
delivered at depth variable,

frequencies
from 2 to 25

days.

lag and fixed
respiration

functions.
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Soil Surface 520mm per Loam 8 replicates x | Adelaide
Area year, 10mm pe 150 generations climate data,
7 days. soil surface
area ranging
from 25cnf to

150cnf.

11.3. Results

The outputs of the evolutionary algorithm model aypealitatively validated and
compared with experimental results in the ovefadsts discussion. Due to the model
dealing with carbon weight, compared with dry bissian the experiments, and the
lack of inclusion of additional factors that infume absolute growth such as nutrients,
growth output of the model cannot be directly coredawith experimental results. The

model results aim to concentrate on gene seleaitver than growth.

Gene shifts and selection

The model was set to output average gene valuesafdr generation in order to track
shifts in gene value during the process of selactibhe model was run with a 10mm
watering event every seven days, with the deptlabkr respiration function and

monthly averate of Adelaide climate data.
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Figure 55 - Shift in value of RD1 gene, a gene undstrong selective pressure, over 150 model

generations.

Figure 55 shows the shift in the average valuehefgene RD1 over 150 generations.
This gene undergoes strong selection, and aftenitial shift in average gene value,

the optimal value of approximately 150, indicatb®&6 allocation to the upper layer, is
reached by generation 30. After this point, vasratin the average gene value is

primarily due to random mutation.
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Figure 56 - Shift in value of WUE gene, a gene wherhigher values always produce greater

growth, over 150 model generations.

Figure 56 shows the shift in the average valuehef WUE gene, a gene for which
higher values appear to always create fitter pjantshis case water use efficiency is
always beneficial at a maximum. This gene valueckjyi shifts to the maximum
possible value, 255, after only a few generatiogeiecting the lack of trade-off in this

character in the model.
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Figure 57 - Change in the number of different gengfpes of the RDO gene in the population over

100 generations. Dashed lines indicate standardrer.

Figure 57 shows a count of discrete genotypesesepting the allelic diversity, for the
RDO gene over 100 generations of modelling, runhwi® simulation replicates.
Genetic diversity rapidly decreases in the firsttd @0 generations, as unfit alleles are
purged. However, diversity is maintained at apprately 10 alleles after this point,

due to random mutations occurring at a frequenc3%fin a population of 300 plants.
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Figure 58 - Shift in value of Germ_T gene, a genender no selective pressure, over 150 model

generations.

Figure 58 shows the shift in average gene valughef Germ_T gene, defining

minimum temperature for germination. This gene mid contribute to the fitness of

the plants, and did not face any selective presasréndicated by the random walk of

average gene value over 150 generations.
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Soil moisture regime

The model was set to output the soil water condémtach soil layer over one year of
execution, under a variety rainfall regimes, inahgdlOmm per 7 days, 14mm per 20

days, strong winter rainfall bias, and using reallyd rainfall records from two

locations.
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Figure 59 - Soil water content in three soil layer@ver one year of model execution, with a 10mm

rainfall event every seven days

Figure 59 sows the soil water content in the tleei layers, over one year, with a

10mm rainfall event supplied once a week. Theasarfsoil layer undergoes greater
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variation in soil water content than the deepeetayand deeper soil layers display a
delayed response to rainfall input. There is &peaoil water content in winter, with

low soil water content in summer, due to differeméporative demand.

Soil Water Content - 20mm per two Weeks
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Figure 60 - Soil water content in three soil layer®ver one year of model execution, with a 20mm rafall

event every 14 days.

Figure 60 shows the soil water content in the tla@é layers, over one year, with a
20mm rainfall event supplied every two weeks. #on in soil water content is
greater than with the smaller, more frequent pulsgth even the deepest soil layer

showing an oscillating pattern of soil moisture.eTlarger events result in deeper
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penetration of water, resulting in greater watenteot in the deeper soil layers,

particularly in winter when soil evaporation is low
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Figure 61 - Soil water content in three soil layergver one year of model execution, 5mm per seven

days in the summer half-year, and 15mm per seven gain the winter half-year.

Figure 61 shows soil water content over a yearguadainfall regime biased strongly

towards winter rainfall, with 15mm per week durithg winter half-year, and 5mm per

week delivered during the summer. Winter rainfédis leads to high soil water content

in winter, especially in the deeper soil layers tlupenetration of large rainfall events,

while soil water content during summer is low, aedreases throughout the season.
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Figure 62 - Soil water content in three soil layer®ver one year of model execution, using daily rafall

data from site SA002, year 1956.

Figure 62 shows modelled soil water content usiegy rainfall data from the seed
collection location SA002, near Kadina on the YoReninsula in South Australia. The
year 1956 was chosen randomly from the datasetrddupe this graph. This is a
strongly winter-biased rainfall regime, with smdikgquent rainfall events. Soil water
content is high during the winter growing seasapeeially in deep soil layers, while
soil water content during the summer is low, wittcasional rainfall events that only

wet surface soil layers.
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Figure 63 - Soil water content in three soil layer@ver one year of model execution, using daily rafall

data from site NSWO005, year 1970.

Figure 63 shows modelled soil water content usi rainfall data from the seed
collection location NSWO005, near West Wyalong inteern New South Wales. The
year 1970 was chosen randomly from the datasebttupe this graph. There is no bias
towards rainfall during a particular season at tlisation, and the site receives a
greater proportion of large rainfall events. Theyeno seasonal winter hump in soll
water content visible at this location, rather aeseof infrequent, large events provide
the greatest influence over soil water content.infalk penetration to deeper layers
depends on the water content of shallower layetiseatime of a large rainfall event, as

can be seen comparing the peaks at day 90 and 2fay Joil water content during
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summer has the potential to be high during peraitis large rainfall events.

Pulse Size and Interval, and Soil Texture
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Figure 64 - Optimal RDO gene value across a gradiein water pulse frequency, for loam, sand,

and clay soils.

11-217



250-
90 X
>
200+ 80 §
70 )
w o
o S 3
= 150 0 8z
> 3 a
<D 50 — &
[ g @
& o 28
1004 —=—Loam S
—— Sand 30 g
—— Clay @
504 20 n

110

0 T T T T T T O

T T T T
00 25 50 75 100 125 150 175 200 225 250 275
Pulse Frequency (Days)

Figure 65 - Optimal RD1 gene value across a gradiein water pulse frequency, for loam, sand,

and clay soils.

Figure 64 and Figure 65 show the shift in optimales of the RDO gene, determining
biomass partitioning between the top and middld kojers, and the RD1 gene,
determining biomass partitioning between the midaid bottom soil layers, across a
gradient in watering frequency. Clay and loam spipear to have similar patterns of
root depth distribution, with the most roots in therface layer found at a watering
frequency of 12 days. Deepest roots were preseahtsmall, frequent pulses, but were
lost as watering frequency decreased. Sand ssplajied a different pattern, with a

peak in shallow roots at a more frequent pulseavatearound 5 days. In the allocation

11-218



between the middle and deepest soil layers, sahdlemwed the opposite trend to the
other two soil types, with shallow roots with fremi pulses, and deeper roots with

infrequent pulses.
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Figure 66 - Optimal RS gene value across a gradieirt water pulse frequency, for loam, sand, and

clay soils. Dashed line indicates standard error.

Figure 66 shows the optimal RS gene value for hineet soil types across a gradient in
watering frequency. The RS gene represents thet:sbot ratio, with higher values
indicating more shoot allocation, and lower valuelicating more root allocation. All
soil types showed a similar trend in optimal alloma, with a peak in shoot allocation

at intermediate pulse frequencies, although the&k j@& gene value for sand soil
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occurred at a higher watering frequency than theradoil types.
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Figure 67 - Total dry weight across a gradient in w&ter pulse frequency, for loam, sand, and clay

soils.

Figure 67 shows the average total dry weight ohtslat the end of model execution,
for the three soil types over a gradient in watgfiequency. All three soil types show
a similar trend, with an increase in biomass wdlgé, infrequent watering events.

However, overall biomass was greater with coarsis.s
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Figure 68 - Proportion of biomass allocated to shdo Figure 69 - Proportion of biomass allocated to stu
and root layers across a gradient in water pulse and root layers across a gradient in water pulse
frequency, for loam soil. frequency, for clay soil.

1M — —r—r——— — — — —

1 Shoot Mass
T Root Mass 0
0.8 I Root Mass 1
N Root Mass 2

0.9

0.74

0.6+

0.5 i

0.4+

Allocation Proportion

0.3 —

0.2

0.14

0.0+
20 5.0 7.0 100 120 150 170 200 220 250

Pulse Frequency (Days)

Figure 70 - Proportion of biomass allocated to shdo
and root layers across a gradient in water pulse
frequency, for sand soil.

Figure 68, Figure 69, and Figure 70 show thep@rion of biomass allocation to

shoots and roots, for loam, clay and sand soihssca gradient in watering interval.
Loam and clay show similar patterns of biomasscalion, with the deepest roots only
optimal with small, frequent pulses. Shoot allawrats greatest at intermediate pulse
frequencies, with larger, less frequent wateringnés resulting in greater root mass,

and greater root allocation in the middle soil fgye Sand soil also shows a peak in
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shoot biomass at intermediate watering interval,daep roots are optimal with both

small, frequent watering events, and with decregpgirise frequency.

Seasonal Rainfall Bias and Soil Texture
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Figure 71 - Optimal RDO gene value across a gradiem seasonal rainfall bias, for loam, sand, and

clay soils.
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Figure 72 - Optimal RD1 gene value across a gradiein seasonal rainfall bias, for loam, sand, and

clay soils.

Figure 71 and Figure 72 show the optimal RDO and BBne values across a gradient
in seasonal rainfall bias for the three soil typé&oot allocation between the surface
and middle layers, determined by RDO, remains stédyl loam and clay soil, while for
sand soil, more surface roots are optimal with Vawter rainfall, with allocation to the
middle layer increasing as winter rainfall increaseRoot allocation between the
middle and deepest soil layers, as determined by, R@ries greatly between soil
types, with sand soil showing deeper roots witlréasing winter rainfall, clay soll
showing shallower roots with increasing winter fallh and loam soil showing

allocation to deep roots with both low and high temrainfall, and shallower roots at
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intermediate seasonal rainfall bias.
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Figure 73 - Optimal RS gene value across a gradieimt seasonal rainfall bias, for loam, sand, and

clay soils.

Figure 73 shows the optimal RS gene value, refigcghoot:root ratio, across a
gradient in seasonal rainfall for the three sqiey. Clay and loam soil show a slight
trend towards increasing shoot biomass with incngasinter rainfall, while sand soll
shows the opposite trend, with greater shoot bisnuamler and equitable or summer

rainfall regime.
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Figure 74 - Total dry weight across a gradient in @asonal rainfall bias, for loam, sand, and clay

soils.

Figure 74 shows shift in total dry weight of plamaisoss a gradient in seasonal water
bias for the three soil types. For all three dgjes, total biomass increases with
increasing winter rainfall. Seasonal rainfall ppajon in the model relies on delivering
larger events in one season than the other, spdtemtial exists for trends in total dry
weight to be a result of event size rather thas@ea bias. However, winter rainfall
event sizes below 10mm were modelled by havingelasgmmer rainfall events than
winter, and these values still resulted in low bé®$ suggesting the trend is the result
of increased efficiency of winter water, ratherrtrem effect of large watering events.

Again, as with the model of pulse frequency, saail esults in the greatest dry
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weight, while clay soil produces the least.
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Figure 75 - Proportion of biomass allocated to shw Figure 76 - Proportion of biomass allocated to sha@nd
and root layers across a gradient in seasonal raiafl root layers across a gradient in seasonal rainfalbias,
bias, for loam soil. for clay soil.
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Figure 77 - Proportion of biomass allocated to shdo
and root layers across a gradient in seasonal raiall
bias, for sand soil.

Figure 75 shows the proportion of biomass alletatio shoots and roots across a
gradient in seasonal watering bias for loam sBikepest roots are developed in loam
soil with both low and high winter rainfall biasFigure 76 shows the proportion of

biomass allocation to shoots and roots across diegriain seasonal watering bias for
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clay soil. Unlike the loam soil, deepest roots ardy optimal under low winter

rainfall, with high winter rainfall resulting in shallower root distribution. Figure 77
shows the proportion of biomass allocation to shaotd roots across a gradient in
seasonal watering bias for sand soil. Sand soivshte opposite trend to clay soil,

with a decrease in shallow root allocation andramease in deep root allocation with

increasing winter rainfall.
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Figure 78 - Deep drainage loss across a gradientivinter rainfall bias for sand soil.

Deep drainage was only observed in sandy soil uads#rongly winter biased rainfall

regime, as shown in Figure 78.
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Total Weekly Rainfall

250 r100

90
X
>
200+ -80 =
o
70 &=
2 S
q" —
= 1504 60 3 3
© = 4
> S o
] 50 O ©
: 1
© 1001 40 33
<
30 @
(2]
c
50 =20 @

10

0 T T T T T T O

2.5 5.0 75 10.0 125 15.0 17.5

Rainfall (mm week 'l)

Figure 79 - Optimal RDO gene value across a gradiem total rainfall, with a seven day pulse

interval, for loam soil.
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Figure 80 - Optimal RD1 gene value across a gradiefn total rainfall, with a seven day pulse

interval, for loam soil.

Figure 79 and Figure 80 show the shift in the optiRDO and RD1 gene values along
a gradient in total weekly rainfall. Extremely loainfall values produce optimal gene
values that go against the trend seen at highefatatotals, due to the extremely low
biomass totals produced with low rainfall (Figur2).8 Roots in the top and middle
layers, as defined by RDO, tend deeper as theatharhount increases. The RD1 gene,
indicating root allocation to the deepest layegvehia more complex pattern, possibly

reflecting the trade-off between relying on deepgewvander low rainfall, and the deep
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penetration of larger events.
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Figure 81 - Optimal RS gene value across a gradierih total rainfall, with a seven day pulse

interval, for loam soil.

Figure 81 shows the shift in optimal RS gene valodicating shoot:root allocation
ratio, across a gradient in total weekly rainfallgnoring the two lowest rainfall
amounts due to low total biomass, the trend is tdevanore root allocation and less

shoot allocation with increasing weekly rainfall.
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Figure 82 -Total dry weight across a gradient in ttal rainfall, with a seven day pulse interval, for

loam soil.

Figure 82 shows the total dry weight across a gradin total weekly rainfall. The
relationship is close to linear, apart from the éstvtwo rainfall totals, where total
biomass was close to zero. This represents aaoitalal rainfall of 200-250mm, below
the minimum rainfall requirements of this speciethe rainfall is not received mostly
in winter. The linear increase in dry weight widinfall does not reach an asymptote
with high weekly rainfall, indicating water is $tilimiting, although higher weekly
totals may result in a levelling off due to losswiter due to deep drainage, a limit on
the root water extraction rate, or the meeting aofafl transpirational

demand.
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Figure 83 - Proportion of biomass allocated to shacand root layers across a gradient in total

rainfall per seven days, for loam soil.

Figure 83 shows the allocation of biomass to shantsroot layers across a gradient in
total weekly rainfall. The shift towards roots,dadeep roots in particular, with
increasing rainfall is clear. The ability of largainfall events to penetrate to deeper
soil layers explains the complex shift in RD1 gesmimum (Figure 80), with the
appearance of thresholds of rainfall event sizealtieg in sudden shifts in allocation.
For instance, 14mm events appear to regularly petieeto the deepest soil layer,
resulting in a sudden shift from allocation to tméddle layer, to allocation to the
deepest layer, beyond this point. Root allocatrthe surface soil layer is fairly
stable, as the plant extracts surface water fronfalbevents of all sizes before loss to

evaporation
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Daily Rainfall Record Data

e T el T T T T T e ap——

1 ShootMass
0.9 1 Root Mass 0
[ Root Mass 1
0.8
I Root Mass 2
_5 0.7
c
8 0.6
=
O 0.5
c
K= -
+— | | ___
G 0.4 | L i || | L IHHEU
o | | || L] | | | = | | -
<C 0.3 =] o
0.2
0.1
O'O_HNCV)Q'LOQDI\HN(V)#LOI\COCDONCV)OHNCV)HCV)#LOLOI\
O OO0 O O0OO0DO0OO0DO0OO0DO0O0DO0O0DO0OddAdNANNNOOOOO O
[eeolNeoleolNolNolNolNolNolNololoelolololNeololNolNolNolNolNolololollolNoelNol
S22 IIIIIIIIIII0O000O000
DODODDODODHHPANDNDNDNDNDNDNNDBBBBBSSSSSS
2222222 .
Location

Figure 84 - Proportional biomass allocation to shas and root layers, for rainfall records data for

seed collection sites.

Figure 84 shows the proportional biomass allocatmrshoots and root layers, for
plants modelled under daily rainfall, temperatunel @vaporation data for a range of
Austrodanthonia caespitosa seed collection sites. There is significant véaoiat
between sites, but no clear trends from state dte sicross the gradient in rainfall
seasonality and event size. A few sites standf@ubaving particularly deep roots,
including SA009 (Clare), SA010 (Keith), SA012 (Mwtid) and VICO01 (Serviceton).
The later three are in the same region, of inlaedtern Victoria and south-east South

Australia. Sites SA022 and SA023 have partitylamw root biomass and high shoot
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biomass. Both these sites are located on the iEledeninsula in South Australia,
which receives very high winter rainfall. Unlikkeet gene values which represent the
combined selective effects of multiple years’ ralhf biomass totals for sites was
closely related to annual rainfall total, which ieargreatly from year to year in a real
dataset. Therefore, it would not make sense tseptetotal biomass data for this
simulation. Doing so would require either an averagjall the years of the simulation,
with each year having a different rainfall totalvasll as biomass changing over time
due to adaptation, or it would require reportindgydhe biomass for only the last year

of the simulation, which would be unrepresentatif’everall growth at the location.
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Respiration functions
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Figure 85 - Optimal RDO gene value across arigure 86 - Optimal RD1 gene value across a
gradient in water pulse frequency, for different gradient in water pulse frequency, for different
respiration functions in loam soil. respiration functions in loam soil.
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Figure 87 - Optimal RS gene value across a
gradient in water pulse frequency, for different
respiration functions in loam soil.

Figure 85 and Figure 86 show changes in the optRiX0 and RD1 gene values
across a gradient in pulse sizes and frequenaeshé three soil respiration functions.
Fixed and lag respiration functions have similantts for both genes, with deeper roots
with larger, less frequent watering. Plants witlst respiration functions developed no
roots in the deepest layer, as reflected by the Rphe graph. Depth-variable

respiration showed a peaked optimal gene grapt) sliallow roots under

11-235



intermediate pulse regime, and deeper roots witallsfrequent, and large, infrequent
watering events. In the deeper soil profile, thptt variable respiration model resulted
in deep roots with small, frequent events, and lsWar roots with less frequent

watering.

Figure 87 shows the trend in optimal values of R& gene, representing shoot:root
allocation. All three respiration functions havsimilar trend, with a peak in shoot bias
under an intermediate pulsing regime. Howeverhsihall, frequent pulse events, the

depth variable respiration function produces greatet mass allocation.
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Figure 88 - Total dry weight across a gradient irwater pulse frequency, for different respiration

functions in loam soil.
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Figure 88 shows the total dry weight of plants asra gradient in event size and
frequency, under the three respiration functioAdl. three functions produced similar

total biomass, with differences in root respirati@ving little effect on total biomass.
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Figure 89 - Proportional biomass allocation acrosa gradient in water pulse frequency, for three

respiration functions.

Figure 89 shows the proportional biomass allocatitoshoots and root layers across a
gradient in pulse size and frequency, for the tlmespiration functions. Again, fixed

and time lag respiration functions have a simiponse, with no root allocation to the
deepest soil layer, while the depth variable fuorctieads to the development of deep

roots under small, frequent watering events.
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Soil Surface Areas
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Figure 90 - Optimal RDO gene value across a rangefigure 91 - Optimal RD1 gene value across a range
of soil surface areas, in loam soil. of soil surface areas, in loam soil.
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Figure 92 - Optimal RS gene value across a range
of soil surface areas, in loam soil.

Figure 90 and Figure 91 show optimal values oDRIDd RD1 genes across a gradient
in soil surface area and the volume of water albgl#o the roots. Both genes show a
shift towards shallower roots with increasing ssilrface area, particularly in the

middle and deepest soil layers.
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Figure 92 shows the optimal RS gene value acroggadient in soil surface area,
representing shoot:root allocation. There is gnealiocation to shoots with increasing

soil surface area.
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Figure 93 - Total dry weight across a range of sofurface areas, in loam soil.

Figure 93 shows the total dry weight of plants asra gradient in soil surface area.
There is a simple linear relationship between switfface area and dry weight,

reflecting higher water availability with a largswil volume.

11-239



1.04

0-91 [ Shoot Mass

0.84 [ Root Mass 0
0.7+ [ Root Mass 1
I Root Mass 2

0.6

0.5+

0.4+

Allocation Proportion

0.3

0.2

0.1

0.0-
25.0 50.0 75.0 100.0 125.0 150.0

Soil Surface Area (cm 2)

Figure 94 - Proportional biomass allocation to shds and root layers, across a gradient in soil

surface area for loam soil.

Figure 94 shows the proportional allocation to $h@md root layers across a gradient
in soil surface area. There is a clear shift frd@ep roots, particularly in the deepest
soil layer, to shallow roots with increasing saitface area, and also a shift from shoot

allocation to root allocation.
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11.4. Discussion

Model Gene Shifts and Soil Moisture

Examination of shifts in gene values output by thedel over a large number of
generations indicates the three responses in dpgieme value; fixation, maximization,
and randomness. The three genes on which thesdsalsed, root distribution in the
three soil layers, all became fixed at an interrmedvalue during the running of the
model, indicating a strong selective pressure asdhtraits. RDO is interpreted as
explaining the importance of allocation to the aué soil layers, while RD1 is
interpreted as explaining the importance of releaon deeper soil water. The RS gene
is interpreted as representing the amount of roassmrequired to support shoot
transpiration, and hence how limiting soil moistwas to growth, with Sultan (2003)
suggesting biomass is expected to be greater inedmirce zone where resources are

most limiting.

By contrast, the WUE gene representing water useesfcy, the amount of biomass
gain per unit water transpired (Figure 56), did stabilize to an intermediate optimum,
and rather shifted to a maximum value, to achieagimum biomass gain per unit of
water. Such a value was obtained because, witleiparameters of this model, higher
water use efficiency always resulted in higher gilgvand hence greater plant fitness
according to the fitness function. In reality, eatser efficiency is constrained by
trade-offs such as stomatal conductance, and cancreiase indefinitely. Indeed, the

maximum possible water use efficiency value in theodel was obtained
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experimentally from species growth and water ugeessions. It would be possible to
modify the fitness functions so that, for instanpé&gnts allowing the lowest deep
drainage were considered the most fit, in whichecagplant with less efficient water
use may be optimal. However, within the modelldrigresented here, deep drainage
was rare and would not be suitable for selectiomhe PS gene, representing
photosynthetic efficiency, the amount of biomassragated per unit radiation, also ran
to a maximum, as higher photosynthesis would alwagsl to greater growth and
greater plant fitness. Again, in real plants, pkghthesis is constrained by factors
such as leaf chlorophyll concentration, and chehrgactions such as maximum rates
of carboxylation, electron transport, triose-phadphand C@ diffusion (Long and
Bernacchi 2003). Unless trade-offs controlling thésctors are included in the model,

photosynthesis will be optimally at the experimégtdetermined maximum.

The three-layer soil water model appeared to peodduseful representation of soll
water dynamics. Variation in event size led tdeadénces primarily in the depth of

water penetration, with smaller events increasiagewcontent in the surface layer (

Figure 59), while large events (Figure 60) led ighkr soil moisture in the deepest soil
layer, consistent with expectations (Kemp 1983)riation in event size and spacing
affected the frequency at which surface soil watantent oscillated, as well as the
depth at which soil water content closely followsdnfall input. Ehleringer and

Dawson(1992) suggested large oscillations in satlewcontent in the surface soil may
be expected, due to rapid water loss though evaporand transpiration, while deeper

soil provides a more stable water source. In geement modifying watering event
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size and frequency in a grassland system, Fay €@03) found that large, infrequent
events led to greater variability in soil moistueger dry periods, and 8% less water

availability overall.

The soil water model also provided a reflectiontlod expected effects of seasonal
rainfall bias on soil water distribution (Figure)61Winter rain, both in the artificially
generated rainfall model, and using real rainfatedrom a winter rainfall site, resulted
in a clear winter growing season with saturated, gquarticularly in deep layers,
followed by a dry summer with low soil water corteen Highly winter-biased rainfall
is expected to result in penetration to deep soieds (Schwinning and Ehleringer
2001), as well as maintaining moisture in the sigflyers. In contrast, using daily
rainfall data from a New South Wales site (FiguB) @here rainfall occurred with
equal probability in all seasons, and with a bawards large events, resulted in a
contrasting pattern of soil water dynamics. Watas available at times throughout the
year, after large rainfall events, as seen aroayd9d in Figure 63, but the water was
often short lasting, and there was no stable wigtewing season with high soil water
contents. The soil water model also demonstrétesmportance of antecedent soil
moisture, highlighting the importance of the timin§ events (Schreiber and Sutter
1972). Depth of penetration of events can depenthe soil water content at the time
rainfall occurs (Reynolds, Kemgi al. 2004). In the case of the model of New South
Wales rainfall data, the penetration depth of laegents depends on moisture in the
surface layers, revealing the complex relationshgtween rainfall regime and

distribution to soil water distribution. In arigstems, many rainfall events are small,
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and recharge of deep layers relies on rare, largete (Reynolds, Kemgt al. 2000).

Pulse size / frequency

Across a gradient in rainfall event size and freguye differences in biomass allocation
between coarse and fine textured soil types weearcl In sand soil, deep root
development was optimal with both small, frequeaihfall events (Figure 70), and
large, infrequent rainfall events, with shalloweots optimal at intermediate pulse
frequencies. Deep roots may be expected with srmaljuent events if water from
these events does not last long enough in thecgudails to be useful for the plant.
These events have low penetration, and are sutgjduigh evaporation rates (Sadras
and Baldock 2003), leading plants to rely on deeymer reserves instead of investing
roots in surface layers. Large, infrequent evapisear to penetrate deep into the sandy
soil (Loik, D. et al. 2004; Sun, Coffinet al. 1997), leading to the development of
deeper roots (Schenk and Jackson 2002a) accebsitgrgie amount of stable water in
the deeper soil layers that can avoid evaporatRaruelo, Salat al. 2000). The
presence of shallow roots at intermediate pulsguiacies may be explained by the
presence of rainfall events large enough to lag kenough to be useful to the plant in
the surface layers before evaporative drying, btifarge enough to penetrate to deeper
layers. In contrast, the simulations run with dfgigure 69) and loam (Figure 68) soll
across the pulse gradient resulted in deep rodiswaith small, frequent pulses, with
shallow roots only under large, infrequent water@vgnts. Again, the development of
deep roots with small events demonstrates an ihahbil use small events in surface

layers efficiently. Small pulses may result inteategy of maximizing carbon gain
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between pulse by relying on deep soil water resef8ehwinning and Ehleringer 2001)
until a threshold of pulse usefulness is reachdmnaroot strategy will shift to shallow
roots. Unlike the sand soil, large, infrequentréseof the size modelled here appear
not penetrate to deep layers frequently enoughiner fsoils to warrant deep root
development with this rainfall regime. A numberstdidies have found a relationship
between coarse sandy soil and deep roots (SchetkJackson 2002a; Seyfried,
Schwinninget al. 2005), and while the model found deep roots irdgaoil with both
small and large events, compared to deep roots witly small events in finer soil,
overall root depth was highly dependent on thefa#limegime rather than just soil

texture.

The RS gene (Figure 66) indicates the bias towalldsation of biomass to above- or
below-ground organs, and is interpreted as refigdine region with the more limiting
resource (Sultan 2003). All soil types showed akpe allocation towards shoots at
intermediate pulse frequencies, with more rootcallimn with small, frequent and
large, infrequent events, suggesting water wast |Basting at this intermediate
watering regime. The peak in allocation to rogigtticularly in the sandy soil, also
occurred at the intermediate pulse frequenciesiwtgsulted in shallow roots. Previous
optimality studies have found an association betwslallow roots and high shoot
allocation (Schwinning and Ehleringer 2001), sugiggs intermediate pulse
frequencies resulted in a stable, constant waterceoin the surface soil. The pulse
size experiment in a previous chapter, examinecetteet of pulse size and frequency

on A.caespitosa root:shoot allocation, and found greater root caton with small,
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frequent events, while in a study of North Amerigamassland species, Fay et al.(2003)
found more root allocation with large, infrequenterts. This may highlight the
importance of conducting experiments over a widgesof pulse sizes and frequencies,
as each of these experimental results may simplg hepresented a range of watering
extremes more or less extreme than the peak int stlocation at intermediate pulse
values. Sher et al. (2004) suggest that interntegalse frequencies may be most
useful in low rainfall environments, as they excdéeel threshold beyond which small
events become useful, while small events may beemgeful in high rainfall

environments, where rain is more frequent.

Greatest total growth in the pulse size model wasd in sandy soil (Figure 67). Cole
and Metcalfe(2002) found thaustrodanthonia spp. are suited to sandy soil, and sandy
soils have a more favourable water regime due ghdri infiltration (Southgate,

Masterset al. 1996) and lower evaporative loss (Noy-Meir 197B)tal growth also

increased, in all soil types, with larger, lesgqjtrent events, despite shoot allocation
being greater at intermediate pulse sizes. Indevmtotal growth, event size rather
than frequency appears to be influencing the gremt@wvth. Large events penetrate
deeper into the soil profile, escaping evaporatmgl resulting in greater available
water overall (Paruelo, Saéhal. 2000). This ignores potential loss of large esdat

run-off and deep drainage (Loik, Bt.al. 2004), although run-off was not considered in
this model, and deep drainage did not occur irptiise size model run. It is important
to consider that with infrequent events, mortatitying the interpulse may be a more

important outcome than plant growth (Goldberg amddblansky 1997), and that plant
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mortality is not considered in this model. Whitev soil water content may have an
impact on grass seedlings (Cox and Conran 1986aespitosa has been shown to
have a high tolerance to drought, with green tigseiag maintained for up to 40 days

(Bolger, Rivelliet al. 2005), a pulse frequency not reached in this sitiar.

Seasonality

In the simulation across a gradient in seasonafakitiming, significant differences
were again found between soil types in the rootldegsponse to rainfall regime. In
sandy soil (Figure 77), shallow roots were foundoto optimal under high summer
rainfall, while deep roots were developed with higimter rainfall. Summer events
only penetrate to the surface layers, (Paruela &all. 2000), which may explain the
usefulness of shallow roots under high summer adinflowever, summer rainfall is
also subject to high evaporation rates (Reynoldanget al. 2004) and short water
availability, which may make shallow roots inappiafe, leading to reliance on deep
roots accessing a more stable water source. Eatporfrom the soil surface may be
lower in coarse textured soils (Loik, Bt al. 2004; Noy-Meir 1973), leading to a
shallow roots strategy for summer rain in sandy sothis model. This effect was
accounted for in the model by the positive assmriabetween soil water content and
evaporative rate, and the lower volumetric watertent of sand soils. Deep roots may
be expected in strongly winter-biased rainfall negg, with a previous optimality study
finding shallow roots associated with winter droygind deep roots associated with
deep recharge resulting from winter rain (Schwigrand Ehleringer 2001). A study of

the root dynamics of snakeweed (Wan, Yilmeizal. 2002) also found deeper roots
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were developed under a regime of winter rain amdrsear drought.

In contrast, across a gradient in seasonal raitifailhg in clay soil (Figure 76), shallow
roots were optimal with high winter rainfall, andegp roots were optimal high summer
rainfall. The short lasting summer rainfall evemtsre not utilized, and deeper soil
water resources were used instead, possibly dtieetgreater evaporation and lower
penetration depth of water in clay soil comparedsand soil. Shallow roots were
developed with high winter rain, again due to e penetration of large events in clay
soil compared to sand soil, and the lower evapamatates from the surface in winter.
Plants modelled in loam soil were intermediate afds and clay, with deep roots
optimal with both low winter and high winter raitifaand shallow roots at intermediate
seasonality levels. Deep roots were developed mgh summer rain due to the high
surface evaporation of these events, and with higiter rain as the large events were
able to penetrate to deeper soil layers than in stal, avoiding the development of
more costly shallow roots. A number of previousdgts have suggested there may be
a threshold of summer rainfall amount or predidigbbefore shallow roots become
optimal for utilizing these events (Ehleringer abhwson 1992; Williams and
Ehleringer 2000), with plants relying on deeperexdtefore this threshold is reached.
The model results suggest that the threshold ofrsemmainfall amount required before
use may be strongly dependent on soil texture t®kimulated in sandy soil made use
of both shallow summer and deep winter rainfallresewhile plants simulated in clay
soil relied on deep water with summer rainfall,icading a higher threshold before

summer water became useful in this soil.
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The pulse size and frequency simulation appearave a larger impact on root:shoot
allocation than the seasonality gradient simulatiwith only slight shifts in biomass
allocation across the range of seasonality biabegue 73). Again, differences
between soil types were evident, with a trend towanore shoot biomass with high
winter rain in loam and clay soil, and a trend todgamore roots with winter rain in
sand soil. Winter rain is considered more effecthan summer rain (Reynolds, Kemp
et al. 2000), particularly in the region where this specoccurs naturally (Williams
1968). As such, a shift towards more shoot biomatiswinter rain, as observed in the
finer textured soils, would be expected when waea limiting resource. High root
mass with winter rain, as found in the sandy ks against this trend, and suggests
that winter rainfall was more limiting in this sgst. Petheram et al. (2002) suggest
there is higher deep drainage and recharge in sswitlyy and high winter rainfall is
also more likely to be lost to drainage below tleetrzone than summer rainfall
(Paruelo, Salat al. 2000). Loss of water to drainage contributeshwinhefficient use

of rainfall (Sadras and Baldock 2003), and someeiais lost to deep drainage in the
high winter rainfall simulations in sandy soil (kg 78). Increased root allocation and
length is one strategy to extract water greateruartsoof water from the soil, leading to

less deep drainage loss and wasted resources.

Total dry weight was greater in all soil types wittore winter rainfall (Figure 74),
reflecting the greater effectiveness of winter falincompared to summer rainfall
(Reynolds, Kempet al. 2004), with water from winter rain penetrating pee and

escaping evaporation in the surface layers, comdbwiéh the lower vapour pressure
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deficit. Again, higher growth was observed in toarser soil, which may be a result of

the deeper penetration of water in sand, reducrag@ative loss.

Total Weekly Rainfall

Under varying amounts of total rainfall, roots wegenerally, deep with greater total
water (Figure 83). A number of studies of glol@dtrdistributions have found deeper
roots with greater precipitation. Schenk and Jack2002a) found deeper roots with
more rainfall, due to the increased penetrationttdey large rainfall events, and
Seyfried et al. (2005) also related greater roqitllgo higher annual precipitation.
While relatively deeper roots for a given planesaze found in drier sites, absolute root
depth tends to increase with rainfall (Schenk aadkson 2002b). In contrast,
Coupland and Johnson (1965) found shallower raotsioister regions, reflecting a
more constant water availability in the upper slailers, which highlights the
importance of taking interpulse length and drougetwerity into account when
examining the effects of rainfall totals. The pattef root placement, particularly in
lower layers, was not a linear function of rainfétital, however. Rather, there
appeared to be thresholds beyond which root daptfeased significantly. This is
partly an artefact of the model, with soil layering divided into rather coarse 10cm
vertical blocks. In reality, rainfall events dotnaccur in such precisely measured
amounts, and the variable size of rainfall eventsresult in a much less predictable
relationship between annual precipitation and wepth, particularly if groundwater

supplies a permanent water source (Singh, Milchehak 1998), the effect of which
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was not included in this model.

Root:shoot ratio has been considered as an indicati water limitation, with more
roots expected with lower soil moisture. For ins® more root growth has been
found in drought conditions in lupins (RodriguescRecoet al. 1995) andPolygonum
spp. (Bell and Sultan 1999). However, in the simulationot:shoot ratio tended
towards root allocation with more total rainfaligire 81). There is a close association
between total rainfall and productivity in arid arsgmi-arid systems (Seyfried,
Schwinninget al. 2005). Total dry weight increases with increagiaigfall within the
range simulated in this model, indicating that wadestill limiting even at with high
rainfall totals, as further water addition increasgowth. In experimentally grown
plants, root proliferation can occur in moist zgnesulting in high resource acquisition
(Loomis and Ewan 1936). Bell (1999) found that le/melative root mass was greater
in droughtedPolygonum spp., there was greater absolute root length in thesmoi
treatment, enabling efficient extraction of theglawater store. Indeed, root plasticity
and proliferation is usually reflected in an in@ean root length rather than mass
(Pregitzer, Hendricket al. 1993), and in this model, root mass and lengthdaextly
linked through a fixed specific root length (SRL)Roots may be limited by the
extraction rate per unit root length, but the onlgty to increase root length in the
model is to allocate more mass. Including a gealtyi controlled term to define
specific root mass, with associated hydraulic trafie may provide the opportunity to
better explore root response to zones of resoundehenent. While water remains

limiting over the range of rainfall regimes sima@dthere, limitations may occur with
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increased rainfall, due to increased deep drairlag#s to the rate of water extraction
by roots, the negative effects of water logginggaaticularly important factor in clay

soil which is not included in this model.

Daily Rainfall Data

There were variations in root distribution and b&s® allocation between simulations
run with actual climate and daily rainfall datarfrdocations across South Australia,
Victoria and New South Wales (Figure 84), but neacltrends in plant structure were
apparent between regions or across a gradientimfalaregime. No significant
correlations were found between optimal plant geslees and the seasonality, event
size and gap size rainfall indices. Despite eaemeration in each replicate
experiencing a different random pair of years oifedl data, variance in optimum gene
values for each location was extremely low, giviogfidence in the biomass allocation
for each location being the optimal response tddhal climate regime. Local rainfall
regime is clearly having an influence on optimaarl allocation, but, as with
measurements on experimentally grown plants, diffees between near-by
populations may be greater than differences betvpepulations in different regions.
The climate indices used, despite being good dascsi of rainfall seasonality, event
size bias and interpulse length bias, may not aate@ureflect aspects of the rainfall
regime that drive selection. It is noticeable, iftstance, that few populations develop
roots in the deepest soil layer under real rainfalhditions, while deep roots were
developed under a variety of circumstances in tlaglignt models, although often at

extreme rainfall regimes that may rarely exist mtune. Several sites with close
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regional ties did develop deep roots, includingssitear Clare in South Australian mid-
north, and a number of sites in the southeast affSAustralia and western Victoria.

In the case of sites in the mid-north of South Aalit, these sites are localized in a
valley with a higher annual rainfall total than sh&rounding areas, which may explain
the greater water penetration in these areas. akdéall descriptor clearly explains the

deep roots found optimal in south-east South Aliateand western Victoria, as closely
located sites appear to have quite distinct bionadlssation, although the sites near
Keith in South Australia do experience a rainfaljime strongly biased towards small
events. A number of sites on the Fleurieu penaguSouth Australia also have lower
root mass and higher shoot mass than other siteis. region receives very high winter
rainfall, and higher annual rainfall over all, whimay lead to soil water being less

limiting, and high shoot production.

Respiration

Three different respiration functions were triecbnder to examine the effects of giving
surface roots a higher maintenance cost. In atlukitions, the fixed respiration
function and the lag respiration function respondiilarly across a gradient in pulse
size, while the depth variable respiration functiamere shallow roots faced higher
temperatures, showed a different pattern (Figupe &xross a gradient in pulse size
and frequency, no deep roots were developed withll sainfall events with the fixed

and lag respiration functions, but deep roots @detbp with large, infrequent watering
due to deeper infiltration of large events. Undepth variable respiration, however,

deep roots did develop with small, frequent eveiiisis appears to be a clear reflection
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of the effect of the cost of surface roots. Witwicost surface roots, experiencing the
same respiration rate as deeper roots, surface evetrelied upon to acquire small,
frequent events. However, with high-cost surfamgtg, the plant diverts allocation to
deeper roots under a small, frequent wateringsielp to more stable deep water

supplies.

There was no significant difference in total biosmasross the pulse size gradient for
the three respiration functions, indicating thdedént rates of root biomass loss did not
have a large effect on total plant biomass (Figg8e Overall, this simulation shows
the potential for shallow root costs to influenggtimal allocation and root depth
patterns, with high cost shallow roots leadingaiiance on deep soil water rather than
small surface events, and indicating that if shallmots are used to acquire small

rainfall events, the plant may incur a cost in rteiimng those roots.

Soil Surface Area

The final simulation, with varying soil surface araimed to mimic at a simple level
the effects of planting density, by manipulating Hoil volume available to each plant,
and hence the total water store. While the penetraf rainfall events and the relative
soil water content after rain should be equal betwall soil surface areas, the total
amount of water available to the plant varies atersibly, leading to different

dynamics than the total water simulation. A smiadlell volume resulted in deep root
development, while a larger soil volume resultedaigreater proportion of shallow

roots (Figure 94), indicating a reliance on mombk deep soil water reserves when
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total water in the surface layers is low, and glyickduced to below wilting point by
the combined effects of evaporation and transpinati A study of the effects of
planting density on root depth in cheatgraBsofnus tectorum L.) found that higher
planting densities resulted in a decrease in shaltmt mass and an increase in deep
root mass as a result of intraspecific competi{®heley and Larson 1994). Similarly,
in sunflowers Kelianthus annus L.) high planting density resulted in earlier protian

of deep roots, while at a low planting density soabntinued to explore longer
throughout the profile. SoybeanSlycine max L.) were also found to develop more
deep, vertical roots when grown in pots with otpknts, compared to growing alone
(Raper Jr. and Barber 1970). As expected, theregneeter allocation to shoots and
less to roots with increasing soil volume (Figu®,eflecting the effect of greater
total water per plant making water a less limitregource. Total dry weight increased
linearly with increasing soil volume, again refiact the effect of greater total water
availability on plant growth. There was no levadjioff of total plant biomass at high
soil volume values, which would have indicated wateas no longer a limiting
resource. However, it should be noted that theehddes not take into account the
costs of root density or horizontal root exploraticA given length of root in a layer is
given equal access to the entire water store dfl#hyer, independent of the spatial
extent of that water store. Hence, inclusion ofen@alistic root depleting zones and
root proliferation costs is needed to better actéomthe effects of soil volume size on

plant growth.
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Conclusion

The soil moisture model provided a useful represtént of major aspects of soil water
dynamics in relation to different rainfall regime®ainfall event size and frequency,
seasonal rainfall distribution, total rainfall asdil volume all strongly influenced
optimal plant allocation traits in this model. BSeexture also has an important
influence on optimal plant traits, with coarse sasoil allowing the penetration of
large events and winter rainfall events, leadintheodevelopment of deep roots, while
finer soils had lower infiltration, and relied ooniger lasting surface water from large
events and winter events. Similarly, plants indsauere able to make use of summer
rainfall in surface layers, while in clay, high soner rainfall was less useful in the
surface layers, and plants relied on stable dedprwgaurces. The importance of the
cost of surface roots is made clear by the reliameesurface water with low-cost
surface roots, compared to reliance on deep wasarves when surface roots face
relatively high respiration rates. Greatest biasams shoot allocation is found at
intermediate pulse intervals, as rainfall reachgmiat of constant availability in the
surface soil, while total dry weight increases wititcreasing event size and total
rainfall, due to the penetration of large eventgobe the zone of high evaporation.
The shift of allocation towards deep roots withtbemall and large events highlights
the need to examine plant responses across a gradieént of pulse regimes. Although
local rainfall regime resulted in different optin@lnt phenotypes, there were no clear
relationships between modelled optimal plant tratel the rainfall indices used,

suggesting other aspects of intraannual rainfgilme need to be quantified.
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12. DISCUSSION

The root distribution and allometry oAustrodanthonia caespitosa appears quite
plastic, and highly sensitive to water and soilditans. It also showsing a high degree
of differentiation between the ecotypes examinedhese experiments. This study
reveals a complex array of factors that can infbeéerot depth in this species, although
a number of broad patterns in the water acquisisivategy ofA.caespitosa, and the
conditions under which this species may be usefypastoral systems and for deep

drainage reduction, are made clearer.

12.1.  Plasticity and Genotypic Differentiation

Overall, there were no strongly significant cortielas between experimentally
measured plant traits and the rainfall indicesudated across south-eastern Australia,
such as seasonality, event-size and gap-size.oddtinthe model showed the potential
for intraannual rainfall regime to have a strongatt on optimal root distribution,
there were no correlations between the rainfalicesl used and model output. This
suggests that while the indices did provide useffibrmation about small-scale
variation in rainfall regime across the continemd @éhe study region, they failed to take
into account all the factors that act as a stroelgctive force on differentiation in
A.caespitosa. One clear conclusion that may be drawn from ggno differences
observed in the plant growth experiment is the ingwe of factors operating at a
local, rather than regional scale. Often, plantswg from seeds collected from

neighbouring locations showed greater variatiomaasured plant traits than ecotypes
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collected at opposite ends of the range. Thergfoml factors such as soil type,
community composition and site history may have @emimportant influence on
differentiation in this species than broad-scalgdies such as climate. Wilson (1996)
suggests differentiation to local niches may exptae high variability in this species.
Neither there was any correlation between raimfalices and optimal plant traits in the
evolutionary algorithm model, where soil type wagptkconstant in the real rainfall
simulation. Although there was variation in optirtraits between locations, and some
sites showed strong differences in root depth, l#ok of correlation with indices
suggests the rainfall factors utilized, such as@uize and seasonality, may not be the
most important rainfall factors influencing rootptle. The effects of modelling real
rainfall data contrasted with the strong selectffects of a programmed, defined
rainfall regime, suggesting that while in ideal ditions a particular root distribution
may be optimal under a precisely defined rainfaljime, in reality rainfall is too
variable and unpredictable to have as strong atbateeffect on plants as is observed
in the model. For instance, occasional large everit recharge deep layers, acting as
a buffer (Singh, Milchunast al. 1998) against the selective effects of small edinf
events. It is also important to recognize thatakperiments showed a high degree of
plasticity in root growth in this species, whileetmodel did not allow for plasticity in
root distribution, a factor that might well be mdiuced into the model as an additional

genetically variable effect.

Genotypic differences between populations were @xainmost closely in the natural

rainfall population comparison experiment. Theagest and most consistent difference
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between populations was in phenological charactere to flowering and time to
dormancy. Some New South Wales populations apgdarde significantly longer
lived before dormancy, which contrasts with pregioesearch, which has found
populations from northern New South Wales to hawatgr growth during winter and
a shorter life-span (Hodgkinson and Quinn 1976Mhis Was considered an adaptation
to a hot, dry summer in a low rainfall environmenthich may not be comparable to
the southern New South Wales populations growth.h#ris important to consider that
phenological characters such as flowering and docynaan be closely associated with
climate, and there is evidence of phenology beiogtrolled by day length in this
species (Hodgkinson and Quinn 1978). Additionalhg results of the experiment
indicate that factors other than low soil moisturay be triggering dormancy. As all
ecotypes were grown under an Adelaide climate,ettperiment may not give a true

indication of the timing of life history stagestime collection location.

Multivariate analysis showed that none of the emwinental variables included had
strong explanatory power in discriminating betweeotypes. Seasonality index, the
factor that had the strongest gradient across tlection range, had the strongest
effect in the ordination, but the explanatory powers still very low. The ordination

based on measured plant characters not only failéliscriminate between regions, for
example states, but also failed to cluster plantBinvecotypes. This, along with the
high degree of variability within ecotypes thataisparent in ANOVA, shows there to
be high intra-population genotypic variability aselivas differentiation between

populations. Although larger population samplezesiwould be required to more
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accurately examine intra- and inter-population gienariability, high genetic diversity

may be expected to allow populations to surviveam unpredictable environment
(Mather 1943). For instance, where the end ohipgh rainfall season is unpredictable,
and the summer drought sudden, variation in flomgerime may be a means of
ensuring some reproduction in all years. ThisHeetging strategy may manifest in, for
example, variation in timing of flowering (Satakeasakiet al. 2001) or long seed

dormancy times (Philippi 1993), or alternativelpvEonmental variation may prevent

the fixation of a single genotype in the population

In the pulse size and frequency experiment, plsimsved a high degree of plasticity in
root distribution, in both vertical placement obts, and root proliferation as described
by the fractal dimension, confirming the presenteaamt plasticity even in young
plants of this species. Plasticity is considerdikely response to a strongly pulsed
environment (Sultan 2003), and plasticity in roaivgth may help buffer plants against
changes in soil moisture (Weltzin, Logkal. 2003). Heathcote et al. (1987), in a study
examining root plasticity and genotypic differetiba in response to flooding, suggests
such plasticity may be common but is rarely reghri@s genotypic differences are
considered more important. Temporal variation, artipular, may be expected to
produce plasticity (Moran 1992). Watering regimel Hittle effect on above-ground
biomass, which showed greater variability betweentypes than watering treatment.
Variation in productivity with ecotype was also fmlin the other growth experiments.
Previous studies have associated differences iwthroate inA.caespitosa with the

tendency towards shorter lifespans and time todhavg in populations that experience
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a harsher, less predictable summer climate in earthew South Wales, although no
clear regional trends in above-ground productiwgre evident in the results from this
experiment. Again, differences between closelyadéd ecotypes were often high. It is
interesting to note that there was no interacti@wben watering treatment and
population effects in this experiment, which woblalve indicated a varying degree of
plasticity between ecotypes of this species, aecefthat has been found in other

species (Bell and Sultan 1999).

Clear, but unexpected, regional differences in@asp to summer rainfall were found
in the seasonality experiment. South Australiaotygres were found to have a strong
leaf growth response to summer rainfall additiomilev New South Wales ecotypes
showed little additional growth. The growth resperwas primarily in above-ground
biomass, with seasonal watering having no effeatoot growth. The strong response
of South Australian populations was unexpectedhiasvas considered a region of low
summer rainfall, compared to New South Wales whamefall during summer was

more likely. However, the region of New South VWakampled is in fact hotter in

summer, and experiences higher evaporation rakes) toastal South Australia,

reducing the effectiveness of what summer rain @oesr, and possibly increasing the
size of rainfall event required before a plant glowesponse would be observed.
Another marginally significant genotypic effect ebged in the seasonality experiment
was a tendency towards deeper roots in New SoutlesMecotypes, and shallower
roots in South Australian ecotypes. High winteinfal, as in South Australia, is

expected to be correlated with a deep root digiobuWan, Yilmazet al. 2002) due to
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deeper water penetration, but alternatively hight&rirain may result in constant water
availability in the surface soil during the wintetHowever, the lack of any clear
regional trends in root depth in the other expentmemean this result may be
interpreted as a product of the limited numberaftgpes examined in the seasonality
experiment, and the high local variability betwgepulations in characters such as

root depth.

Given the evidence found of plasticity in root diaition in response to water regime,
as highlighted by the pulse size experiment, apdsttong growth response to summer
watering, it is important to consider that the eniminary algorithm model did not allow
for any plasticity in plant growth. Root distrilbert in the model depended purely on
genotypic control, and growth response was tiedctly to water availability. It may
be possible, and useful, to include plasticity hie thodel as a genotypically variable
effect, with its own associated trade-offs (DeW8th et al. 1998). For instance, as
well as being under genetic control, root distridtmay, depending on the plasticity
of the genotype, also respond to water availabititthe soil layer. This may provide
information on the optimal level of plasticity inat distribution under various resource
regimes, and the influence plasticity has on ptotwth and fitness, compared to a

fixed strategy.

12.2. Rainfall Event Size

The 1- statistic described differences in event size laieross Australia, with particular
contrasts between tropical and arid, inland regidnswhich rainfall input was

dominated by large storms, and coastal southerrr#liss where small events were
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more common. The index provided good spatial tg&mi in changes in event size
bias across the continent, with small scale effeatsh as the influence of the Great
Dividing Range made clear on the index charts.s@a variation in event size bias is
also described well when this index is applied ifeecent seasons. For instance, the
index describes the relatively small rainfall eetiitat dominate Mediterranean climate
areas during winter, compared to larger events fsbtanms that occur in this region
during summer. Across the transect from South Aliatrto southern New South
Wales,t- statistic is variable, but within only a smalhgge of the total variability found
across the continent. Although there is, in gdnexrabias towards small events in
coastal South Australia and large events in inlaedv South Wales, there is also
significant local variation in this index, which@glnoise to any gradient in event size
across this range. This is expected, as althduglseéed collection sites were planned
to be situated within a 400-500mm annual rainfadlhiyet, this transect ranged from
coastal to inland areas, as well as ranging oveange of altitudes and topographic
features, including the Mt. Lofty Ranges and Graanpj which can greatly influence

rainfall.

The pulse size and frequency experiment showed rtwt distribution response to
rainfall event size was primarily plastic, with atg differences between watering
regime, and weak differences between populatiomsahdepth. Small rainfall events
resulted in deployment to the surface soil layavhjle large events resulted in

deployment to the deeper soil, when measured bptbdi mass and root length. This
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indicates the importance of watering event penetradepth, and confirms the
importance of watering events of the order of 5mimhie context of this experiment

(Sala and Lauenroth 1982).

The pulse-size experiment also revealed differemrcegomass allocation to shoots and
roots in response to watering treatments, with krfrajuent events resulting in greater
root length, and large, infrequent events resulimtess total root length. This effect
was also reflected in differences in root:shootsnasio between watering treatments.
If biomass allocation and organ proliferation witlta resource region is regarded as a
reflection of resource limitation (Sultan 2003)istsuggests large rainfall events were
less limiting in this system. Large events areeex@d to penetrate deeper into the soill
profile, beyond the surface zone that is subjetigb soil evaporation (Paruelo, Sata
al. 2000), therefore leading to higher total waterilabdity under this rainfall regime.
The structural reasons behind this root distributiod allocation is made cleared in the
analysis of root fractal dimension, which gives @&asure of root branching and
proliferation. In particular, there was little toproliferation and branching in the
surface soil under larger events, while there wiils small rainfall events. Under the
long interpulse lengths experienced in this treatmihe surface would have reached
low water contents before rewetting. It appeasd this led to a strategy of deep root
deployment into a more stable water source, rattar growing a dense root system in
the surface soil, where water was available foy @hiort periods. A large, infrequent
watering regime therefore appears to result incedwater availability in the surface

soil, but greater water availability overall undeese experimental conditions.
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The model revealed that these dynamics might chdagending on the exact size and
frequency of rainfall events, as well as with stipe, leading to difficulty in
generalizing the strategy perennial grasses mayogmmder different pulse regimes.
In sand soil, deep roots were found to be optim#i oth small, frequent events, and
large, infrequent events, with a shallower rootrdistion optimal at an intermediate
watering regime. In fine soil, a response thattiasted with the results of the pulse
experiment was found, with deep roots optimal vathall events, and shallow roots
optimal with large rainfall events. While cleadgmonstrating the importance of soll
type in determining plant responses to rainfallimey (Walter 1971b), there are a
number of possible reasons for the disagreementveleet the model and the
experiment. In the experiment, large gaps betweatering events led to low water
content in the surface soil, making a deep roadtidigion optimal. However, in the
model, it appears the size rather than spacin@iofall events was more important,
with large events resulting in high surface watantent, and shallow root development
in fine soil where water penetration depth was lowk should be noted that a fairly
coarse loam soil was used in the pulse experinagt,there are similarities between
the experimental results and the model results uodarse sandy soils. Indeed, the
intermediate and large event watering regimesemtbdel and experiment give similar
results, tending towards shallow and deep roofgevely. The main difference is
found with small, frequent events. The experimwas conducted in a glasshouse,

under semi-shade, while the model simulates full-euaporation. It may be that the
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higher evaporation rates experienced in the mazgiellted in lower usefulness of very
small events, and therefore a tendency to relyempdvater instead in these conditions,
in contrast to the experiment where small everdgtethlong enough to be utilized by

shallow roots.

The model showed a peak in shoot allocation atrnmdiate pulse frequencies and
sizes, and more root allocation, taken to meantgramater limitation, with small or
large rainfall events. This, again, contrasts wltle pulse-size experiment, where
root:shoot ratio decreased and water was founcetess limiting with large rainfall
events. In the experiment, a potential explanatwngreater water availability from
large events was the depth of penetration of tleesamts, beyond the zone of high
evaporation. In the model, it was hypothesized ititermediate pulse sizes resulted in
rainfall events large and frequent enough to maint@mnstant moisture in the soll
profile, with larger, less frequent events resgjtim some periods with dry soil. Again,
differences in soil type and actual evaporatiomieenh model and experiment, as well
as the lack of plastic biomass allocation in thedetanay explain this contrast. It
should be noted that while root:shoot ratio wasdstnat intermediate pulse frequencies
in the model, total biomass, which also serves asedul indicator of available water,
was greatest with large events, agreeing with ¥pe@ment that large pulses may be
most useful. The model, in its present “big lefdffm, may not provide an accurate
association between allometry and resource limmati with light controlling

assimilation, but held constant and never actuatifing due to self-shading.
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12.3. Interpulse Length and Event Frequency

Modifying rainfall event size while keeping rairiféabtal the same in the experiments
and model necessitated changing the frequency afiteywhich can have important
biological consequences. Under natural rainfagimes, different locations can also
have different characteristic rainfall frequenceesd drought lengths, a factor the G-
statistic attempts to describe. This index disprates, again, between tropical and
arid, and Mediterranean regions, with a bias towdedge interpulse lengths in the
tropics and more frequent rainfall events in Med#eean area. However, the index
does appear to be confounded by seasonal effetthe tropics, large drought lengths
occur during the dry season, but during the wes@eaainfall occurs very frequently.

Even dividing the index into winter and summer hgdars fails to give expected

results, as the index calculated for the summdrytear still captures the long drought
periods of the preceding dry season. Use of thiexntherefore requires accurate
seasonal divisions, in order to recognize the diffees in gaps between rainfall events,
and seasonal droughts. This index did show a stigidient along the transect from

South Australia to New South Wales, with a trendaxls frequent events in South
Australia and coastal areas, and less frequentt®verNew South Wales, with the

gradient appearing stronger in the winter half-ye@&gain, this transect covered only a

small proportion of the scale of this index acrib&scontinent.

In the pulse-size experiment, interpulse lengtheappd to have an impact in the

amount of time the surface soil was dry (Fay, Ghrlet al. 2000). Small rainfall
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events, despite not being useful, at least appdaré&dep the surface soil wet due to
their high frequency of occurrence, leading to looat proliferation. In contrast, large
rainfall events, despite being less limiting ovBy esulted in extensive periods when
the surface soil was dry due to their low frequemegding to lack of root development
in the surface soil. As discussed above, a rekfiedt was observed in the model, with
an intermediate watering regime resulting in higloat allocation, as events were
frequent enough to maintain moisture in the sdililevliarge, infrequent events resulted
in a higher root:shoot ratio, possibly due to sbiying reducing water availability.
However, event size appeared to have a greateremie than event frequency in the
model, as total plant biomass continued to increatelarger, less frequent events. It
should be noted that while the interpulse lengthkisly to be associated with plant
mortality (Goldberg and Novoplansky 1997), mortaiitas not included in the model.
This is realistic for the range of interpulse ldmgytutilized here. No mortality of
established plants was observed in the pulse sigerienent, under infrequent
watering. A previous study has fouAdcaespitosa is able to maintain green leaf after
40 days of drought, while the experiment used aimam of 14 days between

waterings, and the model used a maximum of 25 datgeen waterings.

12.4.  Seasonality
Seasonality of rainfall is an important factor ughcing soil water availability and
distribution in the soil, due to the interactiortivieeen rainfall input and evaporative loss
(Stephenson 1990). Therefore, differences in aliskasonality across the landscape

can be as important as differences in total anraiafall. The two seasonality indices
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utilized in this study, the Walsh & Lawler seasdaiyahdex (Walsh and Lawler 1981)
and the vector seasonality index (Markham 1970h lppovided useful information on
gradients in rainfall seasonality at a high spatesdolution. Strong seasonality was
evident in both Mediterranean areas, with a wities, and in tropical areas with a
summer bias, while the arid interior showed an smea rainfall regime. Of all the
rainfall descriptors utilized, seasonality showdgk tstrongest gradient across the
population sampling transect, with a strong biagals winter rainfall in coastal South
Australia, through to aseasonal rainfall in New tBoWales. The magnitude
component of the vector seasonality index was ctosequivalent to the Walsh and
Lawler seasonality index, with a strong linear etation between the two, indicating
the lack of bimodal rainfall regimes in Australihe vector seasonality index did
provide additional information on the directionsgfasonality, revealing, for example, a
gradual shift in the timing of peak rainfall fronowth to north along the Western

Australian coast.

The capacity ofAustrodanthonia caespitosa to remain active over summer was
confirmed in the seasonality experiment. Howewerboth the seasonality and the
population comparison under natural rainfall, ptabecame dormant if water supply
was inadequate. The seasonality experiment alswesh the potential for South

Australian populations to show a significant growdsponse to summer watering
compared to New South Wales populations, which mempire even larger rainfall

quantities to break or avoid dormancy during summbnportantly, the seasonality

experiment revealed shoot growth in response tonsemwatering, rather than root
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allocation as a means of continuing to transpimndgudrought, by increasing soil water
extraction ability. Neither droughted nor watepdnts showed a change in allocation
to below-ground organs over summer, but summerreatelants did show a response
in shoot growth. Kemp and Culvenor (1994) discusarge of strategies relevant to
perennial grasses facing droughtcaespitosa appears to possess a “recovery” strategy
of low, reduced growth during stressful perioddjofwed by a rapid growth when

resources become available.

The evolutionary algorithm model did not includami dormancy and regrowth, but as
this trait appears to vary between populationdusion of dormancy in the model may
be a useful future research direction. In impletimgnthis, it would be necessary to
consider the adaptive advantage of summer dormascy drought survival strategy
(Kemp and Culvenor 1994), and the trade-offs assediwith the amount of soil water
required to maintain plant activity. For instankoeyer water use efficiency in summer
may lead plants to become dormant and stop traatgpir in order to make better use
of the water in cooler conditions. Optimisation rabidg of this may be implemented
by including in the model genes that control ordgetormancy at either a fixed time, or
at a critical soil water content, resulting in tloss of above-ground biomass. Genes
may also be included to trigger resumption of gilgwaigain at a set time or at a critical

soil water content.

The seasonality experiment also showed a slightttewards deeper root development
with continued summer watering. This would be etpe if plants that remain active

during summer rely on deeply penetrating water ftarge rainfall events, as delivered
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in this experiment, rather than rely on high-castface roots for water acquisition
during this period. The evolutionary algorithm mebdighlighted the potential
importance of soil texture in influencing root distition strategy in relation to rainfall
seasonality. In coarse, sandy soil, shallow re@e developed with summer rain, and
deep roots were developed with winter rain. Ilrydail, the trend was reversed, with
deep roots with summer rain, and shallow roots withter rain. This was related to the
lower evaporative loss from sandy soils, hencegtteater availability of water in the
surface in summer compared to in clay soils, amddteater infiltration capacity of
sandy soils, leading to the penetration of largetevirainfall events to the deepest soil
layers in the coarse textured soil. In contrastclay soil summer rainfall was short
lasting in the surface layers, leading to a rekamn deep water storage and the
development of deep roots. The model results fay soil are most similar to the
experimental results, reflecting the low returns ifvestment in shallow roots in the
surface to capture summer rainfall. There may b@rashold of summer rainfall
amount, or event size, before it becomes usefuthén surface soil (Ehleringer and
Dawson 1992), and the model indicates that thisstiwld may be higher in fine soils.
It should be noted that the experimental plantsvgrea fairly coarse sandy loam soil,
compared to the clay soil used in the model. Tkmeemental plants also received
larger watering events at two week intervals, camegdo one week intervals used in
the model, so the larger events are expected te pametrated to deeper soil layers in
the experiment than in the model run with coarsge Sterefore, an additional process,
deep water penetration, may have resulted in deepdevelopment in the experiment

as well as the high cost of surface roots thatamphe model output. As expected,
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both the model and the seasonality experiment sti@reater growth per unit water in

the winter than the summer.

12.5. Soil Type

The high degree of variation between closely s#diatcotypes suggests that factors
more localised than the rainfall gradients examihede are driving differentiation.
Soil type is likely to have a local effect on seilea, given its important influence on
soil water distribution (Schenk and Jackson 2002dthough past site history,
including grazing history (Scott and Whalley 19&#)d community composition may
also be relevant factors. There were no significarmrelations between the soil texture
variables and plant traits in the natural rain papon comparison, although this
included the limited number of soil variables ob#dile from the national dataset.
Local soil collection and analysis for relevant ajahs well as growing a second
generation of plants to remove maternal effects prayide more power to determine

the effects of soil on selection for plant traits.

The model confirmed the importance of soil textréenfluencing temporal and spatial

water availability, and in driving selection towardifferent optimal plant strategies.
Across the gradients in pulse size and rainfalseeality, soil texture changed the
optimal root depth strategy under a particular fedinregime. In general, coarse
textured soils resulted in shallower roots whenewatvailability was affected by

evaporation, for instance with small events ormgiIsummer, due to lower evaporative
loss from this soil type. Where water was avadaiol larger quantities, under large

events or winter rainfall, coarse sandy soil alldvgeeater infiltration to deeper layers
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(Walter 1971b), and deep root development. Glgbdkkep roots have been found to
be associated with sandy soil (Schenk and Jack80®a). In contrast, fine soil drives
selection towards deep roots accessing stable daespr under limiting water
conditions, but leads to the development of shaloeis where water is more plentiful,
as the higher water storage capacity creates gneater availability in the surface soil.
The model does not take into account the potentists of waterlogging in clay soils
under high rainfall, which may act as an additiomatleoff. In addition, many soill
profiles in Australia are texture contrast soilslaplex soils (Chittleborough 1992), the
effect of which can be easily simulated in the niodet which has not been explored

here.

Solil texture in the model also had an affect ompgrowth, which in the model was
closely related to overall water availability. particular, higher growth was observed
consistently in coarse, sandy soils, despite theldavater storage capacity of this soll
type. As detailed above, there tends to be leapaative loss from sandy soils in
semi-arid and arid systems (Shreve 1942), as waterpercolate below the surface
layers that are most affected by evaporation, fepdo greater water availability
overall. In addition, the lower wilting point odsd meant water was available to plants
even after small rainfall events, while more wates required before plants were able

to extract it from finer clay soil.

No experiments were performed comparing growth @ad distribution of different
ecotypes ofA.caespitosa in different soil types, but this is a potentiature research

direction. Such a study may be necessary to corfirat soil texture is acting as a
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selective force on plant traits, and to determimetiver ecotypes sourced from one soil
type are adapted to that soil, or whether theylaysplastic responses similar to those

found in the pulse size experiment, allowing groaial survival in other soil types.

12.6. Deep Drainage Reduction and Utility

A primary aim of this project was to asséssaespitosa for its usefulness in reducing
deep drainage, and assisting in salinity mitigatiém particular, an effort was made to
determine whether particular ecotypes displayedaciiers, such as a deep rooted habit
and summer activity, that may be useful for thisppse, and to determine whether

those characters are genotypically fixed or plastic

The seasonal watering experiment confirmed chasatat may maké.caespitosa a
useful nature component of pastures. There wasoagsshoot growth in response to
summer rain, generating biomass from rainfall timaty have been left unutilised in
annual pastures. However, the ability to dry tbié ®ver summer is less clear. While
plants, particularly those from the South Austrakegotypes tested, utilized water from
large summer watering events, those plants tha¢ Wesughted showed no increased
root growth response that may have increased sgihgl under lower rainfall
conditions. In order to make a significant impacteducing deep drainage, the soil
has to be dried over summer, leaving storage cgpdor high winter rainfall
(Johnston, Cliftoret al. 1999). Plants that are drought tolerant, sucl.eeespitosa,

may have low year-round water use, and are therdésss useful for salinity mitigation
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(Johnston and Shoemark 1993), and even perenraateg with high water use are
unlikely to reduce deep drainage in higher rainfalhes, approaching 700mm per
annum (Ridley, Whitet al. 1997). The threshold of rainfall event size imsoer that

triggers growth may be too high fétcaespitosa to make a significant contribution to
deep drainage reduction, and this threshold appeaxsry between populations, a

factor that warrants further investigation.

In comparing all the ecotypes under a natural alimeégime, there was no evidence
ecotypes from a certain climatic region had paldéidy deep roots that may be useful
for deep drainage reduction. Rather, interpopaatrariability had a strong local
component, possibly driven by soil texture, as uised above. There was some
variation in phenology, with evidence New South ®¥gapopulations survived longer
before dormancy, another useful character for amirgy water use over summer.
However, as phenology of some ecotypes of thisiepeas strongly influenced by
factors such as day length (Hodgkinson and Quir#8)he expression of this trait

may depend on planting location.

The pulse size experiment revealed root depth t@ute plastic, with response to
watering regime more important than genotypic défees between populations. No
interaction was found between treatment and pojpuldtere, indicating no difference
in plasticity in plants collected across this rangehis may limit the potential for the
deep rooted character to be selected for in thegisp, as root distribution was both

locally variable on a small spatial scale, and adrdepending on soil water
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distribution. However, this plasticity may go somway to explaining the survival of
this species across the wide range of annual thiotals, distributions and soil types

in which it is found in southern Australia.

The evolutionary algorithm model confirmed the dtiods under which deep drainage
is expected to be a concern, with deep drainagerded in the model in sandy soil
(Petheram, Walkeet al. 2002) under high winter rainfall (Keating, Gaydenal.

2002). However, these were also the conditionsléaat to an optimum development of
deep roots. If reflected as an adaptation in plantkeir natural environment, or even
as a plastic response in experimental plants, ¢haracter may help reduce deep

drainage in those environmental conditions wheigatxpected to be worst.

12.7. Conclusion

Variation between populations #caespitosa in the characters examined here had a
strong local component. This suggests factors ¢tipgran a spatial scale smaller than
the rainfall gradients examined here, for instaswiétype or site history, were driving
population differentiation. However, the evolution algorithm model confirms the
potential for differences in small-scale rainfafime to lead to different temporal and
spatial water availability in the soil profile, \widifferent root distributions best suited
to different rainfall regimes. The pulse size expent revealed plasticity in root
distribution to be an important characteristic lnktspecies. Plants producing shallow
roots with small, frequent watering events, andpdeets with large, infrequent events,

rather than showing strong differentiation betwgmrpulations, and large events
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appeared to be less limiting.  The evolutiondgoathm model also highlighted the
importance of soil type in determining the optimabt distribution and biomass
allocation response to rainfall pulse size, freqyeand seasonality. It also concurred
with the experimental results that indicate thecggmeis able to efficiently utilize large
rainfall events and survive long interpulse perjaisl also confirms the importance of
the high cost of shallow roots in influencing plaméater acquisition strategy in the

surface soil.

Overall, the perennial grags caespitosa has the potential to be a useful component of
native pastures, with some South Australian ecatypBowing a strong growth
response to summer rainfall. However, the utibfythis species for deep drainage
reduction is less clear, with no particularly deepted genotypes identifiable. Summer
activity and transpiration to dry the soil profilepend on large rainfall events, with
drier conditions resulting in dormancy without ieased root proliferation and water

extraction.
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14. APPENDIX A — SEED COLLECTION

14.1.  Austrodanthonia caespitosa Seed Collection

Potential collection sites foAustrodanthonia caespitosa in South Australia were
identified from a range of biological and botanisarveys of regions within the state
(Atkins 1994; Brandle 2000; Copley and Kemper 1989#vies 1990; Diez and
Foreman 1996; Forward and Robinson 1996; Graharpef@manet al. 2001; Happy
Valley Corporation, Mitcham Corporatia al. 1994; Hyde 1998; Hyde 2000; Hyde
1994; Hyde 1995; Hyde 1999; Kenny, Grahamal. 2000; Moore 1985a; Moore
1985b; Mowling 1979; Nature Conservation Society $buth Australia 1977;
Oppermann and Bates 1995; Owens 1995; Playfair Rwisinson 1997; Robertson
1998; Robinson and Armstrong 1999; Robinson, Caspeet al. 1988; Rowett,
Venninget al. 1981; Stewart 1996; Stokes 1996; Val, Fosta. 2001; Young 1988;
Young 1990). Eastings and northings for 280 sitesewfound, and the locations of
these populations were plotted on a map of SoutktrAlia, so that potential sites

within the 400-500mm rainfall band could be visited

Detailed biological surveys for relevant regions/odtoria and New South Wales were
unobtainable, so less precise surveys were refsth.u A survey of vegetation in the
Boorowa Shire, New South Wales (NSW National Pamd Wildlife Service 2002)
found that A.caespitosa was likely to be associated with red gurfBudalyptus
camaldulensis), yellow box Eucalyptus melliodora) and white box Fucalyptus

guadrangulata) woodland. In the Riverina region of New Southl®¥aA. caespitosa
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was associated with the Borree Woodland on the Plajyns, as well as grassland
communities around Jerilderie (Eardley 1999). ©fiwential collection ranges within
the 400-500mm rainfall band in Victoria and New BoWales were identified from
herbarium records in the Australian National Heitbar
(http://www.anbg.gov.au/cpbr/herbarium/). A list mwns and conservation areas
throughout New South Wales and Victoria where otibe would be representative of
the range of the species across the seasonalitgw-size gradient was generated
(Table 12). Wyalong was chosen as the northerit &ifithe collection effort, as to the
north the climate tends to shift towards a sumnwmnidated rainfall regime. The
Fleurieu and Yorke peninsulas in South Australi@menghosen as the western limit of

the survey as they showed the most extreme sedgdndex values.
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Table 12 — Towns and conservation

areas in Victand New South Wales where

Austrodanthonia caespitosa may be present.

Towns on Route for Roadside

Collection

Protected Areas |dentified for

Collection

South Australia

Yorketown, Ungarra,

Strathalbyn, Keith, Serviceton, Tintinar

Two Wells, Kimba, Wharminda, Orroro
Murray Bridge, Clare, Burra, Riverto

Auburn, Kadina, Bordertown, Mundulla

Victoria
Serviceton, Nhill,
Warracknabeal, Watchem,
Swan Hil

Murrayville, Sea Lake,

Canary Island, Walpeup,

Kerang, Ouyen, Waikerie,

Maitland

Horshamn

Cohur

South Australia

,Scott Conservation Park
aSpring Mount Conservation Park
DDeep Creek Conservation Park
N\Waitpinga Conservation Park
Innes National Park

Warrenben Conservation Park
Mokota Conservation Park
»Spring Gully Conservation Park
Messent Conservation Park

'Mount Monster Conservation Park

a,
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New South Wales
Deniliquin, Griffith, Wyalong, Barellan

Booligal, Hay, Rankin Springs,

Victoria
, Little Desert National Park
Mount Arapiles
Kooyoora State Park
Leaghur State Park
Kamarooka State Park

Terrick Terrick National Park.

New South Wales

Jerilderie Nature Reserve
Narrandera Nature Reserve
Cocoparra National Park
Buggigower Nature Reserve
Cocopara Nature Reserve

Charcoal Tank Nature Reserve

Council collection permits were obtained from theumcils listed in Table 13. A

permit to undertake scientific research was obthifiem the South Australian

Department for Environment and Heritage (Permit &24714) for collection of

Austrodanthonia caespitosa seeds within protected areas in South AustraRarmits
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for collection from protected areas in New Southlé&¥and Victoria were also applied
for, but were not approved before the collectiop, tso in these states collection was

limited to council land and roadsides.

Table 13 - Councils in South Australia, Victoria aml New South Wales providing approval for

roadside seed collection.

SA Naracoorte and Lucindale
Tatiara

Karoonda East Murray
Southern Mallee

Mount Barker

Yankalilla

Victor Harbour

Goyder

Clare and Gilbert Valleys

Copper Coast

Vic. Moira

West Wimmera
Buloke

Northern Grampians

Loddon
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NSW Berrigan
Jerilderie
Carrathool
Hay Shire
Deniliquin

Bland Shire

14.2. Collection and processing of Austrodanthonia
caespitosa seed

Seed ofAustrodanthonia caespitosa was collected on four trips between thd®2#

October and 1% of November, 2003. The first trip, from 23/10/20@824/10/2003,

encompassed the Yorke Peninsula from Port Clintorinhes National Park. The
second trip, from 30/10/2003 to 31/10/2003 encomsgdsthe mid-north of South
Australia including Riverton, Burra and Clare. Ttierd trip, from 9/11/2003 to
15/11/2003 took in eastern South Australia fromtifiara to the Victorian border, and
the listed towns through Victoria and New South &gal The final trip, on 17/11/2003,

collected in the lower Murray and Fleurieu Peniasafl South Australia.

Previously identified survey sites in South Aus&ralere located using a GPS. Where
survey sites were found to be on private land, ai hoAustrodanthonia caespitosa
present, nearby accessible locations were usedanhst In Victoria and New South

Wales, roadside populations @éustrodanthonia spp were identified while driving
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around the chosen sampling districts in local cdsnihat had provided collection
permits. If populations were identified &s caespitosa on closer observation, they
were selected as collecting sites. All choserectibbn sites had their location stored in
the GPS, and a list of all collection sites is pre#ed in Table 14 and as a map in Figure

95.

At each site, mature inflorescences were pickedsaoied in paper bags. Number of
inflorescences collected was limited to not morantlan estimated 5% of the total
number of mature inflorescences at the site. A Bemer was used to take a soill
sample from the 5-10cm soil depth at a random iocatithin the sampling site. The
soil sample was stored in a sealed plastic jare duger was also used to penetrate to a
depth of 1m, and records were taken of the deptiwhath bedrock was reached or
major changes in soil type occurred. Clay contexture class and bulk density of
each site was also estimated from the Australiaih B@source Information System
maps (http://www.clw.csiro.au/aclep/ASRIS2004.htnfgr comparison with the

collected samples.

Notes were also taken on the location of the stative to the road and surrounding

environment, and the presence of dominant speciegersstory at each site.

In the laboratory, inflorescences were ground betweorrugated rubber blocks to free
the seeds. The mixture was then passed throu@gneto separate heavy seeds from
light hairs, glumes, lemmas and paleas. Total seedht collected from each

population was measured (Table 14). Seeds from paghlation were stored in small
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plastic containers in the dark at room temperatnté used.

Table 14 - Collection sites and seed amounts

Site Code Latitude Longitude  Near Town Panicles Seée Mass
(9)
NSWO001 -35.57173 144.97602 Deniliquin 100 1.175
NSWO002 -35.63742 145.51416 Finley 100 0.234
NSWO003 -35.6468 145.82392 Berrigan 110 0.497
NSWO004 -35.15935 145.939 Jerilderie 110 1.036
NSWO005 -33.89457 147.11525  West 105 2.396
Wyalong
NSWO006 -33.8482 146.86039  Yalgogrin 150 2.009
NSWO007 -33.83705 146.27211 Rankin 100 1.028
Springs
SA001 -34.06676 137.96029 Melton 50 0
SA002 -33.97242 137.74545 Kadina 100 0.2883
SA003 -34.0009 137.61681 Moonta 102 0.0883
SA004 -33.97123 138.83108 Manoora 101 0
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SA005

SA006

SA007

SA008

SA009

SA010

SA011

SA012

SA013

SA020

SA021

SA022

SA023

VIC001

-33.88859

-33.54945

-33.6658

-33.89863

-33.90711

-36.04462

-36.19752

-36.34884

-36.42349

-35.3488

-35.16317

-35.51145

-35.61616

-36.9135

138.97284

138.95135

138.59605

138.52217

138.57932

140.31455

140.31763

140.67023

140.90654

139.12117

139.01097

138.69859

138.10852

142.65658

Emu Downs 111
Mokota 50
Clare 100
Kybunga 200
Spring Gullg0
Keith 100
Mount 100
Monster
Mundulla 110
Wolselys 115
Langhorne 175
Creek
Red Creek 130
Middleton 130
Cape Jervis 200
Glenorchy 100

0.09

0.06

0.081

0.311

0.124

0.165

0.069

2.274

3.701

2.6

4127

0.164
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VIC002

VICO003

VIC004

VIC005

VIC006

VICO007

-36.82486

-36.35539

-36.28921

-36.07691

-36.10892

-35.9081

142.63127

142.84098

143.09454

143.52723

143.83057

145.49437

Glenorchy 160

Litchfield 150

Donald 110
Boort 120
Boort 115
Strathmertos0

0.048

0.968

0.363

0.685

2.565

0.821
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Figure 95- Seed collection locations in South Ausdlia, Victoria and New South Wales.
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15. APPENDIX B — PILOT STUDIES AND MINOR

EXPERIMENTS

15.1.  Pilot “Colander” study

Introduction

Variations in the distribution of roots in the spilofile is expected to be related to the
distribution of water in the soil, particularly water limited systems where the water is
heterogeneously distributed in the soil (Yanagisama Fujita 1999). For example, we
may expect proliferation of roots in areas of higisource availability (Pregitzer,
Hendricket al. 1993), with deep roots present with high availabibf water deep in
the soil profile, and shallow roots with high swdasoil content. Variation in root
depth may also be associated with degree of drotmbtance, with deep roots

considered useful for surviving drought (Garwood &mclair 1979).

Soil water availability with depth is a result dingatic influences, such as rainfall
regime and evaporative demand, and we may expagctspevolved under a particular
climate to possess genotypically fixed root ardatiee, optimised to make best use of
the local soil water dynamics. Variation in rootlatecture with local water availability
has been identified in a number of species, fotamse Oyanagi et al. (1991a)
identified variation in the seminal root growth &g wheat Triticum aestivum) with

rainfall regime in Japan. Variation in speed of gleeot development has also been
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identified betweenPolygonum spp. under different water regimes(Bell and Sultan
1999), although plasticity in root development waportant. It has been hypothesized
that roots may have a genetically controlled grapit set-point angle determining the
angle, with respect to the vertical, at which rogitsw (Digby and Firn 1995) and this
angle may change over time to determine the shbfheegoot system. Nakamoto and
Oyanagi (1994)developed a method of measuring the distributiorraaft growth
angles in a species growing in pots under glassh@osditions. This technique
involves burying a colander, a perforated hemisphEbowl, in the soil, allowing plant
roots to growth through the holes, then excavatiregcolander and determining the
number of roots protruding from the colander aio#s angles around the sphere, from

the horizontal to the vertical.

In this study, this technique is applied to plaotsAustrodanthonia caespitosa and
Microlaena stipoides, grown from seed collected from a range of ralnfabimes
across southern Australia. These are two speéipsrennial grass that are known to
be highly variable in morphological characters asrtheir range. The aim of this
experiment is to determine the suitability of tlidander technique for measuring root
angle distribution in these grasses, and to idemtify variation in root angle between
the plants.

Methods

A pilot study was initiated to determine the fedgip of using the colander method
(Nakamoto and Oyanagi 1994; Oyanagi 1994; Oyardgkamotoet al. 1993b) to

measure root growth angle distributionAastrodanthonia caespitosa.
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Seeds ofAustrodanthonia caespitosa and Microlaena stipoides were obtained from a
commercial seed supplier (Blackwood Seeds), CathyeW and the LIGULE project.
Seeds were germinated and grown in seedling taysnfe month before transplanting.
The sources ofA.caespitosa used were “Auburn”, “Florieton” , “South East” and

“Dubbo” and the sources M.stipoides were “Bradbury” and “LIG183".

Wire baskets were constructed out of hexagonal @ezhicken wire. 300mm x
300mm squares of chicken wire were pressed intdanin diameter hemispherical
mould and the edges were trimmed off. Baskets vpaiated with Wattyl brand
“Killrust” epoxy enamel to prevent rusting. Plaspiots with a diameter of 200mm and
a height of 180mm were filled to a depth of 100mithwount Compass loam soil
(Jeffries Soils, Wingfield, SA). Baskets were gdon the soil surface, and more soill
was added so that 10mm of basket was left expdsaekahe soil surface.

On August 18 2003, four seedlings of each of the grass sowvees planted in pots in
the centre of the basket, and all pots were watevgd 40mm of water to aid
establishment. Watering events of 180mL, représgi6mm of rainfall, was applied
two days a week throughout the experiment. Watas \@applied in two 90mm

applications on each watering day to minimise disilurbance.

After a week, it was noticed that several seedlingee in poor healthM.s Bradbury 3,
A.c SE 1,A.c SE 3,A.c. Auburn 3) and they were replaced with new stoéiter a

month, plants in some pots had diédc( SE 1,A.c. SE 3,A.c. Auburn 3) and were not
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replaced.

Plants were harvested on"™Qctober, 2003. In each pot, a plastic tie was gi®und
the exposed lip of the basket to indicate soil axeflevel. Pots were squeezed to
loosen soil, and the pots were tipped on their.siB&ant and basket were pulled out,
with an effort made to avoid breaking roots radigtout from basket. A protractor was
used to determine the line on the basket that wes 4b-degree angle to the soll
surface, and this level was marked with furthesitaties. Counts were made of the
number of roots protruding through the basket abmwve below the 45-degree line.
Roots were removed from basket, roots and shopteraed and stored in paper bags.
Shoots and roots were dried in an oven at XD0or two days, and then weighed to

determine dry weight.

Results

One-way ANOVAs were used to examine differencesvben populations in deep root
number, shallow root number, deep:shallow rati@t nmass, shoot mass, root:shoot

ratio and total biomass.

There was no significant difference between poparatfor shallow root number (df =

5, p=0.75) or deep root number (df=5, p=0.08). Resue presented in Figure 96.
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Figure 96 - Shallow and deep root counts for poputens in colander pilot study.

Figure 97 shows shallow:deep root ratio for all gaions. The ANOVA showed no

significant difference between populations (df=80{26).
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Figure 97 - Shallow:deep root ratio for populationsin colander pilot study.

There was a significant difference in root massveen populations (df=5, p=0.025), as
shown in Figure 98. A Tukey HSD test revealed fiaulationA.caespitosa South-

East was significantly different from the other plations.
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Figure 98 - Root mass for populations in colanderifot study.

No significant difference in shoot mass was fouativeen populations (df=5, p=0.07),

shown in Figure 99.
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Figure 99 - Shoot mass for populations in colandggilot study.

There was also no difference in root:shoot rationfb between populations (df=5,

p=0.55), as shown in Figure 100.
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Figure 100 - Root:Shoot ratio for populations in cander pilot study.

Population did have a significant effect in totarbass (df=5, p=0.03), as shown in
Figure 101, with a Tukey HSD test showing that pafon A.caespitosa South-East
had significantly lower total biomass than othepylations. This population appeared
to do poorly under the grown conditions providedhvonly two plants remaining at
the end of the experiment, both showing signifiaibw growth. When this
population was excluded from the analysis and thEOXAs repeated, there were no
significant differences for any measured varialléany variables, particularly those of
deep and shallow root counts, were highly variahlej root counts were considered

inaccurate due to difficulties in removing the calars without breaking roots.
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Figure 101 - Total biomass for populations in the@ander pilot study.
Discussion
Although there was high variability between popiolas and species in measured plant
growth variables, high variance within populationgans no significant differences
were found between populations, apart from the ifsogmtly low growth in the
A.caespitosa population from south-east South Australia. Thpegxnent, conducted
in a glasshouse under moderate watering, may heosaded inappropriate growing

conditions for an ecotype sourced from a cool tradty high rainfall environment.

Overall, this experiment highlighted potential devhs with the application of the
“colander” technique. It was difficult to removket colander from the soil without

disturbing the soil within the colander, in turnifshg roots and making it unclear
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whether roots extended above or below the 45-dggued. A large number of roots

were lost during excavation and root counting, @mdas difficult to accurately count

fine roots through the colander. Using a rigidgspic colander with small holes may
have provided better results than the wire mest irsthis experiment, but the use of a
solid colander may have resulted in soil waterstitiution, localized moist areas, and
redirection of roots around the solid surface & tblander. The wire mesh technique
may be better applied to species with thicker, legmkable roots. A more suitable
solution for examining root distribution in thisespes may be to rely on root depth

distribution in the soil profile, rather than rapbwth angle.

Conclusion

The “colander method”, as implemented here, didprovide a sufficiently accurate
and reliable method of determining root growth angjktribution, due to high root and
soil loss during colander extraction. Measuringtriength of mass as it varies with
depth may provide more accurate assessment ofdrstoioution than measuring root

angle in fine-rooted grasses.

15.2.  Ecophysiology pilot study

Introduction

Austrodanthonia caespitosa has been found to show a significant degree adr-int
population variability (Robinson and Archer 1988hich may reflect selection and
differentiation in response to local environmentdluences (Wilson 1996). Plants

sourced from regions with small, frequent rainfallents, or constant rainfall
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throughout the year, may show a reduced abilitguvive long periods of low soil
water availability, and a limited capacity to reeodrom drought. Similarly, plants
may show the greatest growth response under wgtezimes that reflect their local
climatic conditions, with plants sourced from aioegexperiencing large, infrequent
rainfall events showing reduced growth under snfi@fjuent pulses. A pilot study was
conducted to conduct a preliminary examination idifferences that may exist
between populations in leaf growth, habit, abitiysurvive and recover from drought,

and in photosynthetic efficiencies over time.

Methods

An experiment was set up to measure growth ratdspntosynthesis parameters for
different populations ofAustrodanthonia caespitosa. Seeds of five populations
(SA020, SA023, VIC003, NSW004 and NSWO005) were geated on damp filter
paper in petri dishes. Ten 20cm plastic pots wdledfwith Mt. Compass Loam
(Jeffries, Wingfield). Six seedlings of each patidn were planted in the pots on
March 26, 2004, with each population being plantetivo pots. The two sets of pots
represented a “pulsed” and a “constant” wateringjmne. Plants in the “constant”
treatment were watered well several times a weelarbyautomatic watering system,
while “pulsed” pots were watered once a fortnigtanomally. From April 8 until May

17, number of leaves and length of longest leabvmeeasured weekly.

The watering system failed to water the constadtinent from May 2&ntil June 7.

On June 7 and June 8, constant treatments werdiesippith additional 20mm
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equivalent watering events. On June 8, a Pulsed liairdp Modulation (PAM)
chlorophyll fluorescence system was used to meashotosynthetic activity of one
leaf on all plants in both the “constant” treatmemiich had been watered frequently,
and the “pulsed” treatment that had not been wdtéwe two weeks. The “pulsed”
treatment was re-watered and PAM measurements takea again on all plants the
following day. PAM measurements continued weeklythe following month. Light
intensity was variable during PAM measurements, dutartificial light source was

used in an attempt to maintain PPFD between 80®@fdpmol rif s™.

Results

Measurements of leaf length over time for pulsexhd is presented in Figure 102, and
for constant watering plants in Figure 103. Plantthe pulsed treatment, particularly
those from populations SA020, SA023, and VIC003eapppo grow longer leaves than
those in the constant watering treatment. Thecetiepulsed water supply is also clear
from the graphs, with plants in the pulsed treatmearticularly those from the SA020,
SA023 and VIC003 populations, showing bursts ofaghofollowed by flatter periods,

while the growth curve for the constant waterirgatment is smoother.
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Figure 102 - Length of longest leaf over time for plsed treatment
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Figure 103 - Length of longest leaf over time foranstant watering treatment
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A 2-way ANOVA was performed to examine differendesleaf lengths between
populations and watering treatment at the final sue@ment. The effect of watering
treatment was highly significant (df=1, p=0.0008jth the pulsed treatment producing
longer leaves than constant watering treatmenturcg@opopulation was also highly
significant (df=4, p<0.0001), with at Tukey HSD ttegvealing that VICO03 had
significantly longer leaf length than NSW004, NSVB0&nd SA020. The interaction
term was also significant (df=4, p<0.0001), witlgltie 104 indicating that the New
South Wales populations appear to have shorteeseaith the pulsed treatment, while
South Australian and Victorian populations havegkemleaf length with the pulsed

treatment
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Figure 104 - Final longest leaf length for populatin and watering treatment
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Leaf counts over time for plants in the pulsed watetreatment is presented in Figure
105, and for the constant watering treatment irufeigl06. Plants from population
VICO003 appeared quite morphologically distinct, guoing more leaves than the other
populations, particularly in the pulsed wateringatment. Under constant watering,

South Australian populations appeared to produgsifgiantly fewer leaves than the

other populations.

30-
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20+ —— P SA020
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O T T T T 1
0 10 20 30 40 50

Days since planting

Figure 105 - Leaf count over time for pulsed waterig treatment
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Figure 106 - Leaf count over time for constant waténg treatment

A 2-way ANOVA was performed to examine differences leaf counts at final
measurement between watering treatment and populaturce. Watering treatment
had a significant effect (df=1, p=0.0003), with th@lsed treatment producing greater
numbers of leaves. Population also had a sigmifiedfect (df=4, p<0.0001), with a
Tukey HSD showing population VIC0O03 to have sigrafitly greater leaf numbers
than other populations, and population SA020 hawiggificantly fewer leaves than
NSWO004. The interaction term was also signific@tit4, p<0.0001), with population
SA023 and VIC003 having greater leaf numbers inghlsed treatment than in the

constant watering treatment (Figure 107).
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Figure 107- Final leaf count for population and wagring treatment

Chlorophyll fluorescence data were highly variadioten measurement to measurement,
owing to variations in light intensity between ma@isg days. Although an effort was
made to compensate for this with an artificial tigburce, day 15 was excluded from

the following graphs as it was overcast and value® very low.

PSII guantum efficiency (Fq'/Fm’) over time sinewvatering is shown from Figure 108
to Figure 112. The high degree of variability fralay to day is evident, as are the
generally low values of Fqg'/Fm', which should besel to 0.8 for a photosystem
operating at maximum efficiency. In general, valder the pulsed treatment appear
higher than those for the constant watering treatjrand there does not appear to be a

significant and consistent change from day O to Hagfter the addition of a watering
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event, and from day 1 to the end of measuremerttseasoil dried out. Visually, many
plants in both treatments were quite wilted by 8@ybut it is on this day that the most

consistent differences between pulsed and consteting treatment can be seen.

0.5+
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0.0 T T 1
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Figure 108 - PSII quantum efficiency (Fq'/Fm®) for population NSW004
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Figure 109 - PSII quantum efficiency (Fq'/Fm’) for population NSWO005
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Figure 110 - PSII quantum efficiency (Fq'/Fm') for population SA020
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Figure 111 - PSII quantum efficiency (Fg'/Fm’) for population SA023
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Figure 112 - PSII quantum efficiency (Fq'/Fm’) forpopulation VIC003

A 2-way ANOVA was performed on PSIl quantum effitty measurements {f’)
taken on day 27 to examine differences in photd®tit activity between watering
treatments and populations. Watering treatmentahagyhly significant effect (df=1,
p<0.0001) with the pulsed treatment having sigaifity higher F/F,' than the
constant watered plants. There were no significhiférences between populations
(df=4, p=0.847) and the interaction term was nghificant (df=4, p=0.244). Results

are graphed in Figure 113.
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Figure 113 - Fg'/Fm' at day 27 for populations andvatering treatments

Discussion

A number of differences in leaf variables were idfead between populations, with
South Australian and Victorian populations showthg opposite response to pulse
regime than New South Wales populations. For exangstrongly pulsed watering
regime resulted in longer leaf lengths and morgdean the SA and Vic populations,
while the pulsed treatment resulted in shorter dsagnd fewer leaves in the NSW
populations. The large amount of water deliveregulse events had a clear effect on
the growth response of some South Australian amtb¥an populations, with SA023
and VICO003 in particular showing rapid growth iretmeasurement periods following
water application, while growth in New South Wajespulations was more constant.

This may indicate a greater capacity of westernufans to utilize large watering
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events compared to eastern populations, althoughighunexpected, as the climate in
the west of the sampling range is biased towardsll sewents, and constant rainfall
over winter, while New South Wales populations eigee infrequent large events
that may occur at any time during the year. Adagpiowth response to high rainfall
input would be expected in the later case. Leaftle and number are considered
useful surrogates for plant biomass, as water dioib is expected to affect leaf
extension rates. Population VIC003 showed notigeahigher leaf production

throughout the experiment, compared to all oth@upstions.

Despite attempts to standardize light input durlA§M chlorophyll fluorescence
measurements, daily light conditions had a greatgract on measurements than
watering treatments, and the data collected wasmely noisy. This suggests that the
technique may be unsuitable for application undatumal light conditions, where
acclimatization of plants to the daily conditionasha large impact on the
photosynthetic measurements. Decay in photosyotké#iciency over time was not
clear from the graphs, but in all populations ipears that plants grown under a
strongly pulsed rainfall regime prior to drought imtained higher photosynthetic
efficiencies, especially towards the end of theudhd period. This indicates some
plasticity and acclimatisation by the plants, wdahpulsed water regime potentially
resulting in the development of plant morphologyl quinysiology better able to cope
with extended drought than plant grown initiallyden constant water availability. No
root distribution measurements were taken in thudys but root distribution may be an

important plastic response that may assist survivalrought. Large rainfall events
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penetrate to deep soil layers, which may promatedttvelopment of deep roots, while
deep roots are considered useful in drought sur¢B@alger, Rivelli et al. 2005; Hurd

1974).

Conclusion

There were clear differences between populationsAustrodanthonia caespitosa,
primarily in the morphological leaf measurementdhaugh plastic shifts in these
characters with water regime were in the oppositection to those expected for
ecotypes sourced from the locations chosen. PANbraphyll fluorescence
measurements were extremely noisy due to dailyatran in natural light input,
highlighting the need to conduct PAM measurementieu controlled light conditions.
However, there were differences between waterirgjnres that suggested plants
subjected to a pulsed watering regime may be baltferto cope with extended drought

than those grown under a constant water supply.

15.3.  Water Use Efficiency Determination

Introduction

The evolutionary algorithm model requires as inparameters for water use efficiency,
reflecting water use per gram of assimilated bi@naad photosynthesis rate, in grams
of biomass assimilated per unit of light input, endptimum conditions. Instantaneous
water use efficiency, as measured with gas exchaygjems, may not give an accurate
measure of water use over the life of the plantinstead plant growth was correlated

with water use under water limited conditions, witbrrections made for
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evaporative and deep drainage water Idavious uses of dry matter accumulation to
estimate water use efficiency have faced problemms fnot counting roots, and not
taking into account soil evaporation (Fischer anan€r 1978), but both problems are

overcome in this experiment.

Methods

In order to obtain growth parameters for the moael, experiment was set up to
measure integrated water use efficiency over to&tr season of two populations of
Austrodanthonia caespitosa, by regressing total biomass against total watgdiegh
Thin washcloth squares were placed in the bottori8020cm diameter plastic pots to
stop soil loss, and the pots were filled with wakh@mopagating sand (Jeffries,

Wingfield). Soil was left to dry in pots in a gimuse for five days.

Seeds of two populations @ustrodanthonia caespitosa from extreme ends of the
survey range (SA023, NSWO005) were germinated orstnfitier paper in petri dishes.
Pots were randomly assigned to nine levels of wajg150, 200, 250, 300, 400, 500,
600, 800, 1000 mm™ and two populations. On April 26, 2005, voluriesoil water

content was measured using a Theta probe, andeamings were planted in each pot.

Plants were watered twice a week, with an amountatér designated to equate to the
annual rainfall total, with rainfall 70% concengdtin winter. During watering, pots
were placed over trays to catch drainage 15 minates watering, by which time

drainage from pots had stopped, drained water veagh&d.
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On October 2, 2005, photosynthesis of plants in4b@ and 1000mL treatments of
populations were measured using a Cirrus 2 portphtgosynthesis system, under

150Qum PAR and ambient (350ppm) gConcentration.

Plants in each pot were harvested on October XI§.2&oil was washed from the root
systems over a 2mm sieve, and roots and shooechpot were separated and dried in
an oven at 8 for four days. Roots and shoots were then weighed a linear

regression was performed, regressing total bioragamst total water applied minus
drainage, with the x-intercept indicating evapaloss, and the slope indicating water

use efficiency.

Results

Drainage from each pot was subtracted from the vedger added to provide a measure
of the total water available after loss to drainagelinear regression was performed
for total plant dry weight versus available water NSW005 and SA023 populations

(Figure 114).
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Figure 114 - Linear regression of dry weight per mLof water available for Austrodanthonia
caespitosa

The f value for the SA023 plants was 0.671. The sldp8p0539 g mL, was
significantly different from zero (p=0.0069, n=9).The x-axis intercept of the
regression line for the SA023 population was 3188riilhe f value for the NSW005
plants was 0.57. The slope, 0.000402 g'mwas significantly different from zero
(p=0.019, n=9). The x-axis intercept of the regi@s line for the NSWO005 population
was 3150mL.

The peak value of photosynthesis rate obtaineddsirodanthonia caespitosa by gas-

exchange measurement was 13l nf se¢' CO,.
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Discussion

Regressing total plant growth against total watktiteon gives a measurement not of
instantaneous water use efficiency, which is a tioncof transpiration rate and
photosynthetic rate, but of integrated rainfall esciency (Le Houérou, Binghart

al. 1988)over a growing season. The slopes and xiatescepts calculated by this
method provide biologically important informatiohhe slope indicates the amount of
biomass produced per unit of water added, indigatrater use efficiency. The SA023
population appeared to have a higher WUE than t88/D0O5 population, and these
two extremes of WUE values are utilized in the gienalgorithm model to provide a
range of trait values. The x-axis intercept indésathe amount of water not used for
growth, representing evaporation from the soilatef and, as expected, this value was
similar between populations, indicating soil evaion did not differ between the
populations due to, for instance, different leaéaaindex or shading. The peak
photosynthesis rate value obtained with the pogtabbtosynthesis system was used as

a fixed plant parameter in the genetic algorithndeio

Conclusion

Water use efficiency and photosynthesis rates $er in the model were determined.
The plant growth method for determining water uSiiency appeared to accurately
separate the effects of transpiration and evamoraéis evidenced by the coinciding x-
axis intercepts for the watering versus growthesgions for the two populations. The
two populations had different water use efficieacieith the South Australian ecotype

having higher water use efficiency than the NewtBaMales ecotype.
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16. APPENDIX C — INCOMPLETE AND FAILED

EXPERIMENTS

16.1.  Pilot seminal root growth angles

Introduction

Much early research into root gravitropism has aered it a binary system, with roots
either affected by gravity, and hence growing eity, or unaffected by gravity and
growing horizontally (Bennet-Clark, Younist al. 1959), subject to additional
influences such as hydrotropism (Takahashi 198#wever, roots may in fact possess
a gravitropic set-point angle, a genetically defasd angle from the vertical at which
roots grow, which may change over time to produ@haracteristic root architecture
(Digby and Firn 1995). Seminal seedling roots ndigplay a set angle of growth
which reflects the over all distribution of the t@&ystem, with large angles from the
vertical indicating a shallow root distribution,caemall angles indicating a deep root
distribution. Growing germinated seeds in beakefsagar gel (Oyanagi 1994,
Oyanagi, Nakamotet al. 1993a) and measuring the angle of root growtir affgeriod

of time is one simple method of determining semnoat growth angles of seedlings.
This technique was applied to two ecotypes Awfstrodanthonia caespitosa, to
determine the applicability of the technique, andekplore genotypically controlled

variations in root angle within this species.
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Methods

A pilot study was performed to trial a method o&exning seminal root growth angles
in germinated seeds. The technique involved grgweeds in transparent jars of agar
gel (Oyanagi 1994; Oyanagi, Nakametal. 1993a). Agar gel was made up in batches
of 800ml. RO water was heated to a 75°C, and &f@igod-grade agar powder was
added to the water and stirred vigorously with agnedic stirrer. The heat was
removed but magnetic stirring continued until teenperature fell to 70°C. Air was
then pumped through the solution in order to oxydernthe gel, until the temperature
had reached 40°C. The solution was then pouredifOmL beakers, covered with

plastic film, and left to cool at 20 degrees C.

Seeds of two commercially availabl@ustrodanthonia caespitosa populations,
“Auburn” and “South East” (Blackwood Seeds) werengi@eated on moist filter paper.
After 3 days, when seminal roots were 5mm longs&8ds of each population were
placed in the agar gel jars, 5mm below the surfath the seminal root oriented
horizontally. Seedlings were stored in the dark@tegrees C in a controlled climate
room. Root growth was observed daily and atterygi®e made to measure the angle

of the root tip from the horizontal after 4 days.

Results

No results were obtained from this experiment bseaof difficulties in measuring
seminal root growth angles through round jars.addition, cotyledons of many of the

seedlings were observed to be close to the hoakanticating that the seedlings had
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fallen over due to the agar solution being too iowoncentration.

Conclusion

Application of this technique relies upon a suitabbncentration of agar to produce a
gel that prevents seedlings toppling and changngeadue to the weight of shoots or
leaves on growing plants. Additionally, measuretsei root growth angles may be

easier to obtain if seedlings are grown in stragjtied, rather than curved beakers.
Another technique, which may be useful in deterngmseminal root growth angle, is

described by (Bonser, Lyncé&t al. 1996), where roots are grown along vertically

oriented filter paper inside plastic envelopes.

16.2. Paddock experiment

Introduction

Austrodanthonia caespitosa is highly variable across its range, and growseurdwide
range of rainfall regime, including seasonal rdirdéstributions ranging from a strong
winter bias, in South Australia, to equal probaypitf rainfall occurrence in any season
in New South Wales. Plants growing under a pddicseasonal rainfall distribution
have faced selective pressure due to seasonahliashbrtage, and may have evolved
morphology and phenology best suited to make ugkeiocal rainfall regime. For
instance, South Australian populations, which fédoe and unpredictable rainfall
during summer, may be expected to show early doecgnand low response to summer

rainfall addition, while New South Wales populasahat receive rainfall over summer
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and may show a greater growth response to expetangater addition over summer.

This experiment aimed to investigate growth diffees between ecotypes sourced
from across a gradient in seasonal rainfall digtidm, under two watering treatments,
one imposing summer drought, under natural Soutstralian rainfall, while the other
watering treatment involved additional watering mgemmer. The experiment also
aimed to measure soil water content, to comparedpacity of different populations to

reduce soil water content over summer, and hereeapacity to reduce deep drainage.

Methods

A paddock at the Roseworthy Campus of the Universit Adelaide (34.5259 S,
138.6882 E) was prepared for an experiment exagnidifferences in growth and
seasonal water usage between different populatibAsstrodanthonia caespitosa. 96
1n? plots were marked out in rows in the paddockJune 2004, the area was sprayed

with glyphosate (Roundup, Monsanto) to kill exigtiweeds.

On June 11, 2004, seeds from seven populationa.aalespitosa (SA023, SA021,
SA020, VIC006, NSW-004, NSW-005) were germinategetri dishes on moist filter
paper. After four days, seedlings were plantedhallsw seedling trays filled with
sandy loam soil (Jeffries, Wingfield), with 12 skeds per tray. Trays were left in the

open in Adelaide under natural weather conditions.

Between August 11 and 22, seedlings were transggamto plots in the paddock.
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There was a population treatment (six populatiohss @mn empty control), by a
watering treatment (summer watering versus summaugtt), with six replicates of
each treatment, and random placement of experifmeniis in a grid in the paddock.
The centre 0.7fnof each plot was raked to remove any remainingdweemass, and
twenty plants ofA.caespitosa were planted in each plot. 2L of water was apbtie

each plot after planting to aid establishment,ofed by another 2L the following

week.

By early October 2004, it was noted that a secorap ©f weeds had seriously
encroached upon all plots, shading Audaespitosa seedlings, and the experiment was

abandoned.
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17. MODEL SOURCE CODE

The evolutionary algorithm model was developed wthEBn 2.3, an open-source
interpreted language available for *nix and Micrbs@Vindows based operating
systems. The application relies on a number ofltparty libraries, including Psyco, a
speed optimisation module, and PythonCardPrototyjgewxPython, for the graphical
interface. The source code presented here willutoais a stand-alone application, and
requires the PythonCard definition files on theluded CD-ROM for the graphical

user interface.

#!/usr/bin/python

# Austrodanthonia caespitosa Evolutionary Algorithm Model
# Grant Williamson
# University of Adelaide

__version__ = "$Revision: 1.6 $"

__date__="$Date: 2002/07/29 17:44:55 $"

# Load required modules

from PythonCardPrototype import model
from math import *

from random import random, randint
from wxPython import wx

import psyco

# Initalize Psyco optimization module
psyco.full()

# Define main program class, as controlled by the u ser interface
class Genes(model.Background):

def on_menuFileExit_select(self, event):
self.Close()

def on_Start_mouseClick(self,event):

global lock

self.keepDrawing = 1

# Display header text for output data in re sults window.

self.components.Display.AppendText(
"%S\t%s\t%s\t%05\t%s\t%05\t %S \t%s\t %05 \t%5\t%s\t %S \t%s \t\n" % (“day", "rd0" ,"rd1","rs","max_w",
"wue", "seed_w", "seed_t","smavg","rmOavg","rmlavg" ,"rm2avg","ddavg"))

# Run the model for the number of replicate s defined in the program window.

for repeat in range(int(self.components.rep licates.text)):

# Each model generation runs for two ye ars.

self.components.done.max=int(365*2)
# Call main program loop
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self.main()
self.keepDrawing = 0

def on_Clear_mouseClick(self,event):
self.components.Display.Clear()

def on_Stop_mouseClick(self,event):
self.keepDrawing = 0

# Initialize global environmental variables, an
def initenv(self):

global dout

global SoilK, FC, WP, SoilSA

global MON_EV, MON_DAYS

global RF, Temp, MON_Temp

global c_count

global EV

global Depth

global efunc

global fastbreed

global srl

global resp

global Env_Lat

global fit

global lock

global reportall

global vpdvar

global RH

#Report all = set 1 to report entire best p
reportall = 0

#Set lock to 1 to Lock WUE and PS genes, ot
lock =0

lockstring = "Lock:" + str(lock)
self.components.Display.AppendText(lockstri

#Select Fitness function
#1 = Highest Productivity
#2 = Lowest WUE

fit=1

#VPD function - set to 1 to use the VPD fun
vpdvar = 1

#Latitude of site, used for calculating sol
Env_Lat =35

#Output frequency - set to 1 to output each
of replicate
dout=0

#Respiration 0 = none, 1 = decay 2 = even 3
#Currently defined in user interface
resp = int(self.components.respiration.text

# Soil conductivity between layers, in prop
Soilk =0.1

# Define Water Field Capacities FC (% by vo
# Remove # marks from required soil type

#Sand
#FC =[0.15,0.15,0.15]
#WP = [0.07,0.07,0.07]

#Loam
FC =[0.3,0.3,0.3]
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WP = [0.14,0.14,0.14]

#Clay
#FC =[0.4,0.4,0.4]
#WP =[0.21,0.21,0.21]

#Standard
#FC =[.377,.377,.377]
#WP = [.04,.04,.04]

# Define depth of each layer (cm)
Depth =[10.0,10.0,20.0

# Define soil surface area (cm2)
SoilSA =100.0

# Define Specific Root Length (cm per g)
srl = 10000

#Climate Tables for a range of locations

TEMP_Den =[32.5,32.0,28.7,23.4,18.6,15.1,1
HUM_Den = [30,33,37,44,55,63,62,55,48,40,34
EV_Den =1[9.7,8.8,6.5,3.9,2.0,1.3,1.3,2.0,3

TEMP_Ber=[31.9, 315, 28.1, 22.9,
22.9, 27.1, 304

HUM_Ber=[30, 40, 37 , 44 , 5
40 |, 26]

TEMP_Wya = [32.4, 31.8, 28.7, 23.5,
23.0, 26.8 ,30.5]

HUM_Wya=[33, 36, 35 ,41 ,
, 34, 32]

TEMP_Pri=[28.3 ,26.9 ,25.8 ,22.3 ,
, 245 ,265]

HUM_ Pri=[49 , 53 , 52 , 54 ,
49 |, 54]

EV Pri=[84, 78,61, 40,
7.0, 7.9]

TEMP_Kad =[30.5, 30.5, 27.6 ,23.5,
228 26.0, 28.1]

HUM_Kad=[34 , 35, 38 , 46,
, 36, 36]

TEMP_Bun=[30.2, 29.8 ,26.7, 22.7 ,
214, 252 ,283]

HUM Bun=[31 , 34 , 37, 45 ,
37 , 33]

EV Bun=[8.4 , 76 , 57 ,34 ,1
,6.0 , 7.9]

TEMP_Cla=[29.5, 29.0 ,26.9, 21.6,
21.0 246, 27.4]

HUM Cla=[30 , 33, 35, 45,
, 35, 32]

TEMP_Kei=[29.7 ,29.9 , 268 ,22.4,
, 24.6, 27.5]

HUM Kei=[33 , 33, 38, 46,
, 40 , 36]

EV Pad=[ 83, 7.8, 57, 35,
, 6.0, 7.4]

TEMP_Mur=[28.7 ,29.2 ,26.4, 23.3
22.4 ,25.3, 27.3]

HUM Mur=[37 , 37, 42, 45 ,
, 38, 38]
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4.4,16.4,19.6,23.6,27.5,30.5]

30]

.3,5.3,7.5,9.1]

18.0, 14.0, 13.4, 154, 19.0,

6 ,60 ,64, 57, 49, 43 ,

18.5, 14.8, 14.0, 158, 19.2,

53, 59 ,57 ,51, 47, 43

194, 16.4 ,159 ,17.0 ,19.6 ,22.5
65, 68, 66 , 59 55 , 54,

25 ,17 ,19, 25, 35,52

19.2 ,16.3, 154, 16.7 ,195 ,

57 ,63 63 ,57, 51, 42

17.4 ,13.3 ,13.7, 15.3 ,16.7,
56,60, 69 ,64, 52, 33 ,

8,14, 15,19, 27, 40

17.2 ,14.0 ,13.2, 145 175,

56, 63 ,63 ,58, 50 , 43

18.3 ,15.5, 15.0 ,16.1 ,185, 214

59 ,66, 65 ,59 ,55 ,b47

20,14 ,15, 20, 28, 43

,19.5 ,16.6 ,16.2 ,17.2, 19.6,

53 ,60 ,58 ,53 ,48 , 43

17-345



TEMP_Str=[27.4 ,27.4 ,254 ,21.8
21.0, 23.9, 26.1]

HUM_Str=[42 , 43 , 45, 52 ,
, 45 | 43]

TEMP_Vic=[ 245 , 245, 23.4 ,21.0
20.1, 21.8, 23.5]

HUM_Vic=[69 , 71, 71 ,71,
66, 65]

EV_Ade=[ 82, 7.7 , 56 , 4.0,
, 6.6 ,7.8]

TEMP_Ser=[ 29.3, 28.6 ,25.9 ,21.2
20.6, 24.1 ,27.0]

HUM_Ser=[ 32 ,37, 39, 50,
, 45 , 37]

TEMP_Sta=[27.4, 28.0 ,24.5 ,20.1 ,
19.1 ,22.2 ,255]

HUM Sta=[37, 36, 42 , 50 ,
45 , 39

EV Sta=[7.9, 7.2, 53,31 ,2
, 5.1, 7.]

TEMP_Don =[29.6 ,29.8, 26.3, 21.7
20.7 ,24.3, 27.3]

HUM Don=[29 , 30 , 36, 42 ,
35 , 30]

TEMP_Wyc =[305 ,30.8, 27.2 ,22.4 ,
21.9 ,26.4 ,29.3]

TEMP_Boo = [31.4 , 31.0 , 27.6, 22.5 ,
222, 26.2, 29.5]

HUM_Boo=[28 , 32, 37, 44,
.32, 31]

TEMP_Num =[30.7 , 30.8 ,27.9 ,22.5,
223, 26.9 ,30.2]

EV.Num=[8.7, 79,57 ,3.3,
, 6.5 ,8.5]

NSWO001 = [TEMP_Den, HUM_Den, EV_Den]
NSWO002 = [TEMP_Ber, HUM_Ber, EV_Den]
NSWO003 = [TEMP_Ber, HUM_Ber, EV_Den]
NSWO004 = [TEMP_Ber, HUM_Ber, EV_Den]
NSWO005 = [TEMP_Wya, HUM_Wya, EV_Den]
[TEMP_Wya, HUM_Wya, EV_Den]
NSWO007 = [TEMP_Wya, HUM_Wya, EV_Den]

NSWO006 =

SA001 = [TEMP_Pri, HUM_Pri, EV_Pri]
SA002 = [TEMP_Kad, HUM_Kad, EV_Pri]
SA003 = [TEMP_Kad, HUM_Kad, EV_Pri]

SA004 = [TEMP_Bun, HUM_Bun, EV_Bun]
SA006 = [TEMP_Bun, HUM_Bun, EV_Bun]

SA007 = [TEMP_Cla, HUM_Cla, EV_Bun]
SA008 = [TEMP_Cla, HUM_Cla, EV_Bun]
SA009 = [TEMP_Cla, HUM_Cla, EV_Bun]
SA010 = [TEMP_Kei, HUM_Kei, EV_Pad]
SA012 = [TEMP_Ser, HUM_Ser, EV_Pad]
SA013 = [TEMP_Ser, HUM_Ser, EV_Pad]

VIC001 = [TEMP_Sta, HUM_Sta, EV_Sta]

VIC003 = [TEMP_Don, HUM_Don, EV_Sta]
VIC004 = [TEMP_Don, HUM_Don, EV_Sta]
VIC005 = [TEMP_Wyc, HUM_Don, EV_Sta]
VIC006 = [TEMP_Boo, HUM_Boo, EV_Sta]
VIC007 = [TEMP_Num, HUM_Boo, EV_Sta]

SA020 = [TEMP_Mur, HUM_Mur, EV_Ade]
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,18.3 ,15.6, 148, 15.9, 18.3,

61, 66, 64 , 60 /5 , 50

, 185, 159 ,15.4, 16.2 ,18.2,

7%, 8 ,79, 74, 70 , 65,

25 ,19,19,25,37,52

, 17.0 ,141 ,135,15.0 ,17.5

64 ,66, 67 ,61 ,54 ,51

159 ,12.8, 12.2, 13.6 ,155,
62 , 70, 69 , 64,58, 51,

0,15, 16, 20, 27, 41

,17.2 ,14.0, 13.3, 148, 17.1,

56 ,63 ,62, 56, 52, 43,

17.6 ,13.8 ,13.5 ,15.2 ,18.0,

179, 144, 139, 15.7 ,186,

57, 63, 62, 56, 49, 43

17.7, 13.2, 13.0, 15.2 ,18.0 ,

18,11,12, 19 ,29, 44
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SA021 = [TEMP_Str, HUM_Str, EV_Ade]
SA022 = [TEMP_Vic, HUM_Vic, EV_Ade]
SA023 = [TEMP_Vic, HUM_Vic, EV_Ade]

# Define which location to use for climate data

LOCA = VIC007

# Select between using standard "Adelaide” evaporation data

# Or data from the sample location defined above
MON_EV=[7.1,6.7,4.9,3.0,1.9,1.4,1.5,2.1,3.0 ,4.3,5.7,6.5]

#MON_EV = LOCA[2]

# Days in Each Month used for averaging in MON_DAYS
MON_DAYS=[31,28,31,30,31,30,31,31,30,31,30, 31]

# Define and Set daily rainfall to zero

RF=0.0

# Define temperature variable

Temp =0.0

# Select between using standard "Adelaide" monthly temperatures

# Or data from sample location defined abov e

MON_Temp=[28.9, 29.3, 26.0, 22.4, 18.9, 16. 0, 15.3, 16.5, 18.8, 21.6, 24.6, 26.7]
#MON_Temp = LOCA[0]

# Select between using standard "Adelaide" 3pm relative humidity data
# Or data from sample location defined abov e

RH=[37,37,42,47,56,62,61,56,52,46,41,40]
#RH = LOCA[1]

# Define Counter for rainfall frequency
c_count=0

# Define Daily evaporation

EV=0

# Define evaporation method, 0 = soil water content, 1 = soil potential
efunc=0

# Define swapping of subgenes (0) or whole genes(1)

# Swapping subgenes (bits) results in slowe r evolution, but more complete exploration
of the trait space

fastbreed=0

# Function to convert from binary chromosome to actual gene values, for a given plant
def fillgenes(self,plantid):

global lock
plantid['g1']=self.bin2dec(plantid['cs1'][0 :8)])
plantid['g2']=self.bin2dec(plantid['cs1'][8 :16])
plantid['g3']=self.bin2dec(plantid['cs1'[1 6:24])
plantid['g4']=self.bin2dec(plantid['cs1'][2 4:32])
plantid['g5']=self.bin2dec(plantid['cs1'][3 2:40])
plantid['g6']=self.bin2dec(plantid['cs1'[4 0:48])
plantid['g7']=self.bin2dec(plantid['cs1'[4 8:56])
plantid['g8']=self.bin2dec(plantid['cs1'][5 6:64])
# Defines whether or not to lock WUE and PS genes
if lock==0:

plantid['g9]=self.bin2dec(plantid['cs1 64:72])
else:

plantid['g9']=255

if lock==0:

plantid['g10'=self.bin2dec(plantid['cs 117[72:80])
else:

plantid['g101=255
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plantid['g11=self.bin2dec(plantid['cs1'][
plantid['g12']=self.bin2dec(plantid['cs1'][
plantid['g13'=self.bin2dec(plantid['cs1][
plantid['g14'=self.bin2dec(plantid['cs1'][
plantid['g15'=self.bin2dec(plantid['cs1][
plantid['g16'=self.bin2dec(plantid['cs1][
return()

# Calculates the altitude of the sun above the

# Sun calculations from : http://www.squl.com/i
position.html

def sunaltitude(self,latitude,dayofyear,time):
pi = 3.1415927
decT = 2.0*pi*((dayofyear-1.0)/365.0)

declination = 0.322003-22.971*cos(decT)-0.3
0.14398*cos(3*decT)+3.94638*sin(decT)+0.019334*sin(

hourangle = radians(15.0*(time-12.0))

altT = sin(radians(declination))*sin(radian
altu = cos(radians(declination))*cos(radian
altcalc = asin(altT + altU)

altitude = degrees(altcalc)

return altitude

# Calculates the daily solar integral for a giv

altitudes

def dayintegral(self,dayofyear,latitude):
solarint = 0.0
for hour in range(24):
altitude = self.sunaltitude(latitude,da
if altitude > 0.0:
fromzenith = 90-altitude
period = 1500.0 * cos(radians(fromz
solarint = solarint + period
return solarint

# Initializes array of plants

def initplants(self,tss):
#lnitial Size of plant array
global ss, lock, SoilSA
global pdict

# Defines the "dictionary” that descibe
# cs1 = Binary Chromosome

# g1...16 = Gene values

# age = age of plant in days

# phen = phenological stage, seed or gr

# sm = above-ground dry weight, shoot m

#rm0...2 = dry weigh of each root laye
# sa = specific leaf area, cm per g
# WCE = water use efficiency, in mL of
# CC = allowed seed density - no longer
# DD = record of total deep drainage fr
# tm = record of total dry weight for t
pdict= {'cs1"",
'9g1":0.0, 'g2"0.0, 'g3"0.0, 'g4":0.0
'9g5"0.0, 'g6"0.0, 'g7":0.0, 'g8"0.0
'99'0.0, 'g10"0.0, 'g110.0, 'g12"
'9g13"0.0, 'g14":0.0, 'g15"0.0, 'g16'
‘age”:0.0, 'phen"'seed’, 'sm"0.1, '

220.0, 'WCE": 258.93, 'CC":50.0, 'DD":0.0, 'tm"0.0

# Define plant array
global plant
plant=[]

# Define soil array
global soil
soil=[]

# Define deep drainage array
global DD
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DD=[|

global ps
global genep
global deadp
global maxseed
global maxage

global Env_Lat

counterx =0
# Fill plant array with inital random p lants
global plant
print "Generating initial random genoty pes"

while counterx < tss:
counterx = counterx + 1
plant.append(pdict.copy())

# Define water content, in mL per ¢ m2 surface area
10=1.0

11=1.0

12=2.0

soil.append([lI0 * SoilSA,I1 * SoilS A2 * SoilSA])
DD.append(0.0)

bitstore="

countery =0

# Generate random genome for plant
while countery < 128:
countery=countery + 1
if random() > 0.5:
bit="1"'
else:
bit="0'
bitstore = bitstore + bit
plant[len(plant)-1]['cs1']=bitstore
plant[len(plant)-1]['age']=1
self.fillgenes(plant[len(plant)-1])

# Convert binary chromosome data to integer gen e value
def bin2dec(self,bin):
return
int(bin[7])+int(bin[6])*2+int(bin[5])*4+int(bin[4]) *8+int(bin[3])*16+int(bin[2])*32+int(bin[1])
*64+int(bin[0])*128

#Generate new seed with a specific genotype
def newplant(self, bitstore):
global plant, DD,soil,pdict
plant.append(pdict.copy())
soil.append([100.0,100.0,200.0])
DD.append(0.0)
plant[len(plant)-1]['phen']="seed'
plant[len(plant)-1]['cs1]=bitstore
self fillgenes(plant[len(plant)-1])

# Generate a new array of plants by recombining genes from the array of fit plants
def mixitup(self, bestplant):

global plant

global soil

plant =]

soil =]

nobest = len(bestplant)

generate = 0

while generate <= 300:

generate = generate + 1

planta=bestplant[int(randint(0,nobest-1 N
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plantb=bestplant[int(randint(0,nobest-1
bitstore ="
gene=0

# Randomly select genes from the two pa
while gene < len(planta['cs1'):

bita=planta['cs1][gene:gene+8]
bitb=plantb['cs1'][gene:gene+8]

gene=gene+8

if random() < 0.5:
newbit=bita

else:
newbit=bitb

bitstore = bitstore + newbit

# Apply a random mutations to the genom
for muts in range(3):
if random()<0.99 :
#print "Mutation is going to oc
if random()<0.5:
mutbit="0'
else:
mutbit="1'
place=int(randint(0,127))
#Need to fix this

if place==127:
newbitstore=bitstore[:127]+
else:

newbitstore=bitstore[:place
#print bitstore,newbitstore
bitstore=str(newbitstore)

# Create a new plant with the given gen
self.newplant(bitstore)

# Calculate Vapour Pressure Deficit's impact on
humidity
def vpd(self, wue, Temp, RelH):
global RH
global vpdvar
if vpdvar ==0:
return wue
es = 0.6108*exp((17.27*Temp)/(Temp+237.3))
ee = (RelH*es)/100
vpdef =es - ee
wue = wue * vpdef
return wue

#Function to generate a gaussian probability

def gausprob(self,x,0,u):
gp=(1.0/sqgrt(2.0*pi*0*0))*exp(-(pow(x-u,2.0
return(gp)

# Function to manage seed germination
# Elements of this function are no-longer used,
# However, it does introduce some variation in
def seedgerminate(self,idx,seed_storage, germin
seed_water, seed_temp, flower_stop):
global soll, plant, Temp
plantwilldie =0
#If plant is seed
if plant[idx]['phen’] == 'seed".
#If seed is too old, flag it as going to
if (float(plant[idx]['age) >= (50.0+(6
float(plant[idx]['age") > (300.0+(1.5625*flower_st
plantwilldie=1

else:
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#Give seed chance at germination depe
prop=(float(livecount)/((float(germin
#prop=0.1
if random() >= prop:
#print "Random density test pass
seedage=plant[idx]['age’]
#Generate Gaussian probability d
gdist=self.gausprob(seedage, 200
#Then give seed a chance of germ
germination time
if random() < (gdist+0.2):
#Age distribution test passe
if soil[idx][0]>(50.0+((seed
(18.0+(float(seed_temp)/64.0)):
#Water and temp test pas
plant[idx]['phen’]="grow
plantfidx]['age = 1.0

return(plantwilldie)

#Function to perform photosynthesis and allocat
def plantps(self, idx, ps_gene, rs_ratio,root_d
wue_gene, Temp, RelH):
global daylength, plant
if plant[idx]['phen’] == 'grow" or plant[id
# WUE is calculated by normalizing the W
minimum
#experimentally determined WUE values fo
#Solar = total daily photons (umol cm-2)
#PEff = assimilated mol carbon per mol p
#MolC = weight of 1 umol of carbon in g

wue = 1/(0.0004017 + (wue_gene * 0.00000
newwue = self.vpd(wue, Temp, RelH)

PEff = 0.0092

MolC = 0.00001201

#Calculate the potential maximum assimilated ca
DWL = plant[idx]['sm'] * plant[idx]['sa’

# Remove water from soil, and return the
W_def = self.suck_soil(DWL, idx, max_wat

# Allocate carbon to shoots and roots, m
self.grow_leaves(DWL, W_def, idx, rs_rat
self.grow_roots(DWL, W_def, idx, rs_rati

return
# Allocate biomass to leaves, based on RS Gene,
def grow_leaves(self,totalG, W_def, idx, rs_rat
global plant, soil, dayA

#Total potential biomass to be allocated to leaves
G = totalG*((rs_ratio/512.0)+0.25)

#Calculate percentage of this to be added to leave
needed = wue * totalG

if W_def > 0:

percent = (needed - W_def) / needed
else:

percent=1

APA=percent * G
sG = G * percent

#Add biomass to leaves.
plant[idx]["sm"] = plant[idx]['sm"] + sG
dayA = dayA + sG
return
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# Allocate biomass to root layers, based on RS,
deficit
def grow_roots(self, totalG, W_def, idx, rs_rat
global plant, dayA

#Total potential biomass to be allocated to roots,
G =totalG * (1-((rs_ratio/512.0)+0.25))

#Calculate two allocation proportions from RD_0 an
propl = root_depth_1/256.0
prop2 = root_depth_2/256.0

#Use the RD_0 gene to divide allocation between th
#Use the RD_1 gene to divide allocation between th
rl0 = propl

leftover = 1.0-propl

rll = leftover * prop2

ri2 = leftover * (1.0-prop2)

#Calculate percentage of actual carbon we c

availability.
needed = 0.0
if W_def > 0.0:

needed = wue * totalG
percent = (needed - W_def) / needed
if percent < 0.0:

percent = 0.0

else:
percent = 1.0

dG = G * percent

#Allocate biomass to the three root layers.
plant[idx]["rm0"] = plant[idx]["rm0"] + (dG
plant[idx]["rm1"] = plant[idx]['rm1"] + (dG
plant[idx]["rm2"] = plant[idx]['rm2"] + (dG
dayA = dayA + (dG * rl0) + (dG * rl1) + (dG
return

# Determine if plant should be die due to perma
# This is an optional function
def plantdess(self, idx, rd0, rd1):

global plant, soil, WP, Depth, SoilSA

if soil[idx][0] < (WP[0]*Depth[0]*SoilSA) a
and soil[idx][2] < (WP[2]*Depth[2]*SoilSA):

dead=1
else:
dead=0

return dead

#Extract water from soil

def suck_soil(self, DWL, idx, max_water, wue):
global plant, soil, Depth, WC, FC, WP, Soll
#Keep a record of total root mass
totalroots = plant[idx]["rm0"] + plant[idx]
#Water defecit - how much water we DON'T ha
W_def =0.0
#Calculate proportion of roots in each laye
prop_0 = plant[idx]["rmQ"] / totalroots
prop_1 = plant[idx]["rm1"] / totalroots
prop_2 = plant[idx]["rm2"] / totalroots

#Maximum water to be extracted from each la
ext_0 = prop_0 * (DWL * wue)

17-352

RDO and RD1 genes, assimilation, and water

io, root_depth_1, root_depth_2, wue):

based on RS_Ratio gene

d RD_1 genes

e top layer, and the bottom two
e bottom two layers

an allocate to the roots based on water

*rl0)
*rl1)
*rl2)
*r12)

nent wilting.

nd soil[idx][1] < (WP[1]*Depth[1]*SoilSA)

SA, srl

["'rm1"] + plant[idx]["rm2"]
ve in the soil

r

yer based on root proportions

17-352



ext_1=prop_1* (DWL * wue)
ext_2 =prop_2 * (DWL * wue)

#Calculate maxex = maximum water extractabl
maxex = 0.02 + (max_water / 256.0)*0.02
max_0 = plant[idx]["rm0"] * srl * maxex

max_1 = plant[idx]["rm1"] * srl * maxex

max_2 = plant[idx]["rm2"] * srl * maxex

#For each layer determine what is less - the maxim
#0Or the maxiumum based on extraction rate, and adj

if max_0 < ext_O:
W_def = W_def + (ext_0 - max_0)
ext_0=max_0

if max_1<ext_1:
W_def = W_def + (ext_1 - max_1)
ext_1=max_1

if max_2 < ext_2:
W_def = W_def + (ext_2 - max_2)
ext_2 =max_2

#Extract water from each layer

if soil[idx][0] > (WP[0]*Depth[0]*S0ilSA):
point, proceed
if ext_0 < soil[idx][0]-(WP[O]*Depth[0]
than the available water
soil[idx][0] = soil[idx][0] - ext_O
from this layer
else: #Other wise, if wanted water is
W_def = W_def + (ext_0 - (soil[idx]
not available to the deficit
soil[idx][0] = WP[0]*Depth[0]*SoilS
else:
W_def = W_def + ext_0 #If water in lay
"wanted" water to the deficit

#lLayer 1
if soil[idx][1] > (WP[1]*Depth[1]*SoilSA):
if ext_1 < soil[idx][1]-(WP[1]*Depth[1]
soillidx][1] = soil[idx][1] - ext_1

else:
W_def = W_def + (ext_1 - (soil[idx]
soil[idx][1] = WP[1]*Depth[1]*SoilS
else:
W_def =W_def + ext_1

#Layer 2
if soil[idx][2] > (WP[2]*Depth[2]*S0ilSA):
if ext_2 < soil[idx][2]-(WP[2]*Depth[2]
soilfidx][2] = soil[idx][2] - ext_2
else:
W_def = W_def + (ext_2 - (soil[idx]
soil[idx][2] = WP[2]*Depth[2]*SoilS
else:
W_def = W_def + ext_2

#Return the water deficit based on how much water
return W_def

#Function to switch plant to flowering
#No-longer used with discrete generations
def flowering(self,idx, flower_matur):

global plant, Temp

if (plantfidx]['age] >= 200.0+(0.3125*flow

Temp > 23.0):
plant[idx]['phen’] = 'flower’
if (plantfidx]['phen’] == 'flower’) and Tem

17-353

e per day - mL per cm of root length

um based on proportion
ust wanted water accordingly

#If water in layer O greater than wilting
*SoilSA): #If the "wanted" water is less
#Extract the "wanted" water - no deficit

greater than available water
[0]-(WP[O]*Depth[0]*S0ilSA))) #Add any water

A

er 0 less than wilting point, then add the

*S0ilSA):

[1]-(WP[1]*Depth[1]*ScilSA)))
A

*S0ilSA):

[2]-(WP[2]*Depth[2]*ScilSA)))
A

was available, and how much was extracted

er_matur) and plant[idx]['phen’]=="grow' and

p > 28.0:
17-353



plant[idx]['phen'] = 'grow’

#Function to manage all growth on each plant, a
def growplant(self, idx, livecount, solar, Temp
global genep, maxseed, maxage, deadp,plant,

plant[idx]['age']=plant[idx]['age]+1.0

#Put genes into appropriate variables.
#Gene controlling ability to germinate give
#As expected, maximised, therefore look for
#will fix at 14.95 - can vary this to defin
#germinate_comp=plant[idx]['g1']
germinate_comp = 14.95 * 16

#Seed Lifespan - How long will the seed las

viable

#Appeared fixed but unrelated to rainfall
#seed_storage=plant[idx]['g2']
seed_storage =11.6 * 16

#Germination curve - probability of germina

germ_curve=plant[idx]['g3']
#germ_curve=7.5* 16

#Soil Water - amount of water required in t

occur

seed_water=plant[idx]['g4']

#Temperature - Temperature range within whi
seed_temp=plant[idx]['g5

#RS Ratio - gene controlling allocation to
rs_ratio=plant[idx]['g6']

#Root Depth Distribution - genes controllin

the next layer

root_depth_1=plant[idx]['g7']
root_depth_2=plant[idx]['g8']

#Max Water Extraction - maximum rate at whi
#Locked if required
if lock == 0:
max_water=plant[idx]['g9"]
else:
max_water=255.0

#WUE - Water use efficiency, or water requi
#locked if required
if lock == 0:
wue_gene=plant[idx]['g10"
else:
wue_gene=255.0

#Photosynthetic rate - carbon assimilation
#Currently fixed
#ps_gene=plant[idx]['g11"

ps_gene =4 * 16

#Dessication - time of low water availabili
#Currently, plants don't die with low water
#dessicate=plant[idx]['g12']

dessicate =7.5* 16

#Flowering maturity - age of plant before f
flower_matur=plant[idx]['g13']
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#Flowering temp - temperature integral from start of winter before flowering can occur
#Currently, temperature regime is always th e same, so it looks like this isn't variable
#Therefore, fix at 7.5 for the moment

#flower_temp=plant[idx]['g14"

flower_temp=7.5* 16

#Flowering time - point (temperature? water balance?) determine when flowering will
stop

#Unresponsive to rainfall, and appeared to be maximised, therefore look for a trade-off

#Will fix at 14.75

#flower_stop=plant[idx]['g15]

flower_stop = 14.75* 16

#Flowering allocation - proportion of bioma ss allocation to reproduction / seed output
during flowering

#Fixed and unresponsive = fix at 7.5

#flower_ratio=plant[idx]['g16']

flower_ratio=7.5 * 16

#genec[repro]=genec[repro]+1.0

genep[O]=genep[0]+root_depth_1
genep[l]=genep[1]+root_depth_2
genep[2]=genep[2]+rs_ratio
genep[3]=genep[3]+ps_gene
genep[4]=genep[4]+seed_storage
genep[5]=genep[5]+germ_curve
genep[6]=genep[6]+seed_water
genep[7]=genep[7]+seed_temp
genep[8]=genep[8]+max_water
genep[9]=genep[9]+wue_gene
genep[10]=genep[10]+dessicate
genep[l1]=genep[11]+flower_matur
genep[12]=genep[12]+flower_temp
genep[13]=genep[13]+flower_stop
genep[l4]=genep[14]+flower_ratio
genep[15]=genep[15]+germinate_comp

#Manage soil seed bank

plantwilldie=self.seedgerminate(idx,seed_st orage, germinate_comp, germ_curve,
livecount, plant[idx]['CC'], seed_water, seed_temp, flower_stop)
if plant[idx]['/phen’] == 'grow’ or plant[id X]['phen’] == 'flower":
diedess = self.plantdess(idx, root_dept h_1, root_depth_2)
else:
diedess =0
diedess =0
#Call Photosynthesis and resource allocatio n
if plant[idx]['phen’] <> 'seed"
self.plantps(idx, ps_gene, rs_ratio,roo t_depth_1, root_depth_2, solar, max_water,

wue_gene, Temp, RelH)

#Determine if plant is to start flowering
self.flowering(idx, flower_matur)

#Kill plant if (@) past a certain age or (b ) seed in soil becomes unviable
if plantwilldie==1 or diedess == 1:

deadp=deadp+1
return 1

else:
return O

S
# Soil Water Flux Function

# Calculates movements between layers based on

# A simple model of hydraulic conductivity
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def flux(self, idx):
global SoilK, soil

#Record starting water content of each layer
TO0=soil[idx][0]
T1=soil[idx][1]
T2=soil[idx][2]

#Calculate moisture differences between layers
#And proportion of water to be redistributed
DIF01=TO-T1

CHANGEO01=DIF01*SoilK

DIF12=T1-T2

CHANGE12=DIF12*SoilK

#Redistribute water
NTO=TO-CHANGEO1
NT1=T1+CHANGEO1-CHANGE12
NT2=T2+CHANGE12

#Update soil water layers
soil[idx][0]=NTO
soillidx][1]=NT1
soil[idx][2]=NT2

# Calculate Soil Water Content by Volume
# Returns water content (%) by volume for a lay
def WCV_function(self,idx, WCV_Layer):
global Depth, soil, SoilSA
tvol = Depth[WCV_Layer]*SoilSA # Volume of
return soil[idx][WCV__Layer]/tvol

#Convert the day of the year to a month, for us
def Day_To_Month(self, Day):
global MON_DAYS
tot=0
amonth=0
tmonth=0
for month in MON_DAYS:
tot=tot+month
amonth=amonth+1
if Day > tot:
tmonth=amonth
return tmonth

# Calculate Soil Percentage Saturation SP for a
def SP_function(self, idx, SP_Layer):
global WP, FC, Depth, SoilSA, soll
FCml = FC[SP_Layer] * Depth[SP_Layer]*SoilS
SP = soil[idx][SP_Layer])/FCml
return SP

# Soil Water Potential Function

# Returns water potential O (kPa) for a layer

# Based on filter-paper measurements

# No longer used.

def SO_function(self, SO_Layer):
global Depth
WCVolume=self.WCV_function(SO_Layer) + 0.00
return 0.0085 * pow(WCVolume, -4.4879)

#RF_Function - returns daily rainfall amount, d
#Fixed, seasonal or real.
def RF_function(self, RF_Month):

global rainfile

global c_count

if (self.components.RainfallData.selected==

if c_count==0:
The_RF=self.components.rainmm.text
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else:
The_RF=0.0
c_count=c_count+1
if c_count == int(self.components.rainf
c_count=0
return The_RF
elif (self.components.RainfallData.selected
if (RF_Month <=2) or (RF_Month >=9):
thefreq = self.components.rainfregs
themm = self.components.rainmmsum.t
else:
thefreq = self.components.rainfreqw
themm = self.components.rainmmwin.t
if c_count==0:
The_RF = themm
else:
The RF=0.0

c_count=c_count+1
if c_count >= int(thefreq):
c_count=0

return The_RF
else:
todayval=rainfile.readline()
if not todayval:
rainfile.seek(0)
todayval=rainfile.readline()

return todayval

#Convert mm of rainfall to mL, based on soil su
def mm_to_mL(self,mm):

global SoilSA

return mm * (SoilSA / 10.0)

#Function to infiltrate rainfall into the three
#As a cascade
def infiltrate(self, idx, infil_RF):

global Depth, plant, soil, SoilSA

global FC

infil_TOP=infil_RF

infil_mm = self. mm_to_mL(infi_TOP)

#Layer O
#If soil water content is less than field capacity
if soil[idx][0] < (FC[O]*Depth[0]*SoilSA):
#Calculate how much water would be needed to s
tofill = (FC[0]*Depth[0]*SoilSA)-soil[i
#Calculate whether the rainfall input exceeds
if infil_mm <= tofill:
#If yes, add all the rainfall
sail[idx][0] = soil[idx][0] + infil
infl_Lmm =0
if infil_mm > tofill:
#If no, fill the layer, leave the rest for the ne
infil_mm = infil_mm - tofill
soail[idx][0] = soil[idx][0] + tofil

#lLayer 1
if soil[idx][1] < (FC[1]*Depth[1]*S0ilSA):
tofill = (FC[1]*Depth[1]*SoilSA)-soil[i
if infil_mm <= tofill:
soillidx][1] = soil[idx][1] + infil
infl_Lmm =0
if infil_mm > tofill:
infil_mm = infil_mm - tofill
soillidx][1] = soil[idx][1] + tofil
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#lLayer 2
if soil[idx][2] < (FC[2]*Depth[2]*SoilSA):
tofill = (FC[2]*Depth[2]*SoilSA)-soil[i
if infil_mm <= tofill:
soail[idx][2] = soil[idx][2] + infil
infl_Lmm=0

if infil_mm > tofill:
infil_mm = infil_mm - tofill
soil[idx][2] = soil[idx][2] + tofil

#Returns any unallocated water as deep drainage
return(infil_mm)

#Determine daily evaporation from climate recor
def EV_function(self, Day):
global PRF,cloudy, MON_EV, MON_DAYS
EV=MON_EV/self.Day_To_Month(Day)]
return EV

#Respiration function
def respire(self, idx,Temp,Templ, Temp2, rflag)
global dayR

p2 = 0.000625
pl = 0.0693

#Depth variable Respiration
if rilag==1:
TempO = Temp
Templ = Temp-5.0
Temp2 = Temp-10.0

resp = p2 * exp(Temp * pl)

resp0 = p2 * exp(TempO * pl)
respl = p2 * exp(Temp1l * pl)
resp2 = p2 * exp(Temp2 * p1)

plant[idx]['sm’] = plant[idx]['sm'T * (
plant[idx]['rmQ’] = plant[idx]['rm0Q'] *
plant[idx]['rm1" = plant[idx]['rm1] *
plant[idx]['rm2" = plant[idx]['rm2] *

#Even soil respiration
if rilag==2:

resp = p2 * exp(Temp * p1)

resp0 = p2 * exp(Temp * pl)
respl = p2 * exp(Temp * pl)
resp2 = p2 * exp(Temp * pl)

plant[idx]['sm’] = plant[idx]['sm'T * (
plant[idx]['rmQ’] = plant[idx]['rmQ'] *
plant[idx]['rm1" = plant[idx]['rm1] *
plant[idx]['rm2" = plant[idx]['rm2] *

#Monthly lags with deeper soil

if rilag==3:
resp = p2 * exp(Temp * pl)
resp0 = p2 * exp(Temp * pl)
respl = p2 * exp(Templ * pl)
resp2 = p2 * exp(Temp2 * p1)
plant[idx]['sm’] = plant[idx]['sm'T * (
plant[idx]['rmQ’] = plant[idx]['rmQ'] *
plant[idx]['rm1" = plant[idx]['rm1] *
plant[idx]['rm21 = plant[idx]['rm2] *

#Record respiration total
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dayR = dayR + (plant[idx]['sm] * (resp)) +

(plantfidx]['rm1 * (respl)) + (plant[idx]['rm2'

#Do daily evaporation - needs modification
def evaporate(self, idx, Day):
global efunc, soil
olddayevap = self.EV_function(Day)
dayevap=self.mm_to_mL(olddayevap)

#Evaporation Moderated by soil moisture
if efunc==0:

pp=(0.7 * dayevap*self.SP_function(
soil[idx][0]=soil[idx][0]- (0.7 *d

if soil[idx][0]<0.01:
s0il[idx][0]=0.0
soil[idx][1]=soil[idx][1] - (0.05 *
if soil[idx][1]<0.01:
s0il[idx][1]=0.0
soil[idx][2]=soil[idx][2]- (0.005 *
if soil[idx][2]<0.01:
soil[idx][2]=0.0
#Evaporation moderated by soil water po
# No longer used
if efunc==1:
soil[idx][0]=soil[idx][0]- (0.7 *d
if s0il[idx][0]<0.01:
s0il[idx][0]=0.0
soil[idx][1]=soil[idx][1] - (0.2 *
if soil[idx][1]<0.01:
soil[idx][1]=0.0
soil[idx][2]=soil[idx][2]- (0.1 * d
if soil[idx][2]<0.01:
soil[idx][2]=0.0
return
#Experimental function to only evaporate from
if efunc==2:
pp=(0.7 * dayevap*self.SP_function(

soil[idx][0]=soil[idx][0]- (0.7 * d

if s0il[idx][0]<0.01:
soil[idx][0]=0.0

#Main Execution Loop

def main(self):
#Define global variables
global dout
global rainfile
global ps
global genep
global deadp
global maxseed
global maxage
global population
global plant, soil, DD
global pdict
global daylength
global RF, Temp, EV
global Env_Lat
global resp
global dayR, dayA
global fit
global reportall

#If using real rainfall data, open file
if (self.components.RainfallData.selected==
rainfilename = self.components.Filename
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rainfile = open(rainfilename)

#Initialize environmental variables and plant arra
self.initenv()
self.initplants(300)

#Array to keep track of gene averages
genep=[0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,

#Define number of generations to run the model for
notries = int(self.components.Days.text)

totalDD = 0.0

totalG = 0.0

tries=0

#Loop for each model replicate
while tries < notries:
#print "Try / notries:", tries,notries
tries = tries + 1
day=0
if (self.components.RainfallData.select
#If using real daily rainfall data,
startl = int(randint(1,45))
skipl = startI*365
for skipline in range(skipl):
rainfile.readline()

#Loop for each generation
while day < (365*2):

#Reset record variables
day=day+1
counter=0.0
scounter=0.0
maxseed=0.0
deadp=0
maxage=0.0
avgshoot = 0.0
livecount=0.0
asm0=0.0
asm1=0.0
asm2=0.0
seeds=0.0
death=0.0
dayR=0.0
dayA=0.0
genec=[0.0,0.0,0.0,0.0,0.0,0.0,0.
genep=[0.0,0.0,0.0,0.0,0.0,0.0,0.

#Do environmental functions
daylength = self.DayL_function(da

RF = float(self.RF_function(self.

Temp = float(MON_Temp[self.Day_To
RelH = float(RH[self.Day_To_Month
Templ = float(MON_Templ[self.Day_T
Temp2 = float(MON_Templ[self.Day_T
solar = self.dayintegral((day % 3

#Introduce daily rainfall into so
for idx in range(len(soil) -1):

DDd = self.infiltrate(idx,RF)
plant[idx]['DD"] = plant[idx]

#Flux between layers
for idx in range(len(soil) -1):
self.flux(idx)
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#Run counters of how many plants /
for plantid in plant:
counter=counter+1.0
if plantid[')phen'] <> 'seed":
livecount=livecount+1.0
avgshoot = avgshoot + pla
+ plantid['rm2']

else:
seeds=seeds+1.0

#Keep track of average soil moist

for soilb in soil:
scounter=scounter+1.0
asmO0=asmO0+s0ilb[0]
asml=asml+soilb[1]
asm2=asm2+soilb[2]

#Call respiration function

if resp>0:
for idx in range(len(plant) -1,
if plant[idx]['phen’] <>'s
self.respire(idx, Temp,

#Call main plant growth loop
for idx in range(len(plant) -1, 0

isdead = self.growplant(idx,
if isdead == 1:
#print "killed plant", idx
del plant[idx]
del soil[idx]
del DDJidx]

#Evaporate from soil
for idx in range(len(soil) -1):
self.evaporate(idx ,day % 365

#self.components.Display.append(
wx.wxSafeYield(self)
avgshoot=0.0

#Update graphical display
self.components.done.value=int(da
#Report daily data here

#This point here is where we sort, and
#"plant” is a list of dictionaries

#ie. plant[3]['age’]

#therefore, can be treated like sorting

#Calculate total biomass for each plant
for plantid in plant:
plantid['tm'] = plantid['sm’] + pla

#Fitness function - sort plants by total bioma
def stry(x,y):
global fit

#Shoot mass
#Sort by shoot mass - remember to R
#return cmp(x['sm],y['sm’])
#Sort by total mass - remember to R
if fit == 1.

return cmp(x['tm‘,y['tm')
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#Sort by Deep Drainage
if fit == 2:
return cmp(x['DD",y['DD'])

plant.sort(stry)

#Take a subset of the best 10% of plants
bestplant =[]

dbflag =0
if len(plant) < 10:
#print "Less than 10 plants!"

dbflag =1

if dbflag ==1:
#print "Breaking out of loop"
break

numbertograb = len(plant) * 0.1
if numbertograb <= 10:
numbertograb = 10

#Reverse list so the "highest" plants a re first.
if fit == 1.
plant.reverse()

#Report average biomass, if required

testavg =0

for countplant in range(int(len(plant)) :
testavg = testavg + plant[countplan t['tm’]

#print "Average:", testavg/len(plant)

#Store best plants in a new array

for countplant in range(int(humbertogra b)):
bestplant.append(plant[countplant]. copy())
#Create a new array of plants by recombining t he genes of the best plants, with the

mixitup function

statplant = plant[:]
self.mixitup(bestplant)

#Report data if set to report after each gener ation
if dout==1:
genec=[0.0,0.0,0.0,0.0,0.0,0.0,0.0, 0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0]
genep=[0.0,0.0,0.0,0.0,0.0,0.0,0.0, 0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0]
smavg = 0.0
ddavg = 0.0
rmOavg = 0.0
rmlavg = 0.0
rm2avg = 0.0
counter = len(bestplant)

for place in range(len(bestplant)):
germinate_comp = 14.95 * 16
seed_storage =11.6 * 16

germ_curve=bestplant[place]['g3 1
seed_water=bestplant[place]['g4 1
seed_temp=bestplant[place]['g5' ]
rs_ratio=bestplant[place]['g6']
root_depth_1=bestplant[place][ g71]
root_depth_2=bestplant[place][ 987
max_water = bestplant[place]['g 97
wue_gene=bestplant[place]['g10' ]

ps_gene=bestplant[place]['g11

dessicate = 7.5 * 16

flower_matur=bestplant[place][' 9131
flower_temp=7.5* 16

flower_stop = 14.75 * 16

flower_ratio=7.5 * 16
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genep[0]=genep[0]+root_depth_1
genep[1l]=genep[1]+root_depth_2
genep[2]=genep[2]+rs_ratio
genep[3]=genep[3]+ps_gene
genep[4]=genep[4]+seed_storage
genep[5]=genep[5]+germ_curve
genep[6]=genep[6]+seed_water
genep[7]=genep[7]+seed_temp
genep[8]=genep[8]+max_water
genep[9]=genep[9]+wue_gene
genep[10]=genep[10]+dessicate
genep[11]=genep[ll]+flower_matu
genep[12]=genep[12]+flower_temp
genep[13]=genep[13]+flower_stop

genep[14]=genep[l4]+flower_rati 0
genep[15]=genep[1l5]+germinate_c omp
smavg = smavg + bestplant[place I'sm1
rmOavg = rmOavg + bestplant[pla ce]['rm0’]
rmlavg = rmlavg + bestplant[pla ce]['rm1]
rm2avg = rm2avg + bestplant[pla ce]['rm27]
ddavg = ddavg + bestplant[place ['DD’]

self.components.Display.AppendText(

"%S\t%s\t%s\t%5\t%s\t%0s\t%S\t%S\t %S \t%S\t%s\t %S \t%s
(genep[1]/counter)
,(genep[2])/counter),(genep[8]/counter),(genep[9]/co

, (smavg/counter),(rm0Oavg/counter) ,(rmlavg/counter

\n" % (tries, (genep[O]/counter),

unter),(genep[6]/counter),(genep[7]/counter)
),(rm2avg/counter),(ddavg/counter)))

#self.keepDrawing = 0

#Report averages for each model replicate -

genec=[0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,
genep=[0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,

ie. optimal at end of each model run.

0.0,0.0,0.0,0.0,0.0,0.0,0.0]
0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0]

smavg = 0.0

ddavg = 0.0

rmOavg = 0.0

rmlavg = 0.0

rm2avg = 0.0

counter = len(bestplant)

print "Counter:",counter

for place in range(len(bestplant)):
germinate_comp = 14.95 * 16
seed_storage =11.6 * 16
germ_curve=bestplant[place]['g3]
seed_water=bestplant[place]['g4"]
seed_temp=bestplant[place]['g5']
rs_ratio=bestplant[place]['g6']
root_depth_1=bestplant[place]['g7']
root_depth_2=bestplant[place]['g8']
max_water = bestplant[place]['g9']
wue_gene=bestplant[place]['g10
ps_gene=bestplant[place]['g11’]
dessicate = 7.5 * 16
flower_matur=bestplant[place]['g13']
flower_temp=7.5* 16
flower_stop = 14.75 * 16
flower_ratio=7.5 * 16

if reportall==1:
if dout==0:
self.components.Display.AppendT ext(
"%s\t%5\t%05\t%5\t%5\t%S\t%Ss\t %S\t %S\t \t%s\t%0s\t%s \n" % (tries, root_depth_1, root_depth_2
,rs_ratio, max_water, wue_gene, seed_water, seed_te mp,

bestplant[place]['sm',bestplant[place]['rm0']
,bestplant[place]['rm1,bestplant[place]['rm2],be stplant[place]['DD'))
genep[O]=genep[0]+root_depth_1 #Good

genep[l]=genep[1]+root_depth_2 #Good

genep[2]=genep[2]+rs_ratio #Good
genep[3]=genep[3]+ps_gene
genep[4]=genep[4]+seed_storage
genep[5]=genep[5]+germ_curve
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genep[6]=genep[6]+seed_water #Good
genep[7]=genep[7]+seed_temp #Good
genep[8]=genep[8]+max_water #Good
genep[9]=genep[9]+wue_gene #Good
genep[10]=genep[10]+dessicate
genep[l1]=genep[11]+flower_matur
genep[12]=genep[12]+flower_temp
genep[13]=genep[13]+flower_stop
genep[l4]=genep[14]+flower_ratio
genep[15]=genep[15]+germinate_comp

smavg = smavg + bestplant[place]['sm'] #Good
rmOavg = rmOavg + bestplant[place]['rm0 "1 #Good
rmlavg = rmlavg + bestplant[place]['rm1 1 #Good
rm2avg = rm2avg + bestplant[place]['rm2 1 #Good
ddavg = ddavg + bestplant[place]['DD'] #Good

totalDD = totalDD + ddavg
totalG = totalG + bestplant[place]['sm’

] + bestplant[place]['rmQ’] +

bestplant[place]['rm1'] + bestplant[place]['rm2']

if dout==0:
totalDD = totalDD / len(bestplant)
totalDD = totalDD / int(self.components .Days.text)
totalG = totalG / len(bestplant)
totalG = totalG / int(self.components.D ays.text)

self.components.Display.AppendText(
"%S\t%s\t%s\t%5\t%s\t%0s\t%s\t%s\t %S \t%Ss\t%s\t%s\t%s
(genep[1]/counter)
,(genep[2]/counter),(genep[8]/counter),(genep[9]/co
, (smavg/counter),(rmOavg/counter)
,(rmlavg/counter),(rm2avg/counter),(ddavg/counter),

print "Returned Plants"

#return

\t%s\t%s\n" % (tries, (genep[O]/counter),
unter),(genep[6]/counter),(genep[7]/counter)

(totalDD),(total G)))

if _name__=='_main__"
app = model.PythonCardApp(Genes)

app.MainLoop()
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