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Abstract

The success of {plants lies in their ability to concentrate £t the site of Rubisco
thereby conferring greater efficiencies of lighater and nitrogen. Such characteristics
should advantage (plants in arid, hot environments. However, notGillsubtypes are
drought tolerant. The relative abundance of NADP-8ffecies declines with increasing
aridity. Furthermore, selected species have beemodstrated as being susceptible to
severe drought showing metabolic limitations of fosgnthesis. However there is a lack
of phylogenetic control with many of these studi€be aims of this study were to
determine whether the NADP-ME subtype was inheyestisceptible to drought by
comparing six closely relateds@nd G (NADP-ME) Panicoid grasses. Gas exchange
measurements were made during a natural rainlegssdpend a controlled drought / re-
watering event. Prior to water stress, thes@ecies had higher assimilation rat&ys and
water use efficienciesN(UEea) than the @ species, while transpiration ratds) @nd
stomatal conductancegs| were similar. At low soil water content, the; Gpecies
reducedys by a greater extent than theg §pecies, which maintained higieduring the
driest periods. The species showed proportionally greater reductians than the @
species and hence lost théiftUEe;s and photosynthetic advantage. Q@sponse curves
showed that metabolic limitation was responsible dagreater decrease Min the G
type than the €type during progressive drought. Upon re-wateripgptosynthetic
recovery was quicker in thezGpecies than the ,&pecies. Results from whole plant
measurements showed that thetype had a significant whole plant water use &fficy

advantage over thes;Qype under well-watered conditions that was lastiry severe



i
drought due to a greater loss of leaf area thrdeghmortality rather than reductions in
plant level transpiration rates. The §@pe had xylem characteristics that enhanced water
conducting efficiency, but made them vulnerabledtought. This is in contrast to the
safer xylem qualities of the,@ype, which permitted the endurance of more negdéaf
water potentialthan the Gtype during low soil water content. Thus, the ‘euébility of

photosynthesis to severe drought in NADP-ME spepa@sntially explains why NADP-

ME species abundance around the world decreadesledteasing rainfall.
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Chapter 1: Introduction 1

Chapter 1: Introduction

Rationale

C, photosynthesis is a combination of anatomical,clionical and physiological
modifications that concentrate ¢@t the site of Rubisco. Significant variationsséxin
this basic theme as characterized by the thredibocal subtypes: NADP-ME, NAD-
ME and PCK (described below). The, @Gnechanism confers potentially greater
efficiencies of light, nitrogen and water use ansPecies relative to {&pecies. Thus, it
would appear that {plants would have the greatest advantage oyg@iadts in arid, hot
environments or under other environmental condstitimat enhance photorespiration.
However, not all ¢ subtypes are drought tolerant. The NADP-ME subtghews a
positive correlation to annual rainfall with numbeof species declining as aridity
increases (Elliet al. 1980 and Taub 2000). In addition, Ripktal. (2007) demonstrated
that the G subspecies oflloteropsis semialatavas susceptible to severe drought,
demonstrating that metabolic effects on photosysitheeduced its photosynthetic
capacity more than was observed for thes@bspecies. Furthermore, Ghannoeiral.
(2002) found that under well-watered conditionsg, Water use efficiencies of nine NAD-
ME and nine NADP-ME Australian {grasses were similar. However, under drought
conditions, the NAD-ME species had significantlgter water use efficiencies than the
NADP-ME species.

It is the paradox between, @ater use efficiency and the apparent inabilitilNédDP-ME
grasses to cope with severe drought that is thératetheme of this thesis. This is
considered in the context of both present-day ¢amdi and for the role that it may have

played in the evolution and expansion afgtasslands.

This topic is pursued by asking the following qimss: 1) is the photosynthetic and
water use drought sensitivity of thg Slibspecies dilloteropsis semialatanique to just

this species or can it be generalized to othgsficies belonging to the NADP-ME



Chapter 1: Introduction 2

photosynthetic subtype? 2) Does the observed tnenttie drought sensitivity of the
NADP-ME subtype hold true when comparing speciethiwithe same subfamily? 3)

And, what is the mechanism of this hypothesizedight sensitivity?

This study attempted to answer these question®inparing six closely relateds;@nd
C4 (NADP-ME) Panicoid grasses, monitoring both thedfiresponse of plants over a
growing season that included rainless periods,thadresponse of potted material to a

controlled drought and subsequent re-watering event

I ntroduction

In order to explain the observed responses and thaderlying mechanisms, it is
necessary to review the biochemical and physioddgidifferences between the
photosynthetic types and the biochemical subtypes,@hotosynthesis. It is important
to understand how and why, @hotosynthesis evolved and the ecological impboat of

this evolution as seen today.

Approximately 8,000 of the 250,000 higher plantceg use the £photosynthetic
pathway (Sageet al 1999a). These plants are far more important thair numbers
imply. They contribute about 25% of the world’s rpary productivity and comprise
some of world’s most important crops, including s@aZea mayys sorghum $orghum
bicolor), sugarcaneSaccharum officinarujn common millet Panicum miliaceumand
teff (Eragrostis teff. They account for 70% of the grains grown in édriand 30%
worldwide (Brown 1999). ¢plants dominate nearly all of the tropical, supital and
warm temperate grasslands, but they are also wplesented in disturbed and arid

landscapes in the warm regions of the world (Segeg 1999b).

The importance of these plants to people aroundwibd makes it crucial for us to
accurately predict how tropical agriculture andsgtand ecosystems will fare in the
future. Anthropogenic increases of £€ncentrations should favor; Gpecies, but the

interaction of global warming, the timing and vé&oa of precipitation and CO
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enrichment will be important in determining the sbas in the €/ C4 dynamic (Sage
and Kubien 2003). One approach to this problemoisfirst understand leaf level
mechanisms and how they are impacted by envirorahehtinges so we can scale up

this knowledge to landscape processes.

The C4photosynthetic mechanisms

The success of {plants lies in the ability to increase photosytithefficiency under
conditions that promote photorespiration, [ants are able to reduce the oxygenation
activity of Rubisco by keeping it at near saturgti@0, levels through specialized
anatomical features and modifications of photosgtithmechanisms. This results in a
considerable advantage in terms of potential plyotbgtic rates, and potentially greater
efficiencies of light, nitrogen and water use. Thwederlying mechanisms of these

characteristics are biochemical, physiological andtomical.

The characteristic Kranz anatomy of most|€aves is a wreathlike structure of cells
comprising an outer layer derived from mesophyliscthat are in direct contact with the
intercellular airspaces, and an inner layer, comynoeferred to as the bundle sheath,
which is positioned closer to the vascular tisssege 2004). The bundle sheath cells are
larger in G plants relative to €plants and they contain large, numerous chlortglas
The mesophyll cells of Cplants are similar to £plants, but they are enlarged radially
such that contact with the bundle sheath cellsagimized. Mesophyll cells are rarely
greater than 2 or 3 cells away from a bundle sheath(Sage 2004). An extensive
network of plasmodesmata allows metabolites touddf freely between the two cell
types. At the same time the Kranz anatomy strucbfir€, leaves divides the labor of
these two cell types (Hatch and Osmond 1976). Thsophyll contains enzymes
responsible for the initial fixation of GOwhile the bundle sheath is modified to contain

the photosynthetic carbon reduction cycle (PCR).

C4 photosynthesis starts as £€nters the mesophyll cells and is quickly conweitte

bicarbonate by carbonic anhydrase. PhosphoenolpteuyPEP) carboxylase uses
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bicarbonate and PEP creating the four-carbon compaxaloacetate (OAA) (O’Leary
1982). There are a few advantages of using PEPox@dse to assist the initial
assimilation reaction. Firstly, PEP carboxylase kahigher affinity for CQ than
Rubisco. Secondly, the Michaelis-Menten constlag)t ¢f Rubisco for CQis 650ubar,
while thek., of PEP carboxylase for G@s only 80ubar (von Caemmerer and Furbank
1999). Finally, PEP carboxylase has no oxygenaBetado offset CQ fixation unlike
Rubisco. OAA is converted into either malate oraatgie and shuttled into the bundle
sheath cells where it is decarboxylated to gene@@®. The CQ is reduced to
carbohydrate via the PCR cycle. Rubisco and otl# Bnzymes responsible for carbon
reduction are localized in the bundle sheath. Ttrecentration of C@in the bundle
sheath is high enough to nearly saturate Rubidugss bvercoming the oxygenation
activity of the enzyme. The three-carbon acid pgtewor alanine (the transamination of
pyruvate), formed by decarboxylation of the &id is returned to the mesophyll and
regenerated back to PEP.

Variations of C4 photosynthesis

C4 species can be divided into three distinct grompsubtypes: NADP-ME, NAD-ME
and PCK based on anatomical and biochemical diftme They are named after the
enzymes that catalyze their decarboxylation reacfilhe NADP-ME subtype converts
OAA into the G acid malate in the mesophyll chloroplasts andsparts it to the bundle
sheath. Malate undergoes oxidative decarboxylatiothe chloroplasts of the bundle
sheath using the NADP dependent malic enzyme (Eiguta). Pyruvate is the three-
carbon acid formed after decarboxylation that tsimeed to the mesophyll. The NAD-
ME subtype transaminates OAA into aspartate inayesol and transports it to the
bundle sheath (Figure 1H). Aspartate is first reconverted to OAA in the aohondria
and then reduced and decarboxylated by the NAD rakpe malic enzyme. Pyruvate
(the product of decarboxylation) is converted iatanine and returned to the mesophyll.
The PCK subtype also transaminates OAA into astgaimathe cytosol and shuttles it to
the bundle sheath (Figure Icl Asparate is converted back to OAA in the cytcmd
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decarboxylated by the enzyme, PEP carboxykinaseuvBte (the product of
decarboxylation) is converted into alanine andrregd to the mesophyll.

a ™

-

\

NADP-ME subtype
chloroplast chloroplast
OAA » malate » malate
CcoO :
2 |3 | NADPH 4 NADP* NADP+

Tli S s> Co,

i S

a 9 <
HCO.- NADPH S
\_ ‘PEP4¢—— PEP <——pyruvate < pyruvate  PCR cyclej

b

Y

~

NAD-ME subtype
OAA » aspartate »aspartate P OAA \AD
Co, ® chloroplast malic enzyme
LJ-T—V § mitochondrion malagg
& PEP <—~pyruvate k co,
o . 'y
HCO; pyruxate alanine «— pyruvate | PCRcyle
K PEP alanine 4 K cytosol chloroplast J
C
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Figure 1.1: Comparison of the biochemistry of the thregpBotosynthetic subtypes. The
subtypes are named after the enzymes that catdigiredecarboxylation reaction. Other
differences include the /&cid that is shuttled from the mesophyll to thedia sheath,
the organelles where decarboxylation occurs andtbduct returned to the mesophyll
after decarboxylation. 1 = carbonic anhydrase (Nled, Lawlor 2001).
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The structure of the bundle sheath, arrangemethieadrganelles inside the bundle sheath
and the uptake and production of @side the bundle sheath are unique to each of the
subtypes. The NADP-ME subtype has a single sulzbriaendle sheath around the
vascular bundle that is uneven in outline. The lrirstheath chloroplasts are arranged
centrifugally within the cell (Hatclet al. 1975). These chloroplasts have reduced grana
reflecting low Photosystem |l activity. They syndim ATP by cyclic
photophosphorylation using only Photosystem | (lcavid001). In this process, electrons
are cycled from Photosystem | back to the electransport chain. Water does not need
to be split; therefore no 0s evolved. The combination of a suberized bustieath wall

and low Photosystem Il activity keeps the raticC@,/O, very high in the bundle sheath

in this subtype.

The NAD-ME subtype has a double bundle sheath stingiof an outer sheath that lacks
suberin, forms a smooth outline and is the sitdPGR activity. The inner sheath is
referred to as the mesotome sheath and is derreed ¥ascular meristem tissue. The
frequency of mitochondria to chloroplasts in thadle sheath is the highest amongst the
C,; subtypes (Hatchet al. 1975). These mitochondria have well-developed rivate
membrane systems thought to deal with the largeefuof metabolites between the
mitochondria and the cytoplasm and because of tiegral role they play in the
decarboxylation reaction (Hatcket al. 1975). The NAD-ME subtype contains
chloroplasts with well-developed grana that aretrg@etally arranged within the bundle
sheath alongside the mitochondria (Hagtlal. 1975). The higher rate of,@ptake in the
NAD-ME subtype as compared to the NADP-ME subtysey he due to pseudocyclic
photophosphorylation that produces additional ATdeded for the £cycle (Lawlor
2001). This process uses Photosystems | and Ipassks electrons to, @s the terminal

electron acceptor. The reduction of @timately synthesizes water and evolves O

The PCK subtype has a double bundle sheath botvhwh contain suberin. The outer
sheath wall is much less regular in size and sliage the NAD-ME subtype and the
mitochondria and chloroplasts are much more evdisiyibuted in the periphery of the
bundle sheath (Hatcht al. 1975). The PCK subtype has bundle sheath Pho&rsyst
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activities similar to @plants (Kanai and Edwards 1999). Mitochondriapnedion inside
the bundle sheath generates the additional ATP ededdr the G cycle, which
contributes greatly to the higher rate of @ptake in this subtype as compared to the
NADP-ME subtype (Kanai and Edwards 1999).

Even though some oxygen production occurs in thlleusheaths of these subtypes, the
ratio of CQ/O, remains high enough such that the oxygenatiorvigcf Rubisco is
much slower in these subtypes that it is yp@nts (Kanai and Edwards 1999).

C, attributes

The G mechanism confers a range of attributes that baea ascribed as the reason for
the past and present success of these specieserhgotosynthetic rates and
carboxylation efficiencies than s;Cplants, suppression of photorespiration at high
temperatures, increased quantum yield relativestol&ts under low CQOconcentrations
and high temperatures, and efficient water useutfitolower stomatal conductances
while fixing CQO, at rates equal to or greater thapiplants. These are discussed in the

following paragraphs.

Photorespiration

cO2

%W 3-Phosphoglycerate (x2)

2 Phosphoglycolate (x2) —* 3-Phosphoglycerate + CO,

Figure 1.2: A simple representation of carboxylation and oxyj®&m reactions of
Rubsico and RuBHN the photorespiratory reaction, two moleculeplodésphoglycolate
(a total of four carbons) are needed to make onlecule of 3-phosphoglycerate (a three
carbon compound) and one molecule 0,CO
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The enzyme Rubisco catalyzes the initial reactiothe® PCR cycle of €photosynthesis.
CO, reacts with ribulose 1-5-bisphosphate (RuBP) tomfawo molecules of 3-
phosphoglycerate, most of which are reduced to otesdirate in the PCR cycle.
However, Rubisco is also able to oxygenate RuBBufEi 1.2). This is the primary
reaction in a process known as photorespiratiois @tlled_photeespiration because the
process is light dependent). The initial chloroptagproduct, phosphoglycolate is
recycled and returned to the Calvin cycle as phoglyerate. This involves the
metabolism in three organelles: chloroplasts, psomRes and mitochondria and results
in the production and release of €Orheoretically, for every two molecules of
phosphoglycolate formed, one molecule of ,G&® 25% of the carbon is lost in its
conversion into 3-phosphogylcerate. This processrishes net C@uptake and leads to
the consumption of NADPH (or NADH) and ATP from thght reactions, lowering the
effective quantum yield of CJixation (Collatzet al. 1998).

The magnitude of the decrease in net,@Ptake depends on several factors: the kinetic
properties of Rubisco, the concentrations of tHessates C@and Q and temperature.
As temperature increases, the solubility of ,Ci® reduced relative to Oand the
availability of CQ as a substrate decreases. Compounding this dffiectkinetic
properties of Rubisco are influenced by temperaituzeeases, which also increases the
ratio of oxygenase activity to carboxylase activfyRubisco (Ku and Edwards 1977).
Photorespiration can inhibit photosynthesis by o8@% at warmer temperatures and
current atmospheric conditions (Sage 2004). ghotosynthesis nearly suppresses
photorespiration by concentrating €@t the site of Rubisco in the bundle sheath cells,
thus enabling € plants to photosynthesize more efficiently thag plants at higher
temperatures. Thus this explains why gtasses dominate in the semi-arid tropics and
subtropics (Sage 2004).

Quantum yield

Quantum yield, also referred to as light efficienisythe leaf level ratio of moles of GO

fixed per moles of photons absorbed (Ehleringer Bjmtkmann 1977). Changes in
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guantum yield for C@uptake are largely driven by changes in photoraspir, which is
influenced by temperature and g€@oncentrations. The quantum yield of @lants
decreases as temperatures increase reflectingnailation of photorespiration by
temperature. Photorespiratory activity at highemgeratures can be suppressed by
increasing C@concentrations, thereby increasing quantum yieldgringeret al. 1997).

In contrast to gplants, the quantum yield for G@Qptake in G plants remains constant
with temperature and GOconcentrations over the biologically relevant mangf
temperatures (Ehleringet al. 1997). The maximum quantum yields measuredsiar

C,4 plants are similar under current atmospheric &®els at around 25C, with the G
having an additional investment in photorespiratacyivity and G plants having an
additional investment of the,Cycle (Kanai and Edwards 1999). Higher temperatate
current atmospheric CQevels or subatmospheric G@vels at moderate temperatures
will decrease the maximum quantum vyield ig @ants relative to £plants due to the
increased oxygenase activity of Rubisco (Kanaiaddards 1999).

Ehleringer and Pearcy (1983) showed that the quantield of fourteen different £
species showed little variation when measured undenal atmospheric conditions

(330 pl It CO,, 21% Q) at 30C, but there was significant variation amongst @e
species surveyed. They speculated that the difeseamong the {Species might be due
to two possibilities: the differential energy resuments and the differential rates of £O
leakage from the bundle sheath of the three bio@®mubtypes of £photosynthesis.
Both of these possibilities would reduce quantueidyi The energy requirements of the
C4 subtypes are determined by decarboxylation enzyamelstransport of metabolites
between the mesophyll and bundle sheath. The NAEPakid NAD-ME subtypes have
similar energy requirements; 5 ATP and 2 NADPHraguired per C@assimilated, but
the calculation for the PCK subtype is complicateg the coordination of PEP
carboxykinase and NAD-malic enzyme in the decartadion step, thus making the

relative stochiometries uncertain (Kanai and Edwadr@99).

The energy requirements of the slibtypes are also complicated by Wptake rates as

determined by the processes used to produce thiéoadtl ATP needed for the {&ycle
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(Kanai and Edwards 1999). As was explained eather NADP-ME subtype uses cyclic
photophosphorylation, which does not evolvg k&eping photorespiratory activity at a
minimum. The higher rate of Quptake in the NAD-ME subtype as compared to the
NADP-ME subtype is due to the generation of ATP vigseudocyclic
photophosphorylation and / or higher oxygenaseviggf Rubisco in the bundle sheath
(Kanai and Edwards 1999). The additional ATP nddmlethe PCK subtype is generated

by mitochondrial respiration, which contributesaghg to G uptake.

The differential CQleakage rates observed in thesObtypes is a result of the presence
or absence of a suberized bundle sheath outerwlalth inhibits CQ leakage. Some of
the CQ released in the decarboxylation of theaCid in the bundle sheath may diffuse
back into the mesophyll. Additional ATP is required‘“refix” this CG, into a G acid,
thus lowering quantum vyield (Ehleringer and Peat683). The NADP-ME and PCK
subtypes have this feature, but the NAD-ME does not

Ehleringeret al (1997) discussed how interveinal distances isgtaaves should affect
guantum yields since quantum yield reflects théoraf photosynthetic C®Ocapture
relative to photon capture. They state that by eksing the number of mesophyll cells in
the interveinal spaces across a leaf, quantum wletdild increase because these cells
contribute little to photon capture when activitiase scaled to the leaf level and
expressed on a projected area basis. Amaongré&sses, interveinal distances in NADP-
ME grasses are shorter than NAD-ME grasses, whoctelate nicely with the reported
higher quantum yield in NADP-ME versus NAD-ME grassEhleringeet al (1997)
speculated that the differential distribution patteof the G subtypes within grasslands
around the world is consistent with the higher quanyield of the NADP-ME grasses
providing a competitive edge over the NAD-ME grasse ecosystems with higher

productivities (discussed more later).
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Water use efficiency

The stomata are pores that control the gas excHatgeeen a plant and its environment.
Through these stomata, €@iffuses into the leaf for photosynthesis and wapor
exits through the transpiration stream facilitatthg uptake and movement of important
solutes and also the evaporative cooling of thé THais is a huge trade-off for a plant
because several hundred molecules of water ardrémstthe leaf for each Cnolecule
taken up (Raschke 1979). Water use efficieMJEe«) is a parameter used to describe
the effectiveness of a plant in moderating the fswater though transpiration while

allowing sufficient CQuptake for photosynthesis.

Fick's law of diffusion of gases in air governs theaporative flux (transpiration) of

water vapor from leaves. A plant is able to contha@ area available for vapor diffusion
through the opening and closing of the stomatagtbes transpiration has units related
to leaf area (mmol O m? s?).

The value of transpiration ratE)(is given by:

E = gw (Wi-Wa)

where gy is the conductance for water vapor through theusiéinal pathway that is
largely controlled by stomatal conductangg @ndw-w, is the difference between the
molar fraction of water vapor between the intetdall airspaces of the leaf and the
atmosphere (Tyree 1999).

This equation can be applied to photosynthetic (/te

A= gc(CaCi)

whereg. is the conductance for GQhrough the diffusional pathway amg-c; is the
difference between the molar fraction of £&&@tween the intercellular airspaces of the
leaf and the atmosphere.

0c = gs/1.6 to correct for the slower diffusion of @han water vapor

Now, WUEe4 can be written as: photosynthetic rate / trantipmaate A/E).
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gs varies with irradiance, leaf temperature, vapespure deficit and GQoncentrations
(Cowan 1977). Any changes igs impact photosynthesis and transpiration directly.
Decreasedys induces a strong negative feedback on photosyisth8tomatal closure
causeg levels to drop; the drop ia increases the GQimitation on photosynthesis and
photosynthetic rates decrease. Transpirationectgft in a similar way. Water vapor loss
causes evaporative cooling that lowers the vapesqure of the intercellular airspaces of
the leaf, decreasing the vapor gradient betweernside of the leaf and the air causing
transpiration to decrease, which results in thessgbent overheating of the leaf
(Raschke 1979).

The relationship between transpiration rate gads proportional if boundary layer
conductance of the leaf is infinite and the watgpor gradient between the intercellular
airspaces of the leaf and the atmosphere is cdn3taerefore, the graphs &fvs. gs for

C; and G plants will be the same under these conditiongufféi 1.3right). On the other
hand, photosynthesis will increase linearly (itlgiato an increase igs as the inhibition
of low ¢; levels is overcome, and will eventually saturatelar high light intensities
because of other factors, namely changes in the c&tRuBP (G) or PEP (G)
regeneration, changes in the rate at which tridsesphates are utilized {Cor an
electron transport limitation in both types (vone@anerer and Furbank 1999 and von
Caemmerer 2000; Figure 1&ft). At low gs, the G plant is not as inhibited by lowg
levels as the €plant because PEP is has a higher affinity fop @@n Rubisco and is
therefore, very efficient at assimilating €@om very low concentrations. The
suppression of photorespiration allows [@ants to achieve higher photosynthetic rates
relative to G plants. Asgs increases so does the photosynthetic advantaGe wp to a
point.
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Figure 1.3: Theoretical model of how stomatal conductang:g gffects photosynthetic
(left) and transpiratiorright) rates of G and G grassesThe photosynthetic advantage of
C, plants increases gsincreases. Transpiration rates of both typesaagely dependent
on the water vapor gradient (assuming the leaf Bagnlayer conductance is infinite). In
this case, 1 kPa was used to generate the graptodyhthetic rates were calculated
using the equations from von Caemmerer (2000). rRiefechapter 3 ‘methods and

materials’ for these equations. Transpiratiag x VPD.

WUEg4 of the G plant will be consistently higher than thg @ant over a range ajs
assuming infinite boundary layer conductance andstamt leaf-to-air vapor pressure
deficit (Figure 1.4). Ag)s increases, th&VUEe, of the G plant decreases more steeply
because photosynthesis saturates more quickly tthearC, plant, while transpiration

continually increases.

Theoretically theWUREess advantage of a {plant is due to a higher photosynthetic rate
than a G plant if the environmental conditions are sucht thah types are transpiring at
the same rate. This is clearly demonstrated by eoimg the photosynthetic rates of the
two types at ags of 0.2 mol HO m? s (Figure 1.3). The £plant has twice the
photosynthetic rate of thes@lant thus enabling it to improve WUEeys However,
under the same atmospheric conditiapsis on average about 40% lower in @ants
than G plants (Long 1999). The affinity of PEP carboxgdsr HCQ' is so great that it
is effectively saturated at ambient €€ncentrations, thus enabling glants to reduce

stomatal aperture while fixing GQ@t rates equal to or greater thanplants and thereby
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conserving water and improvilfUBeas (Taiz and Zeiger 1991). Both of these examples

convey how @plants are better able to exploit more arid eminents than ¢plants.
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Figure 1.4: Theoretical model of hogs affectsWUEe4in C3 and G grasses (assuming
infinite leaf boundary layer conductance and cantsteeaf-to-air vapor pressure
differential). At lowgs, WUEe4s Of both types is the highest and this value deeseasys
increases. The {aype maintains it%VUEear advantage over thes@pe over a range of
Os
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The Link between Hydraulic and Stomatal Conductances

The soil-plant-atmosphere-continuum is the pathafawater from the soil, through the
plant and into the atmosphere. Ohm’s Law has begtiea to whole plant hydraulics
because a continuous “current” of water (or watgsor) flows through a plant across a
series of potential differences in the root, xyldeaf and stomatal cells, everywhere
meeting a corresponding resistance (Tyree 1999)e¥ample, the potential difference in
the xylem vessels is a pressure gradient and #istaace is dependent on the width and
the length of the vessels. Xylem with wider andgenconduits will have less resistance
than xylem with narrower and shorter conduits. Adgéwy to van den Honert (1948), the
successive transport of water through the compsneind plant may be considered as a
catenary process, where the slowest partial progegsrns the velocity of the whole.
The resistance of the stomata to water vapor dffus greater than any resistance to the
movement of liquid water encountered in the roatgms or leaves. Hydraulic
conductance is the inverse of resistance; it isfithe rate of liquid water through the

plant divided by the change in hydraulic presswt@ch is driving the flow.

Water deficits develop in plants when the watet faen the leaves through transpiration
is greater than the absorption of water from thesoPlants preserve the hydraulic soil-
leaf continuum by regulating gas exchange. Stofio@etion to regulate leaf water status
by balancing transpirational flow to the supplygdter through the xylem. Without this
regulation, damaging decreases in plant water patedevelop and result in the
formation of embolisms (gas bubbles) in the xyleessels, which ultimately lead to
cavitations (the breaking of the water column)dexing the these vessels temporarily or
permanently dysfunctional (Spereg al 2002). Consequently, hydraulic conductance is
severely compromised. Changes in hydraulic condgetao not directly affect stomatal
conductance, rather they induce changes in therwstdtus within the leaf. This effect,
coupled with high evaporative demand and low saisture indirectly drives stomata to

close which affects both transpiration and cartesinailation (Sperregt al. 2002).
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C4 plants are less sensitive to stomatal closure @grlants and since Aplants require
less water than £plants for a given photosynthetic rate, one migktict that they need
less conductive tissue and have lower plant hyaracdnductances thans(lants.
Kocacinar and Sage (2003) suggested that the sagowdnsequence of;Cudicots
having highenWUEg, than G eudicots is to allow the modification of xylemstture
and function in improving hydraulic safety and /esthancing photosynthetic potential
depending on the environment in which they are gigwin an arid environment, a,C
plant may have safer xylem that has less flow dapabut is less vulnerable to
cavitations. In a mesic environment, a flant’'s photosynthetic potential may be

enhanced by having a larger leaf area per uniyleim.

The evolution of C4 photosynthesis

Throughout most of the Earth’s history, the atmesghCQ levels were high enough to
saturate Rubisco and limit the oxygenation of RuBRrling et al. 1997). However,
uplift of the Tibetan plateau and increased chelmeathering of the late Cenozoic may
have triggered global climate change includingdberease of atmospheric g®aymo
and Ruddiman 1992). Some researchers have spetutaé¢ this decline in CO
attributed to the global expansion of @lants in the late Miocene (Cerlireg al. 1997,
Ehleringeret al. 1991). However, new data collected has suggebktaddlling CQ was
an insufficient driver of gexpansion (Pagaet al. 1999, Huanget al.2001, Osborne and
Beerling 2006). Low latitude aridity and changes seasonal precipitation and

temperature exerted stronger controls over theresipa of G plants (Pagaret al. 1999)

A suite of traits: biochemical, anatomical and denlead to be acquired or modified for
the evolution of ¢ photosynthesis, yet it has evolved independently ia unrelated
families many times. £photosynthesis occurs in fifteen eudicot famileesd three
monocot families (Sageet al. 1999a). Extensive studies of anatomy, histology,
biochemistry and gene expression have demonstthtgdC, photosynthesis did not
evolve the same way each time it originated in ghess family (Sinha and Kellogg

1996). This point is clearly featured in the diffeces discussed earlier between the
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three-biochemical subtypes ofi @hotosynthesis. Sinha and Kellogg (1996) discavere
that the only commonality amongst the origins wesup regulation of PEP carboxylase
and the down regulation of Rubisco in the mesoplitologically, the only common
element was reduced spacing between the veins.plidtosynthesis also arose
independently several times in the subfamily Pddeme (Poaceae) (Giussagt al.
2001). Within this subfamily, NAD-ME subtype evotlence, as did the PCK subtype,
while all other origins are NADP-ME (Giussaetial. 2001)

Past and present distribution of C, grasses

The ability of G photosynthesis to nearly suppress photorespiratidngh temperatures
and low CQ concentrations and the associated benefits of thigh photosynthetic
efficiency, high water use efficiency and high qgtuan yields, have been the foundation

for explaining past and present distributions gh@asses.

The G savannahs of the present day tropics, subtropidsttee warm temperate zones
comprise one-eighth of the Earth’s surface area@lLt©99). The abundance of grass
species seems to be dependent upon latitude wit oexurring in regions of low
latitude (Long 1999). Many studies have been cotaduaround the world to determine
the major factors that influence present-dayafdd G grass distributions (Teeri and
Stowe 1976, Vogedt al 1978, Tieszewrt al 1979, Bouttoret al 1980, Elliset al 1980,
Rundel 1980, Hattersley 1983, Paruelo and Lauenté86, Taub 2000, Murphy and
Bowman 2007). Teeri and Stowe (1976) performedadrike earliest surveys ok@rass
distributions in North America and showed that thigher the minimum temperature
during the growing season the greater the proporioC, grasses. Subsequent studies
have also demonstrated similar correlations (Eflisl 1980, Vogelet al 1978). While
others have showed that temperature and rainfalequally reliable predictors (Boutton
et al 1980, Tieszeret al 1979, Rundel 1980). Most recent studies (Parweld
Lauenroth 1996, Murphy and Bowman 2007) have ireduseasonal water availability as
yet another criterion.
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Vogelet al (1978) surveyed the distribution of &d G grasses in South Africaz@nd
C, grasses co-occupied areas that had as little @snb® of annual rainfall and as much
as 1000 mm. £species were excluded from very particular locetjsuch as the winter
rainfall region of the Western Cape and along tivarsits of the of the Drakensberg and
other Eastern Cape mountain ranges. They hypo#t#iat low temperatures (below a
mean daily maximum of 25°C) during the growth pér{cainy season) gaves@rasses

an advantage over,Qrasses.

Ellis et al (1980) expanded upon the previous study whenuwsdimd) a survey of grasses
in Namibia. Namibia has a warm and uniform averagximum summer temperature
(30°C) except for a narrow region along the Atlargbast, whose average maximum
summer temperature is 20°C. The south-west regibtise country receive less than 50
mm of winter rainfall per year and the extreme heast receives over 500 mm of
summer rainfall a year. More than 95% of the gsgsscies occurring at any particular
location were G Even though €grasses were found in both regions, they occuyeey
specific and specialized niches. In the arid ar€asgrasses were restricted to moist
microenvironments, like deeply shaded areas. Irhtiteand moist environments, thg C
grasses became hydrophytes or obligate scioptshesi¢ plants).

Surveys of @ and G grasses along altitudinal gradients (Tieseeral. 1979, Rundel
1980, Bouttoret al. 1980) showed clearly that;@rasses dominate low altitudes and that
the high altitudes are mainly or only; Grasses. In some cases, the low elevations are
characterized by increasing water stress and lgdf intensities, which favor £grass
growth (Tieszenet al 1979, Bouttonet al. 1980), but in Hawaii the f£grasses
predominated in the mesic rainforest communitiegh&rmediate elevations. Rundel's
(1980) study of Hawaii also demonstrated that thesition zone betweens@nd G
grasses corresponded to a mean maximum temperagivween 19-21°C and mean
minimum temperature range of 9-11°C, which was lothan previously recorded. He
concluded that distributions ofsGind G grasses along temperature gradients in the
tropical latitudes differed from those reportedhie temperate regions (Teerie and Stowe
1976 and Ehleringer 1978).
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Grass distributions have also been described lyrékieal models. Collatet al (1998)
classified climate as favoring the occurrence dy @3 grasses, only £grasses or both.
The most consistent criterion for occurrence af gfasses was a mean temperature
greater than 22°C and a mean precipitation above@5for any given month. A mean
temperature of 22°C and precipitation that was neveater than 25 mm for the same
month favored ggrowth. Mixed G/C,4 grasslands have months with greater than 25 mm
of rainfall and temperatures at or below 22°C. Bhiger (1978) applied his quantum
yield model to the observed geographical distringi of G and G grasses. He
concluded that the lower quantum yield seen 4rsfiecies relative to {&pecies at high

temperatures is a significant factor in limiting @ass distribution.

The most interesting result uncovered by theseesdumhd models is that the distribution
of C4 grasses occurs over a range of rainfall gradigmtsn effort to untangle the effects
of precipitation on @ grass distributions, Elli®t al.’s (1980) survey of Namibia
investigated the distributions of the threg Iflochemical subtypes. The results showed
that NADP-ME subtypes occurred primarily in regiowgh high rainfall, NAD-ME
subtypes dominated the most arid part of the pitatipn regime and PCK subtypes
attained maximum abundance in areas of intermegrat@pitation (Figure 1.5).

Taub’s (2000) study of the @rass flora in 32 sites in the United States vassistent

with the previous findings. NADP-ME grasses gredtigreased in abundance with
increasing annual precipitation, while the abunéaot NAD-ME and PCK decreased.
However, the correlations may have been due sttelpe tight association of the,C
subtypes and the taxa from which they evolved. Théoridoideae subfamily has no
NADP-ME species, while the Arundinoideae and Pdd&ae subfamilies are virtually
all NADP-ME. The graphs show clearly that eithebfamily or subtype could explain

the trends observed i, @rass distributions along rainfall gradients (Fegyl.6).
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Figure 1.5: Percentage of £grasses with the NADP-ME, NAD-ME and PCK subtypes
in Namibia related to rainfa{re-drawn from Elliset al1980).

Csresponseto water stress

The effects of water stress on photosynthesis haga researched primarily on flants
(Jones 1973, Lawlor and Cornic 2002, Patal 2002, Botaet al 2004, Noctoret al.
2002, Cornic and Fresneau 2002, Flexiaal. 2006a, Flexast al. 2006b, Galmést al.
2007). There has been some considerable debategatrtbase studies as to whether the
stomata or metabolic impairment is the primary faton to photosynthesis. There is
some general agreement that in the early stagestafr stress, reduced g@iffusion
from the atmosphere to the site of carboxylatiorgnifested as reduced stomatal
conductance is the dominant limitation. More relyerit has been shown that reduced
mesophyll conductance also plays an important (Blexaset al. 2006a). Stomatal
limitation can be reversed by increasing atmosph&{, concentrations so that
intercellular CQ concentrations rise thereby restoring photosyitirates (Lawlor and
Cornic 2002).
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In the more advanced stages of water stress, nietdibatations progressively increase,
although Flexa®t al (2006a) claims that these limitations may oceutirectly as a
result of oxidative stresses that develop unden light rather than as a direct response
to water stress. This phase of drought is chaiaeteiby the fact that increasing €0
levels does not restore photosynthesis to its ess#d rate. There is no consensus on the
actual cause/s of metabolic inhibition. Lawlor (2D0Oisted some of the possibilities:
reduced Rubisco activity through the non-activatioh its active sites or through
inhibition, decreased rate of the PCR cycle assalr@f low enzyme activity, which in
turn inhibits the regeneration of RuBP, a decreasgiply of ATP and NADPH to the
PCR cycle, a change in the rate of the electronspart and the regeneration of the
proton gradient across the thylakoid membrane, dem@ the photosystems and
accumulation of phosphorylated assimilated inteiated which may lead tdP,

deficiency resulting in impaired synthesis of ATiRI&RUBP.

The reduction of the photosynthetic reduction cygé&nerates excess photochemical
energy. It has been argued that photorespiratiehthe Mehler ascorbate peroxidase
reaction act as alternative electron sinks ig $pecies. These prevent chronic
photoinhibition, stimulate photon utilization thiglu non-assimilatory electron transport
and help to preserve photosynthetic competencerightblight (Osmond and Grace
1995). However, others have argued that if theteledlow to alternate sinks is limited,
which is likely to occur when a leaf is exposedsédurating or near-saturating light, the
whole electron transport chain is down regulatear (& and Fresneau 2002).
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C,responseto water stress

How does water stress affect carbon assimilatio@splants and how does this differ
from the responses mentioned earlier for glants? Once again it is debated as to
whether stomatal or non-stomatal factors prevath& decrease of photosynthesis in C
species during drought. ;(ohotosynthesis operates at near saturation unaeent
ambient CQ levels (Ghannounet al 2000). Therefore, small decreases in stomatal
conductance during moderate water stress, mayffeat gphotosynthesis initially in £
plants as it would in £plants (Lalet al. 1996). Still, as drought progresses and stomatal
conductance is greatly reduced; the availability @D, to Rubisco may limit
photosynthesis (Lakt al. 1996). However, it has also been shown that deesedn
photosynthesis are independent of ambient @@els, indicating metabolic limitations
are involved (Ghannouet al 2003).

The causes of decreased photosynthetic rates rsaybal dependent on whether the
drought was rapidly or slowly induced (Marques dlgaSand Arrabaca 2004, Det al
1996, Saccardyet al. 1996). Decreased enzyme activity and lower medbphy
conductance have been proposed as possible nomatslofactors responsible for
decreased Cfassimilation rates in £Species (Dt al 1996, Carmo-Silvat al. 2007).
The dissipation of excess photochemical energyutiiraalternative electron sinks under
water stress, namely photorespiration, has beemrshio some @ plants (Lal and
Edwards 1996) while others have demonstrated thisto be the case (Riplest al.
2007). Rather electron transport rate reduction dedreased photochemical energy
dissipation are the major responses to droughtgiRret al.2007).
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Phylogenetically controlled experiments

As Taub (2000) pointed out, the correlations betwdee distributions of the three

biochemical subtypes ofs@hotosynthesis: NADP-ME, NAD-ME and PCK and annual
rainfall in the United States may have been duelgdb the tight association of the

subtypes and the subfamilies to which they beldrmprefore, any results from studies
comparing G and G grass species may just be a result of a speciesdieg in a

particular subfamily and not actually an inheregGz effect.

Danthonioideae (Cj)

Chloridoideae (NAD-ME)
Arundinoideae (Cj)

Micrairoideae (C; NADP-ME)

Panicoideae (C; NADP-ME, NAD-ME and PCK)

Centothecoideae (C,)

Aristidoideae (NADP-ME)

Figure 1.7: The new PACCMAD phylogeny with Micrairoideae regisd as a
subfamily within the larger PACCAD clade (sensu $3r&hylogeny Working Group
2001). The subfamily Panicoideae has two tribeglrBpogoneae that is only represented
by species with the NADP-ME subtype ofi @hotosynthesis and Paniceae that is
represented by {ZNADP-ME and NAD-ME species. The diagram is bagsedSanchez-
Kenet al.2007.



Chapter 1: Introduction 25

Ripley et al (2007) addressed the phylogenetic issue by cdimgua series of
experiments on a native South African species atgrcalledAlloteropsis semialata
unique in having both £and G subspeciesAlloteropsis semialatebelongs to the
subfamily Panicoideae, which containg Gpecies within the NADP-ME subtype.
Induced drought treatments were performed on tlieswbospecies grown in a common
garden and in pots. During non-drought periods tgymthetic rates were greater in the
C, subspecies than in the; @ubspecies. As drought progressed, theubspecies lost it
photosynthetic advantage. At this time there wassigaificant difference between the
photosynthetic rates of the subspecies. The dealinghotosynthesis was three times
greater in the £subspecies than the; Gubspecies. The mechanisms for the loss of
photosynthetic advantage in the stibspecies were investigated in a pot experin@dy.
response curves were generated for both subspaodsr well-watered and water-
stressed conditions. It was shown that thesGbspecies had greater metabolic (as
opposed to stomatal) limitations to photosynthéisé the G subspecies. These results
indicate that ¢ photosynthesis may have an inherent sensitivigremght independent
of phylogeny and may explain why NADP-ME grassesréase in abundance with
decreasing rainfall. In order to assess if thesaltg are unique to just the, ubspecies
of Alloteropsis semialatar whether they can be generalized for all NADP-f&sses,
this study compared the drought responses;@n@d NADP-ME grass species belonging

to the subfamily Panicoideae.

The study species are restricted to the Panicoisielaiamily due to the instability of the
grass phylogeny. The previous phylogeny had thdéamily Panicoideae and its sister
group Centothecoideae basal to the other subfanilleereas the most recent phylogeny
has the subfamily Aristidoideae basal to the othd@families with 100% bootstrap
support (Figure 1.7).

Three Panicoid €speciesAlloteropsis semialata, Panicum aequineraed Panicum
ecklonii and three Panicoid NADP-ME speciedeteropogon contortus, Themeda
triandra and Tristachya leucothrixwere selected because of their natural abundance

around Rhodes University in Grahamstown, SouthcAfri
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Field site and species descriptions

These study species are widely distributed in Souttfrica and co-occur on Faraway
farm about 8 km outside of Grahamstown, South Af{83° S 27° E). This area consists
of 31 ha of land, of which 26 ha are composed afrBerg quartzite fynbos. Suurberg
guartzite fynbos is described as grassy fynbos iethlized patches of dense proteoid
and ericaceous fynbos (Mucina and Rutherford 2006 soils of Faraway farm are
sandy, and the aspect is predominately south facdrghamstown is in a semi-arid
region in the Eastern Cape of South Africa with ienddal distribution of rainfall
occurring in the spring and autumn (681mm). Meaitlydaaximum and minimum
temperatures are 27.7°C and 4.7°C for FebruaryJatydrespectively. Frost occurs 2-10
days of the year (Mucina and Rutherford 2006).

Cs species

Alloteropsis semialatgR.Br.) Hitchc. subspecklonianais a densely tufted perennial
grass that forms the largest tufts among thgr@sses in this study (up to 1000 mm tall).
Leaves are hairy and relatively thick and are abOu480 mm long, 3-12 mm wide. This
species is found in rocky places and forest marghssemialataoccurs in Southern

Africa as far north as Tanzania in the higher-lyiagions (van Oudtshoorn 1992).

Panicum aequinervBlees is a short-lived perennial or annual graasdlows along the
ground and roots at the nodes. Leaves are abouhmOlong, 4 mm wide and are
generally smooth. This species grows on shallows soi forest margins or open
grasslands, mainly in damp places and around baul@bbs Russekt al1991). It is
one of the most difficult species to locate at ewafarm because of its small size and
small leaves. This species tends to lose its ledueisng winter and sometimes during
drought (personal observationp. aequinerveis distributed in Southern Africa
northwards to Uganda, Ethiopia and in Madagasciénh@&GRusselet al1991).
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Panicum eckloniNees. is a relatively short perennial tufted grassves are about 60-
200 mm long and 3-8 mm wide with dense velvetyshdttealthy leaves look similar to
A. semialataput are greener in color. Plants tend to be simaflize with just a few
leaves on each plant, and are usually positioneskecio other grass tufts. This species
grows on sandy soils often in moist areas in manats regions that are subjected to
burning (Gibbs Russedit al1991).P. eckloniioccurs in Southern Africa as far north as
Tanzania and the Democratic Republic of the Coragw also in West Africa (van
Oudtshoorn 1992).

Ca species

Heteropogon contortuf..) Roem. & Schult is perennial grass that graypsto 500 mm
in height. Leaves are 30-300 mm long, 3-8 mm width wounded tips that are often
folded. This species can show considerable vandticheight, branches and color from
one region to the next (van Oudtshoorn 1992). Shicies grows well on hillsides and
rocky places on well-drained soilsl. contortusoccurs in all tropical and subtropical

parts of the world (van Oudtshoorn 1992).

Themeda triandrdrorssk. is a perennial tufted grass that growUg00 mm in height.
Its physical characteristics are extremely variabé&aves are 150-300 mm long, 1-8 mm
wide with tapered tips and are often foldethemeda triandraand Heteropogon
contortuscan be confused for one another as both are aippaitedy the same height and
have similarly shaped leaves. This species isnedeo as rooigras because of its reddish
color late in the seasoih. triandrais distributed in the tropical and subtropicaltpanf
the Old World (van Oudtshoorn 1992).

Tristachya leucothriXNees is a densely tufted perennial grass thatgrgwto 900 mm
tall. It forms the largest tufts amongst the gtasses in this study. Leaves are about 50-
400 mm long and 2-7 mm wide. This species growsmamshy grasslands, mountain
sourveld and on hillsides, and is found in the §sbsavanna and grassland biomes
(Gibbs Russelet al1991). T. leucothrix occurs in Southern Africa anapical Africa
(van Oudtshoorn 1992).
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Aims

The aim of this study was to determine if the NABIE- subtype is more sensitive to

water stress than the; §/pe on both leaf and whole plant levels. This wascuted by

comparing the responses of photosynthesis and watage of closely related species

during drought.

Do NADP-ME grasses:

have higher instantaneous water use efficieM¢WEea) than G grasses? Is this
advantage lost during drought?

have higheMVUEe, because they have higher assimilation rates ematively
have lower transpiration rates?

sustain their photosynthetic advantage during wsitess?

have greater stomatal or metabolic limitations botpsynthesis and how does
this compare to £grasses?

have higher whole plant water use efficiency? Gdrmeimaintained during slow
dehydration?

have a lower plant hydraulic conductance thagi@sses because of their lower
water requirement?

have less vulnerable xylem thaggfasses?

recover their photosynthetic rates from droughterguickly than @grasses?
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Chapter 2: Leaf gas exchange in response to drought

I ntroduction

A trade-off exists between the efficient €0Gptake for photosynthesis and moderating
water loss through transpiration. The carbon comagng mechanism of £
photosynthesis has relaxed this constraint. linalgreater photosynthetic efficiency than
C; plants under conditions that enhance photoregpirathile allowing efficient water
use through lower stomatal conductances. Leaf gelsaege was measured on threge C
and three ¢species of Panicoid grasses under well-watereddamaght conditions to
test this assumption. The effect of water stresptmtosynthesis, transpiration, stomatal
conductance and instantaneous water use efficiarere compared between the two
photosynthetic types. Measurements were initiadlyried out on naturally co-occurring
field plants during periods of differing vapor psage deficits and soil water contents.
The observed responses were further investigatesiibjcting pot-cultivated plants to a
controlled drought in an attempt to simulate tieddfiobservations, but allowing for better
experimental control. Plants were drought stressegradually withholding water over a
period of forty-eight days and were subsequentyatered to the soil water content of
the control pots to monitor their recovery (Fig@d). Gas exchange parameters were
assessed on the pot-cultivated plants during Ietldty down and recovery periods. The

measurements from both the field and pot experisarg presented in this chapter.

In addition to gas exchange, further experimenteewserformed on the pot-cultivated
plants to 1) explain the mechanisms for the losphaftosynthetic advantage in the C
type during drought, 2) to determine whether whaolient water use efficiency would
exhibit similar trends to those observed in leafelewater use efficiency and 3) to
correlate xylem anatomical characteristics withewatse. The experimental time-course
showing pot dehydration, re-watering and the timnohthese supplementary experiments

is illustrated in Figure 2.1.
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In order to determine the stomatal and non-stomebatributions to reductions in
photosynthesis, COresponse curvesA(c) curves were constructed for control and
drought stressed plants on two selected occadiansdpresented progressive and severe
drought stress (Figure 2.1 and Table 2.1), ancetihesults are presented in Chapter 3.
Whole plant water use efficiencyMUEpan), Whole plant relative leaf expansion
(RGRyes) and whole plant water loss per leaf arBgaf) were measured during periods
of no water stress, moderate drought and severggdtdFigure 2.1 and Table 2.1), and
these results form the basis for Chapter 4. Whiaetydraulic conductance, leaf water
potentials and pre-dawn water potentials were detexd on field and pot-cultivated
plants at the same time gas exchange measurements made. However, these
parameters were only considered during the dry dpemod of pot experiment. In
addition, anatomical analysis of characteristictatimy to whole plant hydraulic
conductance: average length of longest xylem vegstal xylem lumen area, theoretical
leaf hydraulic conductance, vascular bundle siassclfrequency and average maximum
xylem diameter were measured on leaves that werelyswater stressed for forty-two
days. These results were compared to values olt&iom leaves that were collected in
the field under well-watered conditions and aresprgéed in Chapter 5. The discussions
for all of the chapters have been compiled andemtesl in Chapter 6.
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Table2.1: The average percent soil water contents (% maserated with the watering
treatments imposed on the pot-cultivated plantsndu€0, response curves and whole
plant water use efficiency measurememsought terms are based on the relationship
between pre-dawt#ear, and SWC (see Methods and Materials for furtheranation).

Measurements Well- Moderate  Progressive Severe
watered drought drought drought

C%;ﬁfgg;‘;%‘;t')”es 18.8% 0.1 38+01  27+0.1
(mmO,VgLéEf'g%l oy 199£02  9.7x03 29+0.1
(Cn'?z(iﬁéeg.l) 19.9+02  9.7+0.3 2.9+0.1
Eiat 19.9+0.2  9.7+03 2.9+0.1

(g H:0 d* cmi?)

Values are meartss.e. (For C@response curve data: n = 36 for well-watered 23 for progressive drought, and
n = 27 for severe drought. For whole plant measerggan = 210 for well-watered and severe drowgid,n = 420
for the progressive drought.)

24

Soil water content
(% mass)

WUEpIant RG Rarea Eplant A:Ci WUEplnt RG Rarea Eplant
0 1 1 1 I 1 1 1
0 10 20 30 40 50 60 70 80
Days

Figure 2.1: The experimental time-course of changes in perseilt water content
(SWC) during the dry down / recovery experimentpof-cultivated Panicoid grasses.
SWC'’s were averaged for the threg(Bashed black line) and the threggpecies (solid
black line). The solid gray line represents therage SWC for the combined; @nd G
control pots. Vertical bars represent standardrerithe periods when whole plant water
use efficiency WUEyan), Whole plant relative leaf expansioRGRyes), Whole plant
water loss per leaf areByany), CO, response curve#\(c;) and anatomy were sampled or
measured is indicated on the figure. Days 3-2%efered to as moderate drought, days
33-38 are referred to as progressive drought as d4-50 are referred to as severe
drought. Well-watered whole plant measurements weade a week before the dry down
experiment and are therefore not shown on thedigur
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Methodsand M aterials

Field Experiment

Soil water content

A soil moisture probe (ECH20, Decagon Devices FPullman, Washington, USA) was
buried at the Faraway farm field site and left @card hourly soil water contents for a
five month period. On nine occasions during theigoeAugust 2006 through January
2007 the water content (% volume) of the soil atrendomly selected locations around
the field site were measured using a dielectribgrom a depth of 6 cm (ThetaProbe, type
ML2x, Delta-T Devices). On three of those occasi¢hid" August 2006, 28 October
2006, 29' January 2007), three soil samples were collecteth fthe field site to
determine gravimetric SWC. Each sample was weigbetktermine fresh mass and then
oven dried at 60° C for two weeks to determinerdass. The measurements made with
the ECH20O and ThetaProbe were converted to graxionsoil water content via

relationships established for the soils presetiteasite.

Soil water potential was determined from pre-da¥s measurements (see Chapter 5)
and plotted against soil water content to genesaseil suction curve. This curve was
used to define the drought terms used in the p@erxent. Moderate drought

corresponded to a soil water potential that wasafpmately —0.8 MPa, the progressive
drought treatment corresponded to a soil waterrnpialethat was less than —2 MPa and

the severe drought corresponded to a soil watenpiat that was less than —4 MPa.

L eaf gas exchange

Measurements of net GQassimilation rate A), and transpiration rateE), stomatal
conductancegp) were carried out at midday (11am - 3pm) at teé& fsite on B October
2006, 14' November 2006 and $4lanuary 2007 using a Li- 6400 photosynthesis Byste
(Li-Cor Inc., Lincoln, NE, USA). Measurements wenmeade on an attached, fully
expanded leaf of each plant (first non apical ldagaf area was measured before the leaf
was clamped into the 2 x 3 cm chamber of the gatyaer for about 30-60 seconds or

until gs values displayed by the instrument were stablerdler to maximize the surface
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area of particularly narrow leaves, two leaves vpdaeed inside the chamber. Ten leaves
of each species, each leaf from a different plead measured. A photosynthetic photon
flux density of 200Qumolm®s* was supplied by the red-blue LED internal light eeu
The vapor pressure deficit (VPD) and leaf tempeeatuere allowed to track ambient
conditions and varied on the particular days; heawethe gas exchange system was
shaded to prevent excessive temperatures. Thehgasber gasket of the photosynthetic
system was held open for a few seconds three tdugag the day to get an average
measurement of ambient air temperature. Gas exehaagameters were calculated
according to von Caemmerer and Farquhar (1981)restahtaneous water use efficiency
(WUEea) Was calculated a&/E.

Pot experiment

Plant collection, growth conditions, and experimental set up

Six plants of each species were collected fromPR&away farm field site on #5June
2006. Each plant was divided into six smaller @amotted and tagged.hemeda
triandra and Panicum eckloniidid not survive. These species were recollecteds’dn
February 2007. The surviving plants from the fasliection were again subdivided into
smaller plants and repotted along withtriandra andP. eckloniiinto 10L pots with 6.7
kg of soil. The soil used for potting was a natuxgsoil of similar type to that of
Faraway farm, collected from the Waainek study séar Grahamstown and left to air
dry prior to use. The number of tillers planteceech pot was selected so that about 50
grams of water was transpired daily and was basedhe results of a previous
experiment (data not shown). A reasonably unifaaite of transpiration between species
was desirable as it simplified maintaining uniforates of soil drying during the drought
experiment (see below). The pot plants were traresfeto a naturally lit, clear
polyethylene tunnel. The average day / night teatpees in the tunnel were 6.7°C £ 0.2
s.e / 34.4°C + 0.6 s.e. The maximum light intensftgrowth tunnel was 1400mol m?

s'. The plants were kept well-watered for the moetiding up to the experiment. Each
week, hydroponics fertilizer was added to the plahts (Chemicult, approximately 1
teaspoon per 5 liters). On"L&arch 2007, the pot plants were arranged insidectoar
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polythene tunnel according to either a well-watesedrought treatment. Each treatment
contained seven plants of each species.

Determination of soil water contents

One kg of fine (<1 cm in diameter) stone was plamedhe surface of the soil of each pot
to prevent soil evaporation. The pots were soakeddter to saturate the soil and were
weighed the following day after the pots had drdite determine the field capacity of
the soil of each pot. The associated soil watettesdn(% volume) of each pot was
measured using a dielectric probe (ThetaProbe, Mip2x, Delta-T Devices). The field
capacity weights and probe measurements were asestimate the gravimetric SWC of
the pots. Well-watered control pots were maintaiaed0% SWC by replacing water on
a mass basis. Similarly, drought-treated pots wat@lly maintained at 20% SWC for
four weeks after which water was slowly withheldnfr pots. The drought treatment was
imposed such that the SWC decreased by approxima¥levery two days. This was
complicated by the fact that the different spetiasspired at different rates and hence
dried soil at different rates. Therefore the aver&VC of the slowest transpiring pots
(Alloteropsis semialatand Tristachya triandrd were used as a reference to which the
other pots SWC were manipulated. Pots were weigivedy second day and water was
added such that SWC declined at the same ratea®ftthe reference pots over time.
The estimated values of SWC were corrected fohatend of the experiment when the
actual SWC of each pot was determined. Each potwveaghed and a sub-sample of wet
soil was weighed to determine fresh mass and tlhren dried at 60° C for two weeks to

determine dry mass.

L eaf gas exchange

Gas exchange measurements were made on the pd§"ofpril 2007, representing
well-watered conditions. Gas exchange was monitatedng a gradually imposed
drought on the days 80April, 16" May and 28 May. After re-watering on *1June,
measurements on™3 4" 20" and 24' June were used to assess the recovery after
drought (Figure 1). MeasurementsffE, gs andWUEeas were made between 11am-3pm

in a similar manner as those descried for the fielgperiment using a Li-6400
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photosynthesis system (Li-Cor Inc., Lincoln, NE, AJSA photosynthetic photon flux
density of 200Qumolms® was supplied by the red-blue LED internal light ey air

temperature was set at’5and relative humidity ranged from 35-65%.

Data analysis

A nested general linear model was used to detecteffects of photosynthetic type,

species, treatment and their interactions. Speviese treated as nested within

photosynthetic type to account for each speciesnig@ig only to one photosynthetic

type, hence making a factorial design unsuitab&vehe’s test was used to determine
homogeneity of variance. Transformations of theadaere performed when needed.
Statistical differences between means were detednoy Tukey HSD post-hoc tests if

the general linear model effect was significant.

Results

Field experiment

Abiotic conditions

Three separate days of gas exchange measuremertsusexl to define three natural
environmental treatments: 1) a day of low VPD aighSWC, referred to as the low
VPD treatment 2) a day of high VPD and high SWQemed to as the high VPD

treatment 3) a day of low SWC and high VPD, reféteas the low SWC treatment. The
relevant environmental parameters and the soilivatetents of the field site during the
course of the experiment are shown in Table 2.2Fauare 2.2 respectively.



Chapter 2: Leaf gas exchange in response to drought 36

Table 2.2: Vapor pressure deficits, soil water contents ambient temperatures
measured on the indicated dates at the Farawayfildrsite.

October 6, 2006 November 14, 2006 January 24, 2006

High VPD Low VPD Low SWC
VPD (kPa) 24 +0.1b 11+0.1c 2.8+ 0.1a
SWC 24.8+0.7a 145+ 0.5 5.2+ 0.
(% mass)
Ambient 29.9+ 0.4a 29.5+ 0.5a 33.9C 1.6a

temperature (°C)

In each rowdifferent letters indicate significant differendestween means on the different days at P < 0.05
(Tukey HSD test). Values are means.e. (n =60 for VPD, n =40 for SWC, n = 60 foil 8@ter potential and n =3
for ambient temperature)

i highVPD

lowVPD

30 ¥

“I
'3
il

20 1+

Soil water content
(% mass)
Soil water potential
(MPa)

10

0 T T T T T '12
1-Sep 30-Sep 29-Oct 27-Nov 26-Dec 24-Jan

Date

Figure 2.2: The time course soil water content and soil watgemtial (based on pre-
dawn Pess values) of Faraway farm field site. Arrows indeahe specific days and
associated environmental treatments when gas egehaeasurements were made on
field-grown plants.
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I nstantaneous water use efficiency

The photosynthetic types showed similar resporsségyh VPD and low SWC relative to
the low VPD treatment (n.s. type and treatmentraatiion Table 2.3). However, the, C
type had significantly highalWUEeas than the Gtype under all treatments (Figure 2)3
The individual species did not respond in the samay to drought and high VPD
(significant species and treatment interaction @ &8). The low SWC treatment induced
the lowestWUREg4 values amongst all of the species, excepPfaequinervégFigure 2.3
b).

Photosynthetic rate

In comparison to the controls (low VPD), both typsgnificantly decreased
photosynthesis under low SWC, but not when expdeetdigh VPD (n.s. type and
treatment interaction Table 2.3). Thet@pe had significantly higher photosynthetic rates
than the Gtype across the treatments (Figured.3'he species responded differently to
the three treatments (significant species and rrewat interaction Table 2.3)P.
aequinervehad a similar photosynthetic rate to the threesgzcies under the high VPD
treatment and'. leucothrixandH. contortushad the highest photosynthetic rates under
the low SWC treatment (Figure 23

Transpiration rate

Both types increased transpiration under the higib\freatment relative to the controls,
but when subjected to low SWC, the @pe showed significant reductions whereas the
C, type did not (Figure 2.8). The transpiration rate of the §pe was only significantly
lower than the €type under the control treatment. Transpiratios significantly higher

in the high VPD treatment relative to the controlall species exce@t. semialataand
P.ecklonii(Figure 2.3f). T. leucothrixhad the lowest transpiration rate under the contro

treatment.

Stomatal conductance
The photosynthetic types showed distinct respotsdke three treatments (significant

type and treatment interaction Table 2.3), butuchsa way that overall the;@&pe was
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similar to the Gtype (n.s. type effect Table 2.3). Thet@oe increaseds under the high
VPD treatment (relative to the control) but thetgpe had similar responses during the
two treatments (Figure 2¢). The low SWC treatment induced significantly lovge in
both types relative to the control. The specieparded differentially to the three
treatments (significant species and treatment aotem Table 2.3)T. leucothrixhad
similar gs under both control and low SWC treatments wher&s other species
decreased;s (relative to the control) under the low SWC treatrin(Figure 2.3).

Table 2.3: Summary of statistical significance of photosynthetype, species
(represented as species nested in type) and thaemaly occurring environmental
treatments (typified by three days in the fieldwld®/PD, high VPD, low SWC) on
instantaneous water use efficiency, photosynthatie, transpiration rate, and stomatal
conductance of six species of Panicoid grasses.nuossignificant; P>0.05; *, P<0.05;
** P<0.01; *** P<0.001.

Species Type X Species
Type b Treatment yp (type) x
(type) treatment

treatment

WUEeaf * %% * %% * %% nlsl * %%
Fi1165= 95 Fi165= 5.9 F2165= 130 F2165= 1.6 Fg 165 4.6

A * %% * %% * %% nlsl * %%
F1,163: 84 F4,163: 55 F2'163: 190 F2'163: 0.31 F8,163: 4.8

E * n.S. * %% * * %
F1,163: 4.1 F4,163: 1.8 F2'163: 104 F2'163: 4.5 F8,163: 3.4

gs n.S. * * %% *** * %%
Fl,lGl: 3.9 F4,1612 3.3 F2'161: 130 F2'161= 7.6 F8,1612 3.9
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Figure 2.3: Instantaneous water use efficienay,bj, net photosynthetic ratec,(),

transpiration ratee(f) and stomatal conductancg,lf) of field-grown Panicoid grasses
presented as individual speciemglit) or grouped by typddft) for three days in the field.
Each day represents a different natural environahé@rgatment: low VPD, high VPD and
low SWC. Values are means and vertical bars arelatd errors (n = 9-11). Different
letters
(environmental treatments) at P < 0.05 (Tukey H&)t

indicate significant differences between anse on

the different days
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Pot experiment

Table 2.4: Summary of statistical significance of photosynthetype, species
(represented as species nested in type) and day®ught or recovery on instantaneous
water use efficiency, photosynthetic rate, traradfwn rate and stomatal conductance of
pot-cultivated Panicoid grassess., not significant; P > 0.05; *, P < 0.05; **,<P0.01,;
*** P < 0.001.

e pey  Treament  BRl reament
WUEe o o o o
Fi28= 58 Fa2s= 8.2 Fe2s= 110 Fe2s= 23 Foq287 3.7
*k K *kk *kk *k K *k K
A Fiai5= 120 Fia5= 11 F7215= 110 F7215= 3.8 Foga15= 2.9
*k K *kk *kk *k K *k K
E F1305 15 Faz06 9.5 F7308= 77 F73065 9.0 F2s.305= 3.2
* Kk k *kk *k K *k K
G F13176.0  Fa31~8.3 F7316 50 Fra16= 7.7 Fag 316~ 3.0

I nstantaneous water use efficiency

The G type had significantly higheWUEes than the G type at the start of the
experiment. This difference was maintained throtighearly stages of drought (days O-
20), but was eventually lost by day 36 due to arekse inWUEy of the G type
between days 20-36 while tMgUE.,s Of the G type increased slightly (significant type
and treatment interaction Table 2.4 and Figurea).&Severe water deficit (by day 48)
decreased the&/UEe,s Of both types and resulted in the t@pe having significantly lower
WUEgs than the Gtype. The Gtype regained a significantly high@fUEe, than the @

type within four days of re-watering.

A. semialatahad a similaWUEg, to the three €species under moderate water stress
(day 20), but as the drought progressed (day 38paties had similar values, except for
T. leucothrix which had highes?WUREg,s (Significant species and treatment interaction
Table 2.4 and Figure 2&). Severe water stress (day 48) caubelbucothrixto lose its

earlier advantage and hav8\V&JE.,sthat was significantly lower than alkGpecies.
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Figure 2.4: Instantaneous water use efficiency, photosyntheiie, transpiration rate,
stomatal conductance and soil water content fotwlmephotosynthetic types:s@nd G
during a controlled dry down and recovery experimém> 52 for day 0 and n = 15-21
for the other days). Bar graphs shiWJEea, A, E, g and SWC at selected days of the
experiment: 0, 36, 48 and 75. Vertical bars aredsted errors. * indicates significant
differences between means on the different dais<a0.05 (Tukey HSD test).
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Figure 2.5: Instantaneous water use efficiency, photosyntiretie, transpiration rate, stomatal
conductance and soil water content of pot-cultida®anicoid grasses during the dry-down /
recovery pot experiment. Watering gradually deadder 48 days and then pots were re-watered
on day 51 and maintained at the SWC of the comqtod$ for two weeks. The ;Gpecies are
shown on the left and the,Gpecies are shown on the right. Each point reptese species
average (= 14 for day 0 and n = 5-7 for the other days. \aitbars represent standard errors).
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Photosynthetic rate

The G type had a significantly higher photosynthetiertdtan the €type under well-
watered conditions (day 0) and throughout moshefdgradually induced drought (Figure
2.4 b). On the day of severest water stress (day 48)Chéype lost photosynthetic
advantage. This advantage was not regained unititdfen days after watering (day 75)

althoughWUEg,s recovered earlier.

The G species maintained higher photosynthetic rates titva G species until day 36 at
which timeP. eckloniihad similar photosynthetic rate to the threes@ecies (significant
species and treatment interaction Table 2.4 andr&ig.5b). The photosynthetic rates of
all the species were similar on the day of sevesader stress (day 48) and throughout

most of the recovery period (until day 75).

Transpiration rate

The G and G types had similar transpiration rates at the siéihe experiment and
during the initial stages of drought (up to day 20¢n though both types decreased their
rates relative to the start of the experiment (Gay(Figure 2.4c). The intensifying
drought (days 36-48) resulted in the t@pe having a significantly higher transpiration
rate than the €type (significant type and treatment interacticeblE 2.4). Both types
maintained similar rates upon re-watering which tocaed throughout the recovery

period.

P. aequinervéhad the lowest transpiration rate as drought sifie (days 36 and 48),
however its rate quickly recovered upon re-waterByg days 71-75P. aequinervehad
the highest transpiration rates of all the spetegure 2.5¢).

Stomatal conductance

The two types had similays under well-watered conditions. The early stagedrotight
(up to day 20) caused both types to decrease ctariec However in the more advanced
stages of drought (days 36-48), thetgpe maintained significantly highggthan the @
type (Figure 2.4d). The gs of the two types increased similarly during theoneery
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period.P. eckloniimaintained similags as the @ species during early stages of the dry

down experiment (days 20-36) (Figure 8)5

35 35
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Figure 2.6: The relationship between photosynthetic rates &matal conductances for
six species of Panicoid grasses grouped accoradinghotosynthetic type. Each point
signifies a single gas exchange measurement maeli¢hier the field Ieft) or during the
pot experimentr{ght). The average photosynthetic rate of each typa fgiven stomatal
conductance interval of 0.05 mob® m? s* is shown. Vertical bars represent standard
errors. Circle I” indicates data from all three;,Gpecies on day 48. Circlé™ indicates
data forT. triandraon other days of the experiment.

As gs increases so does the magnitude of the photogim#uvantage of the Qype over
the G type under both field and greenhouse conditiongu(é 2.6). The Ctype lost
photosynthetic advantage gtof 0.1 mol HO m? s* during the greenhouse experiment
(Figure 2.6right), but this loss was not evident in the field da&evere water stress (day
48) caused all threesGpecies to have more depressed photosynthet&faata giverys
relative to the @ species (Figure 2.6 circle Themeda triandraalso had lower
photosynthetic rates for a givgathan the G average on days other than day 48 (Figure

2.6 circleii).

Refer to Chapter 6 and the section titled “Leaklewater use efficiency” on pag84)

for the discussion of this chapter’s results.
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Chapter 3: Mechanisms of drought limitation
of photosynthesis

I ntroduction

The previous chapter revealed that the photosyintadizantage of the Qype was lost
under severe water stress. However at the same ggrend transpiration rates were
significantly higher in the £type than the €type. Hence, photosynthesis of thetgbe
does not appear to be limited by decreased €@ply as a result of stomatal closure.
This chapter aims to determine whether the suduéftiof C, (NADP-ME) Panicoid
grasses to severe drought is a result of greatéashokc limitations on photosynthesis
than co-occurring and closely relateg Ranicoid grasses.

A CO;, response curve is a useful tool in quantifyingch&mical and stomatal limitations
on photosynthesis (Figure 3.1). It is a demand tfancthat shows the dependence of
photosynthetic rate on the partial pressure of, @Dthe sites of carboxylation (it is
assumed that the partial pressure of the sitesutoxylation equals the partial pressure
of the intercellular airspaces, Manter and Kerrig®94). The @ curve can be divided
into two sections: the “linear region” defined &= tRubisco-limiting section and the
“saturating region” defined as the RuBP regenematimited section (and occasionally
limited by triose phosphate availability, HarleydaBharkey 1991). Rubisco activity is
limited at low CQ levels and as CQncreases, the activity of Rubisco increases. The
slope of this linear section is referred to as caylation efficiency. It is a measure of

Rubisco’s ability to assimilate G@t maximum efficiency.

At low CO, levels, G photosynthesis is limited by PEP carboxylase #gtigince
Rubisco is kept at near saturating Qévels. G plants tend to have greater initial slopes
(carboxylation efficiencies) thans@lants and their photosynthetic rates saturaltevadr
¢ values than gplants because PEP carboxylase has a higherispggddr CO, than

Rubisco and photorespiration is nearly suppresséd plants. The saturating section of
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the curve develops because as photosynthetic ratesase, the pool of RuBP is
depleted, as consumption is faster than synth&sis. regeneration step is limited by
electron chain transport at high light intensitidd. high CQ concentrations, PEP
carboxylase activity is limited by PEP regeneratiorC, plants (von Caemmerer 2000).
Low PEP carboxylase activity also causes a redudtiothe saturated portion of the
curve due to Rubisco not being completely saturatighdl CO, in the bundle sheath (von

Caemmerer 2000).

40
RuBP regeneration limited
—C4 -
‘Demand function”
—C3
30 ) *
Operating PEP regeneration limited
point <&
20 - —Pp Operating point

Photosynthetic rate

‘Supply function’
Stomatal conductance

10

600 800 1000
Intercellular CO 5> concentration

CO, compensation point
Figure 3.1: Changes in photosynthetic rates in response torcegltelar CQ
concentrations of representativg &hd G grasses. These responses are referred to as
demand functions (bold gray curve fog @nd bold black curve for f& The supply
functions (lines drawn from the demand functionthi® x-axis) represent the reduction in
CO; concentrations from the atmosphere to the inteeglairspaces and the slopes of
these lines are determined by stomatal conductance
The supply function describes how £ “supplied” to the intercellular airspaces from
the atmosphere via diffusion through the stomatguE 3.1). The slope of this line is
stomatal conductance to G, plants tend to have lower stomatal conductancas @
plants because PEP carboxylase activity is lesgitel by low intercellular C®

concentrations than Rubisco. The operating poina ¢éaf is defined by its particular
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photosynthetic rate and; value at a particular point in time and is dependen
prevailing conditions. Changes in environmentalditons such as VPD, temperature,
light intensity, ambient C&concentration will induce changes in the operagiomt of a
leaf. G plants have an operating point at lowevalues than €plants (Figure 3.1). The
point where CQfixation by photosynthesis balances the,@@3t through respiration is
called the CQ compensation point. Photorespiration occurs utmerc; increasing the

compensation point of{plants relative to ¢plants.
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Figure 3.2: Stomatal I(s), relative stomatalRs) and metabolic Ky) limitations to
photosynthesis calculated under well-watered (sthd) and drought (dashed line)
conditions For the control leal s= (A'— A) / A' and for the drought stressed leaf,

Ls = (B'= B) / B. Ry = (B' - B) / A for the drought treated leaf (see Farquaad
Sharkey 1982). By definitionRy, of the control leaf is equal to 0. For the drought
stressed leaRmi= (A - B) / A -Ry (see Ripleyet al.2007)

Limitations of photosynthesis caused by changedamatal conductance and mesophyll
metabolism can be calculated from L@sponse curves. In Figure 3.2, A and B
represent the photosynthetic rates of the contrdlwater-stressed leaves, respectively.
The lines that connect each one to the x-axis tfeestupply functions representing the
limitation imposed by the stomata on the diffustdrCO, from the air to the intercellular

airspaces. The slopes of these linesggamd A and B represent the photosynthetic rates
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of the control and drought treated leaves respelgtivf there were no limitation imposed
by the stomatagf = infinite). Metabolic limitations on photosynthegluring drought are
characterized by changes to £0Optake that cannot be explained by reduced, CO
diffusion. These include biochemical and metabddictors such as reduced Rubisco
activity and mesophyll conductance, decreased AjiiRhesis, photoinhibition and the

regeneration limitation of RuBP.

Methodsand M aterials

CO, response curves

The responses of photosynthesis to internal coreténs of CQ(c)) were measured on
well-watered pot-cultivated plants with a SWC ofd&nd drought stressed plants with a
SWC of 3.8% using the Li-6400 photosynthesis syqlerCor Inc., Lincoln, NE, USA).
Plants were transferred to the lab and acclimatéugh intensity sodium lamps

(PPFD of 1400 pmol i s*) for thirty minutes before measurements were made.
Photosynthetic rates were made on a fully expanittetinon-apical leaf after it adjusted
to the environment of the cuvette (leaf temperatu5° C, light intensity = 2000 pumol
m?s?, VPD = 1.3 kPa, C@concentration = 370pmol mdl The external concentrations
of CO, (cy) were supplied in the following sequence: 370,,2B80, 100, 50, 35, 370,
500, 750,1000, 1300 and 16@tol mol* and photosynthetic parameters were calculated

according to von Caemmerer and Farquhar (1981).

A severe drought was induced by withholding watemf the plants for an extra week.
Photosynthetic rates were measuredcatof 370 umol mot representing ambient
conditions and photosynthetic rates at infinitersttal conductance were simulated by
adjusting the external supply of G®@o thatc; was 370 pmol mdl These two points

allowed for the calculation of stomatal and metablainitations during this treatment.
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Cscurves
According to von Caemmerer (2000), the equation Rabisco-limited rate of CO
assimilation:

A: —_ (CI B r* )chax
c +K, (1+0/K,)

where A. is the Rubisco-limited rate of GGassimilation,c; is the intercellular C®
concentration, /> is the C3 compensation point in the absence of mitochondrial
respiration Vemaxis the maximal Rubisco carboxylation r&ig,is the Michaelis-Menten
constant of carboxylation, O the atmospheric oxygantial pressure ané, is the

Michaelis-Menten constant of oxygenation.

The equation for the RuBP-limited rate of £&3similation:

A = (c-TI)J _

T ac var,

whereA is the RuBP-regeneration limited rate of £a3similationg; is the intercellular
CO, concentration/ is the C3 compensation point in the absence of mitochondrial

respiration and is the electron transport rate at a given irrackan

Temperatur e correction equations

Ko, KcandZx were converted from values at 25°C to the tempezatat which the CO
response curves were measured using the followmgten from Bernacchet al.
(2001):

parameter=expCc—-AH, /RT,)

whereR is the molar gas constant amdis the leaf temperature,represents a scaling

constant andH, represents activation energy.

These values were used to fit the data to the Radisiited and RuBP-limited equations
to estimateVemax, Ry andJ. These estimates for ambient conditions were cadetd a

standard 25°C using the following equation fromrizechiet al (2003):
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Parameter= Parametey, xexpC—AH, /(R(T, +273))

where Parametgyis the absolute value of the parameter at 26°@presents a scaling
constantAH, represents activation enerdyjs the molar gas constant amdis the leaf

temperature.

Cscurves
Cscurves were fitted according to Collazal (1992).R; was obtained by determining
the y-intercept of the initial slope of the g@sponse curves; was converted t®;. Ry,

a, 6 andA:P; data were used in the following equation to fa garameter, k and Vhax

A= (W)-(SQRTW)?)-(4*B*(W))/(2*B)-Ra where

W= (Vinaxt (@ Q))-(SQRT ¥mait(0* Q))°)-(4*6*(Vimad* a* Q))/(2*6)+(K)*

(Pi/10/101600)

andQ = light intensity (2000umol m? s%), A = assimilation ratepfnol CQ, m? s%), P,
intercellular partial pressure of GQPa),Ry is leaf respirationgmol m?s?), k is initial
slope of the photosynthetic G@esponse curve (mol Ms?), Vimax represents the GO
saturated region of the curve as determined bynénémum Rubisco capacityfiol m
s%), B is the curvature factor for the G@esponse curvey is the initial slope of the
photosynthetic light response = 0.04 mol,n® is a curvature parameter for light

response curve = 0.83.

Stomatal limitation of photosynthesid s was calculated following Farquhar and
Sharkey (1982). Relative stomatal limitatidRy) and relative metabolic limitatiorRg)
were calculated following Riplegt al. (2007). Ry depicts the effect of the stomata on
photosynthesis during a particular treatment iatreh to the control, whereds is the

actual stomatal limitation of photosynthesis.



Chapter 3: Mechanisms of drought limitation of fsynthesis 51

Data analysis

The same statistical design used in the previoapteln was applied ths, Ry and Ry
data. A nested general linear model was used &xdttte effects of photosynthetic type,
species, treatment and their interactions. Theetlmeatments in this case refer to three
watering treatments imposed on the plants: welkveat, progressive drought and severe
drought conditions. Species were treated as negthth photosynthetic type to account
for each species belonging only to one type, henaking a factorial design unsuitable.
Levene’s test was used to determine homogeneityao&nce. Transformations of the
data were performed when needed. Statistical diffees between means were
determined by Tukey HSD post-hoc tests if the gandéinear model effect was

significant.
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Results

CO, response curves

Soil water contents

CO, responses were made on pot-cultivated plants ggpwi soils with three differing
water contents (Table 3.1). Well-watered pots hacheerage SWC of 18.8% (termed
controls) and this was reduced to 3.8% after tHivg days (termed progressive drought)
and to 2.7% after forty-eight days of withholdingter (termed severe drought). There
are no significant differences between the SWefdpecies during the three treatments
(Fs.126= 0.25, P = 0.940, one-way ANOVA).

Table 3.1: The soil water contents of pot-cultivated Panicgisses during CO
response curve measurements

Soil water Soil water content Soil water content

Species content for during progressive  during severe

control pots drought drought

(% mass) (% mass) (% mass)
A.semialata 176 £0.3 3.8+0.2 29+0.3
P. aequinerve 18.7+0.3 39+£0.3 29+0.2
P.ecklonii 20.0+£0.2 3704 28+04
T.triandra 179+0.5 3.8+0.2 29+0.3
T.leucothrix 199+04 3.8+05 3.0+01
H.contortus 185+0.3 3.8+05 3.0+0.8
Cs 18.7£0.7 38+0.1 29+0.1
Cs 18.4+0.6 38+0.1 30+0.1

Values are averagess.e. (n = 6 for control pots, n = 4 for the pregiee drought, excefit triandran = 3, and
n =4 -5 for the severe drought).
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Figure 3.3: CO, response curves for pot-cultivated Panicoid gsash&ring three watering
treatments: well-wateree=¢), progressive drought (----) and severe droughta¢ PPFD of 2000
pumol mol*, 25°C and a VPD of 1.3kPa. During the severe drougfatinent, photosynthetic
rates were only measuredcgt370umol mol* andc; of 370 pmol mot. Average photosynthetic
rates atc, = 370 umol mol* of each treatment are shown as: A = well-wateBsd progressive
drought, C = severe drought. Photosynthetic ratésfiaite stomatal conductance are shown as:
A' = well-watered, B= progressive drought,'G severe drought. Supply functions representing
the limitation on photosynthesis by the diffusidnGD, through the stomata are also included.
Each function has a slope equal to stomatal coadaetand intercepts tlgaxis atc,. (n = 6 for
the control curves, n = 4 for the progressiveught curve, except far. triandrawhich had n =3
and n =4 - 5 for the severe drought data. Verbiea represent standard errors).



Chapter 3: Mechanisms of drought limitation of fsynthesis 54

The CQ response curves of the well-watered pots demdsdtrgypical G and G
variation (Figure 3.3a-f). The G species had consistently lower £€ompensation
points, higher carboxylation efficiencies and satieid photosynthesis at lowets than
the G species. The curves of the §pecies saturated @taround 400pmol mdlwith an
operatingc; between 205-215 umol mb(Figure 3.3d-f). A. semialataand P. ecklonii
had representatives€urves with photosynthesis saturatingiareater than 1000 pmol
mol* and operating; of 263 and 279 pmol mdlrespectively (Figure 3.3, ¢). The
curve ofP. aequinervesaturated at g similar to the @ species, but had an operating
point of 314 umol mat (Figure 3.3).

Drought had an effect on the @@sponse curves of all of the species as chaizadelny
more shallow initial slopes (lower carboxylatiofi@éncies) and lower saturated values
in the progressive drought curve as compared taviilewatered curve (Figure 3&).
Carboxylation efficiency decreased by 61.7% from tlontrol values in the Qype as
compared to a 43.5% decrease in thetype. The saturated values of the §pe
decreased by 53.6% during the progressive drowgjbbmpared to the control, whereas

the G type only had a 35.8% reduction in value.

The average photosynthetic rates of all the spetgelined with each drought treatment
(Figure 3.3a-f). The photosynthetic rates during the progresdiraight decreased by
50.7% relative to the control rates in thet@pe and were about 53.1% lower in the C
type. During the severe drought treatment, photibstic rates decreased by 88.4% and
92.0% in the @and G types respectively.
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Stomatal and metabolic limitations

The G type had increased stomatal limitation during ghegressive drought relative to
the well-watered treatment, whereas theype maintained similar responses during both
treatments (significant type and treatment intéoacTable 3.2 and Figure 3léft). The

C; type had significantly higher stomatal limitatitman the G type in the well-watered
and progressive drought treatments (Figure I8f§. This limitation accounted for a
15.8% decrease in photosynthetic rate in thdye under well-watered conditions as
compared to only 9.2% in thes@ype. The G type had three times greater stomatal
limitation during the progressive drought treatmastcompared to the,@pe, however

the two types were similarly inhibited during thesere drought treatment.

The G species showed similar responses to the well-edtand progressive drought
treatments, but during the severe drought, stomatatation increased significantly
(Figure 3.4right). This is in contrast to the response of thes@ecies where stomatal
limitation progressively increased as drought istfed (significant species and

treatment interaction Table 3.2 and Figurerg#t).

Relative stomatal limitation depicts the effectstdmata on photosynthesis during either
the progressive or severe drought treatments veldb the well-watered treatment
(Figure 3.5). For the £type, relative stomatal limitation remained thensaduring the
progressive and severe drought treatments. Howéviaigreased in the £type during
the severe drought in relation to the progressieeight (significant type and treatment
interaction Table 3.2). The stomata were respoaddil lowering photosynthetic rates by
24.4% from well-watered values during the prognessirought treatment in thes@/pe
and accounted for only 6.3% decrease in photosgigthe the G type (Figure 3.5).
During severe water stress, the photosyntheticafatkee G type was similarly inhibited

by the diffusion of CQinto the intercellular airspaces as thetype.

For most of the species, relative stomatal linotaincreased as drought progressed,
except forA. semialataandP. eckloniiwhose values decreased in the severe drought
treatment relative to the progressive droughteucothrixmaintained similar values in
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both drought treatments (significant species agaltinent interaction Table 3.2 and
Figure 3.50).
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Figure 3.4: The stomatal limitationL() to photosynthesis of well-watered, progressively
drought stressed and severely drought stressedded\pot-cultivated Panicoid grasses,
using data from the CQesponse curves. Data are grouped by individuadisp (ight)
and according to photosynthetic typeft) (refer to Figure 3.2 for equations). (n = 6 for
the well-watered treatment, n = 4-5 for the progiresdrought and n = 4-5 for the severe
drought, except foff. triandra which had n = 3. Vertical bars represent stanéaralrs.
Different letters indicate significant differendestween means on the different days at

P < 0.05 (Tukey HSD test).

The reduction in photosynthesis observed in theighi stressed leaves of the §pe

can be attributed to metabolic factors rather t@&» diffusion limitation. Metabolic
limitation was responsible for a 48.0% decreasehotosynthesis in the ,Qype as
opposed to only a 26.3% decrease observed in4ltyp€ during the progressive drought
relative to the well-watered treatment (Figure §.5The severe drought treatment had a
huge metabolic effect on photosynthesis in allhaf $pecies (n.s. species and treatment
interaction Table 3.2 and Figure 3lp Metabolic limitations accounted for the over 70%

decrease in photosynthesis of both types.
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Figure 3.5: The relative stomataR{) and metabolicKy,) limitations of photosynthesis
for pot-cultivated Panicoid grasses subjected toggassive and severe drought
treatments as determined from £@sponse curve data. Values are means of 4 -5
replicates, except fol. triandra, which had three replicates for the severe draught
Vertical bars represent standard errors. Diffelletters indicate significant differences
between means on the different days at P < 0.0keffHISD test).
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Table 3.2 Summary of statistical significance of photosynthetype, species

(represented by species nested in type) and twogHtotreatments: progressive and
severe on stomatal limitation, relative stomatahitiation and relative metabolic
limitation of pot-cultivated Panicoid grasses. nmat significant; P>0.05; *, P<0.05; **,

P<0.01; *** P<0.001.

: Species
Type Species Treatment Type x (type) x
(type) treatment
treatment
*** *k* *** * %% *%*

Stomatal ||m|tat|0n F]_'eg: 36 F4.68: 6.1 F2,68: 200 F2,68: 23 F4,68: 3.5

Relative stomatal *k & n.s. n.s. ok *
limitation F13s= 7.0 Fs 38= 0.82 Fi3s= 0.13 F13s= 6.4 Fa38= 0.88

Relative metabolic *k ** *xk n.s. n.s.
limitation Fi3s= 1.2 Fs3s= 4.8 Fi3s= 73 F13s=2.8 Fazs=1.2

Photosynthetic rates decreased steadily in all ispeduring drought, except fd.
contortus which did not lose much photosynthetic capacityirdy the first 20 days of
drought (Figure 3.&). By day 48, all of the species were showing ptaissigns of
severe water stress: wilting, curled or folded &sagnd leaf mortality. All of the species

lost considerable photosynthetic capacity at i t(Figure 3.®).

Plants assigned to the drought treatment were aéiten £ June 2007 to the soil water
contents of the control pots. Gas exchange measmtsnwere used to monitor the
photosynthetic recovery of these plams.semialatarecovered the quickest (only three
days after watering). ThezGpecies recovered full photosynthetic capacitynsodhan
most of the ¢ species (Figure 316). H. contortusrecovered twenty days after watering,
while T. triandraandT. leucothrixdid not recover until day 75, which was three hatf
weeks after watering. The recovery potsAofsemialataand P.aequinervehad higher
photosynthetic rates than their control pots at teed of the experiment.
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Figure 3.6: The average photosynthetic rates of plants assigm#te drought treatment
as a percentage of the control pot averages fointhieidual Panicoid species and then
grouped according to photosynthetic type from gahange measurements made during
a dry down / watering experiment. Gas exchange aneasents were made on control
and drought plants on the same days. Vertical legmesent standard errors.

Refer to Chapter 6 and the sections titled “Linnitas to photosynthesis” and

“Photosynthetic recovery” on paggbj for the discussion of this chapter’s results.



Chapter 4: Whole plant water use efficiency 6C

Chapter 4. Whole plant water use efficiency

I ntroduction

The gas exchange measurements of Chapter 2 shdwsedhe G plants had higher
instantaneous water use efficienci®UE.s) than the G plants under natural and
simulated well-watered conditions, but this advgatavas lost during the drought
imposed in the pot experiment. The loss WUEes advantage of the LCtype
corresponded to a greater decrease in photosysttagker than transpiration or stomatal
conductance. One of the aims of this chapter wagtermine whether whole plant water
use efficiency WUEyan) Would exhibit similar trends to those observedWiUEear.
Some researchers have demonstrate Vi, ., does not correlate with/UEe,s due to
the difference in time scale of the two proces#es,additional energy expenditure of
respiration during long term growth and the pantiing of photoassimilates into non-
photosynthetic tissues (Maro@i al 2000 and Ghannourat al. 2001). This topic is
pursued along with the following questions: 1) Ddes G type have a great&WUEyant
than the Gtype under well-watered conditions? 2) Is thisdthpsized advantage of the
C, type a result of increased productivity, low waisage or both? 3) WUE,an: of the
C, type susceptible to drought as was observeliibe,? 4) Is growth or water usage

affected most by drought?
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Methodsand M aterials

M easuring whole plant water use and growth

Whole plant water use efficiencyWMUEpan), Whole plant relative leaf expansion
(RGRyea) and whole plant water loss per leaf arBaaf) were monitored during three
watering treatments of differing duration. See FégR.1 for the SWC of the pots during
the treatments. The well-watered treatment lastadohe week; a slowly induced
moderate drought was imposed over three weeks &ed prolonged for a further week
was considered the severe drought treatment. liti@addo the treated pots, a set of
equivalent well-watered pots (control) was monitbtieroughout the experimemGRyea
was calculated from the weekly measurements of é&¥ah made during the three
treatment periods. Leaf area was tracked by mewaguhie lengths of ten randomly
selected leaves and counting the total number avele per plant. The correlation
between leaf length and leaf area was determinach & preliminary study that was
conducted on each species. Small, medium and lplgats of each species were
collected from the Faraway farm field site and lgtotuback to the lab. The lengths and
areas of 10-15 leaves of each plant were measLead.areas were analyzed using the
computer program WInDIAS (Delta-T Devices, Cambedyg.K.). The average leaf area
for each pot-cultivated plant was calculated byrnigkhe average length of ten leaves per
plant and applying it to the linear correlation atjon between leaf length and leaf area.
Whole plant leaf area was calculated by multiply@ivgrage leaf area by the total number
of leaves per planRGRyeawas calculated according to Ghannoeinal.2001:

(In A2 — In Ay) / (T2 —Ty), whereA represents whole plant leaf area at two pointsme t
(Ty andTy).

On 10" April and 28" of June, specific leaf areaSL(A) were determined on thirty-five
leaves of each species, five leaves per plantrpatment LA = leaf area / dry weight).
Leaf areas were measured using the computer proyvamDIAS (Delta-T Devices,
Cambridge, U.K.) and the leaves were dried in a 608ven for two days before
weighing. SLAwas used to calculate plant dry leaf mass produdtioring the three

watering treatments using the following equation:
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Leaf dry mass = 13LA * plant leaf area

For each treatmen¥WUE;an Was calculated as grams of leaf dry mass accuetlfakg
of total water transpired by each plant. Evaporafrom the soil was accounted for by
subtracting the average weight of the water laghffour pots that did not contain plants
from the calculated water loss value for each &f pots. (Please refer to Chapter 2
‘Materials and Methods’ on page 34 for explanatdthe pot experimental set-ufBgiant
was calculated for each treatment as the averageranof water transpired per day per

plant divided by the average calculated plant éeeé.

Data analysis

The effects of species, type and treatmenEgn: were tested using the statistical design
described in Chapter 2 (page 35). The treatmefesee to in this experiment were well-

watered, moderate drought and severe drought. leé&vdast was used to determine
homogeneity of variance between groups. Transfoomsitof the data were performed

when needed. In the caseWUE,ar and RGRes between treatment effects consistently

failed the homogeneity test and thus were dealt inita different way.

The effects of the three treatments WiUEy .« and RGRea Were tested with a nested
general linear model that had type and speciesediesithin type as independent

variables.
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Results

Whole plant water use efficiency (WUEpjan)

Under high soil moisture, thes@ype had significantly higheNUEyan than the G type
(Table 4.1 and Figure 4.4). This advantage continued through the three wexks
moderate drought (Figure 4}, but was eventually lost under severe droughtitmms
(Figure 4.1c). The severe drought induced negaliVElE,an: values for both types due to
huge reductions in leaf area production througl neartality. Species had significantly
different WUEyane during well-watered conditions due to thg speciesA. semialata
having a similar value to the,Gpecies (significant species effect Table 4.1 Rigdre
4.1 d). Moderate drought causdd. aequinerveand H. contortusto have negative
WUEant (Figure 4.1e) while all of the species had negative values urséeere water

stress primarily due to leaf death (Figure .1

Whole plant relative leaf expansion (RGRaes)

The G type had significantly higheRGRyea than the @ type under well-watered
conditions and this was consistent for all speaigthin a photosynthetic type (n.s.
species effect) (Table 4.1 and Figure 4,2b). The G type also maintained higher
RGRyeathan the @type under moderate drought conditions (Tablea#hd Figure 4.2).

P. aequinervandH. contortuswere the only species to have negaR¥&Ry., during the
moderate drought treatment. (Figure d)2Loss of whole plant leaf area in these species
was a result of leaf senescence and leaf deathreTwere no significant differences
between the types or species during the week @frsevater stress (Table 4.1 and Figure
4.2 e, 1. All of the species showed reductions in leaésand numbers of leaves, which

resulted in negativRGRyea Values.
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Figure 4.1: Whole plant water use efficiency during three ditugeatments: one well-

watered week, three weeks of moderate drought aedmeek of severe drought of pot-
cultivated Panicoid grasses, grouped as individpakies right) and according to type

(left). (n = 14 for the well-watered treatment, n = 5/—for the moderate drought
treatment and n = 3 — 4 for the severe droughtrreat). Vertical bars represent one
standard error.
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Figure 4.2: Whole plant relative leaf expansion during threeught treatments: one
well-watered week, three weeks of moderate droaghtone week of severe drought of
pot-cultivated Panicoid grasses grouped as indalidyeciesr{ght) and according to
photosynthetic typeldft). (n = 14 for the well-watered treatment, n = % -or the
moderate drought treatment and n = 3 — 4 for thersedrought treatment). Vertical bars
represent one standard error.
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Table 4.1: Summary of statistical significance of photosyntheype and species

(represented by species nested in type) on whealet plater use efficiency and whole
plant relative leaf expansion during three watetiegtments imposed on pot-cultivated
Panicoid grasses. n.s., not significant; P>0.08<0.05; **, P<0.01; ***, P<0.001.

Type Species (type)
WUEpIant * %% * %%
Well-watered F1,77: 43 F4,77: 9.2
WUEpIant *** * %%
Moderate drought Fi,07= 23 Fao7= 14
wu Eplant n.s. n.s.
Severe drought F1,13= 0.90 Fai=1.1
RG%rea ** n.s.
Well-watered F1,e1= 8.6 Fa,g.= 0.68
RG]%rea * * %k
Moderate drought F127=5.2 Fu27=21
RG%rea n.s. n.s.
Severe drought F114=1.8 Fs14=0.29

Table 4.2 Summary of statistical significance of photosynthetype, species
(represented by species nested in type) and timpesed watering treatments (well-
watered, moderate drought and severe drought) arlewsiant water loss per leaf area
for pot-cultivated Panicoid grasses. n.s., notisgant; P>0.05; *, P<0.05; **, P<0.01;
*** P<0.001.

Species Type x Species
Type (type) Treatment treatment (type) x
yp treatment

*k* *k* * k% n.s * k%

Eplam F1,140= 38 Fa140= 45 F2140= 540 F2140=0.10 Fg1a0=7.7
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Figure 4.3: Whole plant water loss per leaf area during thdemught treatments: one
well-watered week, three weeks of moderate droaghtone week of severe drought of
pot-cultivated Panicoid grasses grouped as indalicpeciesr{ght) and according to
photosynthetic typeldft). Values for the well-watered and moderate droughphs are
means of 7-9 replicates and values for the sevenggtit are means of 5 replicates. The
vertical bars represent standard errors. Diffefetiers indicate significant differences
between means during the different treatments<a0R5 (Tukey HSD test).

Whole plant water loss per leaf area (Epiant)

Both photosynthetic types decreasBgh,: during the moderate and severe droughts
relative to the well-watered conditions (n.s. tygel treatment interaction Table 4.2 and
Figure 4.3). The Ctype maintained significantly low&,an than the @type under well-
watered and moderate drought conditions; howevér bges had similaEpan: during
the severe drought (significant type effect TabB).4£pan 0f the individual species were
only significantly differently to each other duritize well-watered and moderate drought
treatments (significant species and treatmentaotem Table 4.2)P. eckloniihad the
highestEpant under well-watered and moderate drought condifibosthe severe drought

caused all the species to have simHggn:.

Refer to Chapter 6 and the section titled “Wholnplwater use efficiency” on paggoj
for the discussion of this chapter’s results.
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Chapter 5: Whole plant hydraulic conductance,
leaf water potential and anatomy

I ntroduction

Water stress makes it increasingly difficult forpdant to maintain the hydraulic

continuum between the soil and leaf. This imposgdysical limitation on the rate at

which water can be supplied to the leaves to sudtanspiration. Stomata respond to
changes in leaf water potential caused by alteratidhe liquid phase conductance from
soil-to-leaf. (Sperry 2000). According to Sperrd@®), a controlled decline in hydraulic

conductance may be advantageous for a plant daiiogght because it increases the
sensitivity response of the stomata, thereby amgidomplete hydraulic failure.

Water flow in plants can be viewed as a catenaocess, where each catena (chain)
element is viewed as a hydraulic conductance acwssh water flows. The total
conductance of a plant can be represented as tiduct@nce of the roots, stems and
leaves in series (van den Honert 1948). Water fisvdriven by the water potential
difference between the soil and the evaporatin{pses, created by the evaporation of
water from the leaves (Tyree 1999). Whole plantraytic conductance can be calculated
as:Kpant = E / AW, whereE = transpiration rate and¥ = is the component of water
potential driving the flow (the pressure differahtbetween the soil and the sites of
evaporation). ThusWUEes is affected by water potential and plant hydraulic

conductance through the above mechanisms.

Hydraulic conductance is dependent upon the sideshape of xylem vessels. Vessels
that are long and wide can rapidly supply watertremspiring leaves because flow
capacity increases with the fourth power of a sgadius. A second influence of
vessel shape ORyiane iS that longer vessels have fewer inter-vesseahpinbranes which
cause resistance to water flow. However, highlydootive xylem vessels are susceptible

to cavitations that develop under high xylem temsiduring drought. Shorter, narrower
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vessels that are able to withstand high xylem terssiare less vulnerable in these
environments. When water is limiting, hydraulicetgfis selected for at the expense of

reduced flow rate (Hacke and Sperry 2001).

Kocacinar and Sage (2003) suggested (for euditiods)a secondary consequence @f C
plants having a highaWUE.,; advantage over {plants is the ability to modify xylem
structure and function to improve either hydrawdafety or to enhance photosynthetic
potential depending on the growth environment f@lants growing in an arid
environment may be selected to have safer xyletheatost of having lower water flow
capacity, whereas a mesig flant will enhance photosynthetic potential byaing a

larger leaf area per unit of xylem than aplant.

Hydraulic differences between the photosynthefietyarise from the fact that Glants
are less sensitive to stomatal closure and redes® water than £plants for a given
photosynthetic rate. This could potentially tratesiato the G type having a lower plant
hydraulic conductance than theg type. This relaxation in hydraulic demand of the C
type may also be reflected in its anatomical charatics. The ¢type could potentially
have smaller xylem or a lower number of vascularddes than the £type.

The questions posed for this chapter are: 1) Doe€&itype have a lower plant hydraulic
conductance thansQype because of its lower water requirement? 2<Dwhole plant
hydraulic conductance of the photosynthetic typesrehse under drought? 3) Does
whole plant hydraulic conductance correlate wittatamical characteristics? 4) Do
drought treated grasses have safer xylem comparte twell-watered grasses? 5) Does
the G type have less vulnerable xylem than thetype, characterized by shorter and
narrower xylem vessels? 6) Are anatomical and hyfiraharacteristics modified as a

result of water stress?
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Methodsand M aterials

Whole plant hydraulic conductance, leaf water potential and pre-dawn leaf water
potential

Transpiration was measured using a Li-6400 photbggis system (Li-Cor Inc.,
Lincoln, NE, USA) on field-grown and pot-cultivatgdants on the days specified in
Chapter 2 ‘Materials and Methods’. The leaf used nteasure transpiration was
immediately excised and put into a Scholander mopdessure chamber (Schélanéer
al. 1965) to determine midday leaf water potentigL{). For the field experiment, pre-
dawn leaf Heor were made on 5-7 leaves of different plants ofheggecies on the
mornings after midday gas exchange measuremenisggilre stressed leaves time to
rehydrate. Pre-daw&ess was measured on the same plants as midéayfor the pot-
cultivated plants. Leaves were excised from thentplnd immediately placed into a
Schélander model pressure chamber to determineaif Water potentials recovered
overnight. Measurements ceased at sunrise. Whalet plydraulic conductance was

calculated a& / (pre-dawntHeas — middayHea).

Xylem vessel length

Leaves (fully expanded non-apical) of each spewie collected in the field on thé'5
7" and 12" September 2006. The leaves were immediately bidvatk to the lab. The
leaves were pressurized under water and a serlesmof segments were cut starting from
the apex. The first appearance of bubbles signifiedength of the longest xylem vessel.
17-30 leaves of each species were measured. Aveessgel length per leaf length was
also calculated for each species.

Vascular bundle size class frequency, average maximum vessel diameter, total
xylem lumen ar ea and theoretical leaf hydraulic conductance

Four leaves (first fully-expanded non-apical) ofleapecies were harvested from plants
in the field on &' September 2006. Leaf areas were measured wittotheuter program
WInDIAS (Delta-T Devices, Cambridge, U.K.). On"L§lay 2007 one leaf (first non-

apical) was tagged on each of the pot-cultivatedslbelonging to the drought treatment
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and then harvested one week later. A one cm segwasitut from the middle of each
leaf (field and pot-cultivated leaves). These segmwere fixed in FAA for 24 hours. A
series of 12 hour rinses were conducted in thevailg sequence: 50% ethanol, 70%
ethanol, 35% n-butanol, 55% n-butanol, 75% n-butab@0% n-butanol (three times).
Segments were put into vials containing 100% n+eltand 10% paraplast embedding
medium (Sigma-Aldrich Inc., St. Louis, MO, USA) améx chips and placed into an
oven (65°C) for 12 hours. The vials were then pio ithe oven for 12 hours with
paraplast and wax. This was repeated three timbs. Specimens were molded into
blocks allowed to set, trimmed and cut into 15 peuatisns with a microtome (Ernest
Leitz Wetzlar GmbH, Germany). The sections werénsth by the following protocol:
xylol 5 minutes, xylol 5 minutes, xylol/absolutehahol 3minutes, absolute ethanol 3
minutes, 95% ethanol 3 minutes, 70% ethanol 2 regjusafranin for 4 hours, 70%
ethanol 1 minute, 90% ethanol 30 seconds, 95% ekhapicric acid 10 seconds, 95%
ammoniacal alcohol 10 seconds, 100% ethanol 2 esndi00% ethanol 2 minutes, fast
green 30 seconds, clove oil 30 seconds, cloveabisolute ethanol: xylol (1:1:1) 10
seconds, xylol 1 minute, xylol 2 minutes, xylol 2netes and mounted on microscope

slides with Canada balsam.

Sections were viewed under a light microscope andges were analyzed using
WinDIAS (Delta-T Devices, Cambridge, U.K.). Vasaulaundle size class frequency
was determined by counting the total number of snmermediate and large bundles in
each cross section and dividing by the width of lf blade. The determination of
vascular bundle size class is based on the dasaspdf Ellis (1976). In this study, the

terms large, intermediate and small correspondlite @976) terms first order, second

order and third order, respectively. Three repregi@ vascular bundles of each size
class (large, intermediate and small) were chosesach section. The lengths of the
major and minor axes of all vessels in each reptetiee bundle were measured. Each
vessel was assumed to be an ellipse. Each veshaliseter was calculated using the
formula:\(a%) + (b9 / 2, where a and b are the short and long axgecgively. The three

largest vessel diameters for each leaf per tredtwene recorded and averaged. The

lumen area of each vessel in each representatindidotor the well-watered samples was
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calculated using the formula for the area of aps#: (a * b*x). Total lumen area was
calculated as the sum of all the vessel lumen ane@ach bundle size class multiplied by
the frequency of the bundle class size. Theoretieaf hydraulic conductance was
calculated for the well-watered samples as:

T a’*b®

K, = >—— (Lewis and Boose 1995)
64* u* (a” +b%)

whereK; is the volume flow ratey is the viscosity of water; a and b are the shod a
long axes, respectively. Both total xylem lumeredewere normalized by leaf area.

Data analysis
The statistical design used in Chapter 2 was appdiehe data foKpan, Hearand pre-

dawn Wex (see page 35 for the specifics).

A general linear model with a nested design wasl usethe data for average length of
longest xylem vessel, vessel length / leaf lentgital xylem lumen area and theoretical
leaf hydraulic conductance to determine differenbesveen photosynthetic type and
species when type was taken into account. Levetess was used to determine
homogeneity of variance. Raw data was log transfornstatistical differences between
means were determined by Tukey HSD post-hoc téste igeneral linear model effect

was significant.

A nested general linear model was used to anahgeéata for vascular bundle size class
frequency and average maximum vessel diameterterrdme the differences between
the species (when accounting for type), treatmemd #eir interaction. The two
treatments relate to leaves grown naturally unddl-watered conditions and leaves that
were severely drought stressed during the pot erpet. A one-way ANOVA was used
to analyze treatment effects on the number of iméeliate bundles in the leaves of
Tristachya leucothrix Raw data were log transformed. Levene’s test wsed to
determine homogeneity of variance. Statistical ed#hces between means were
determined by Tukey HSD post-hoc tests if the gandéinear model effect was

significant.
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Results
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Figure 5.1: Midday leaf water potential, pre-dawn leaf wapetential and whole plant
hydraulic conductance, calculated &g (pre-dawrnHes — midday¥Hes) for field-grown
Panicoid grasses during three naturally occurrirgatinents in the field. Data are
grouped according to typdeft) and individual speciesright). Midday leaf water
potential and whole plant hydraulic conductance: &11 for all three treatments. Pre-
dawn water potential: n = 5 for low VPD day, n ® Ter high VPD day and n = 8 for the
low SWC day. Vertical bars represent standard err@ifferent letters indicate
significant differences between means on the diffedays at P < 0.05 (Tukey HSD test).
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Figure 5.2: Midday leaf water potential, pre-dawn leaf watetgmbial and whole plant
hydraulic conductance for pot-cultivated Panicoidasges during three watering
treatments imposed by the pot experiment. Datgemeped as individual speciesgft)

and according to typdefft). White bars represent well-watered conditionslaf 0, gray
bars represent progressive drought of day 36 aackldars represent severe drought of
day 48 (n> 14 for day 0 and n = 7 for day 36 and 48). Veltlzas represent standard
errors. Different letters indicate significant @ifénces between means on the different
days at P < 0.05 (Tukey HSD test).
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Table 5.1: Summary of statistical significance of photosynthetype, species
(represented as species nested in type) and tnebasispecified for the field data as: low
VPD, high VPD or low SWC and as three wateringttremnts during the pot experiment:
well-watered, progressive drought and severe drotghthe pot data, on whole plant
hydraulic conductance, midday leaf water poteratrad pre-dawn leaf water potential of
the Panicoid grasses. n.s., not significant; P05;0%*, P< 0.05; **, P < 0.01; ***, P <
0.001.

Species Type x Specie
Type (type) Treatment treatment (type) x
treatment
Kplant * %% * *k* * %% * %%
f|e|d F1,163: 17 F4'163: 3.2 F2'163: 98 F2'163: 7.2 F8,163: 4.1
Kplant * *k* *k* ** * %%
pOt F116=6.2 Fai6=11 F216= 83 F216=5.3 Fgi6= 4.7
(Heaf * %% *k* *k* nls * %%
field F1,164: 65 F4'164: 33 F2'164: 130 F2'164: 0.63 F8,164: 5.8
(Heaf * %% *k* *k* * %% * %%
pot F1386= 36 Fs3s6 19 F2386= 1100 F2386= 7.9 Fg 386~ 5.6
Predawrweaf * %% *k* *k* * * %%
f|e|d F1'232: 16 F4'232: 31 F2'232: 85 F2'232: 3.3 F8'232: 12
PredawrtHess *% * * %k n.s *%
pOt F1,72: 7.1 F4'72: 2.6 F1,72: 240 F1,72: 0.63 F4'72: 3.6

Whole plant hydraulic conductance for field-grown grasses

The two photosynthetic types responded differelytiadb the three environmental
treatments (significant type and treatment intéoaciable 5.1). Both types increased
Kpant during the high VPD treatment relative to the lowPlY treatment (control).
However the @type had similaKpan:during both the low SWC and control treatments,
while the G type had significantly loweKpane during the low SWC treatment as
compared to the control. The, §pe had a loweKyan than the @ type during the low
VPD treatment, but both types had similar valuesnduthe high VPD and low SWC

treatments (Figure 54).
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The species also responded differentially to treatments (significant species and
treatment interaction Table 5.1. semialateandP. eckloniiwere the only species to not
adjust Kyane between the control and high VPD treatmeris.ecklonii significantly
decrease®pan during the low SWC treatment relative to the cohtireatment, while the
other species did not (Figure )l

Whole plant hydraulic conductance for pot-grown grasses

The three watering treatments induced differerdffécts on the two types (significant
type and treatment interaction Table 5.1). At ttaet ©f the greenhouse experiment, both
types had similaKpan, but Kpane Significantly decreased in the;@pe as drought
progressed, whereasSgan Of the G type remained unaltered (Figure 582 Both
photosynthetic types had similapane during the severe drought, which were

significantly lower than each type’s initial values

The significant species and treatment interact®ra iresult ofP. aequinervehaving
significantly decrease®.n« during the progressive drought relative to thet@dnT.
triandra increaseKpane during this period and the remaining species raaiet similar
Kpiant during these treatments (Table 5.1 and Figurdp.2

Midday leaf water potential for field-grown grasses

The photosynthetic types responded similarly to these treatments (n.s. type and
treatment interaction Table 5.1). Both types maietd similar He5 during high and low
VPD, however each type had significantly lowéf, during the low SWC treatment
relative to the control (Figure 5d. The G type maintained significantly more negative

Year than the Gtype during all three treatments (significant tgffect Table 5.1).

The treatments induced differential effects on 8pecies (significant species and
treatment interaction Table 5.1. semialataandT. triandra had similar#easduring the
low SWC and control treatments, while the othercggse had significantly lowe#eas
during the low SWC treatment relative to the conffrigure 5.1d).
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Midday leaf water potential for pot-grown grasses

The two types had simila¥ess at the start of the experiment (Figure 6)2 .4 of the
C,type decreased more gradually than they@e during the progressive drought period
(up to day 36), but by day 48 both types had simi#a,s that were significantly lower
than the other days (significant type effect Tdhle).

Initially P. aequinervdnad the most favorable water status, but as thegtht intensified,
this species reached values similar to the otheciep (Figure 5.8). The severe drought

induced very negativé{e4in all of the species.

Pre-dawn leaf water potential for field-grown grasses

The G type had significantly lower pre-dawi#f.os than the @ subtype during the low
and high VPD treatments, but both types had simi@ues during the low SWC
treatment (Figure 5.8).

The species responded differently to the treatmésiggificant species and treatment
interaction Table 5.1)T. leucothrixhad a significantly lower pre-daw#.,s during the
high VPD treatment as compared to the control (fedulf). The other species did not
adjust their pre-dawreos between these two treatmernds.semialataandH. contortus
maintained very similar pre-daw#feos across all treatments, while the other species had

significantly lower pre-dawrt4e,s during the low SWC treatment.

Pre-dawn leaf water potential for pot-grown grasses

Both of the photosynthetic types significantly asged pre-dawfess during the severe
drought treatment relative to the progressive dnbu§igure 5.2e). The G type had
consistently higher pre-dawifeas than the Gtype in both drought treatments.

A. semialataand T. leucothrixmaintained a more favorable water status tharother
species during the progressive drought; howeversthesre drought had the greatest

effect on theHeos Of A. semialatgFigure 5.2f).
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Anatomical measur ements

Table 5.2: Average length of longest xylem vessel and vesseith per leaf length for
six species of Panicoid grasses harvested fronfiglteduring well-watered conditions,
grouped as individual species and according toqdyothetic type.

Average length of Vessel length / leaf
Species longest xylem vessel length
(cm) (%)

A. semialata 0.97+ 0.05a 5.58+ 0.31c
P. aequinerve 0.75+ 0.06bc 15.69+ 1.2a
P. ecklonii 0.85+ 0.06ab 9.03+ 0.73b
T. triandra 0.62+ 0.03c 5.70+ 0.30c
T. leucothrix 0.83+ 0.05ab 4.01+ 0.28d
H. contortus 0.83+ 0.04ab 5.24+ 0.43cd
Cs 0.87+0.06 a 9.60+299a

Cy 0.74£0.07b 506+ 050D

All values are means s.e. Means within a column (for the individualaps and photosynthetic types separately) that
are not followed by the same letter are signifigadifferent at P< 0.05 (Tukey HSD test). 20 - 30 leaves were used
for each species.
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Figure 5.3: The total xylem lumen area,(¢ and theoretical leaf hydraulic conductance
(b, d) of six species of Panicoid grasses grown natutadtier well-watered conditions in
the field. Data are grouped as individual spedadigght) and according to photosynthetic
type (eft) grown naturally under well-watered conditionstlie field. Values are means
(n = 4) and vertical bars represestandard errors. n.s., not significant; P > 0.Q99P%
0.05; **, P < 0.01; *** P < 0.001.



Chapter 5: Whole plant hydraulic conductance, \legter potential and anatomy 79

Table 5.3: Comparison of the vascular bundle size class fregpuend the average

maximum xylem vessel diameter for the six specfd2amicoid grasses that were grown
under well-watered conditions in the field (F) andder severe water stress (WS)
imposed during the pot experiment

Bundle size class frequer Average

diameter of the

Species Large Intermediate _Small three largest
(Number / cm blade width) xylem vessels
(um)

A. semialatg(F) 1.52+0.08 5.10+0.20 31.03;1 1.23
A. semialatg WS) 1.67£0.17 3.90+0.22 2253+ 0.93
P. aequinervéF) 1.92+0.15 5.18+ 0.65 16.59+ 0.59
P. aequinervéWs) 1.50+0.17 4,40+ 0.45 14.83+0.61
P. ecklonii(F) 2.20f 0.08 6.86f 0.11 18.27+ 0.63
P. ecklonii(ws) 1.13+0.05 3.71£0.23 18.45+ 1.18
T. triandra(F) 3.62+0.21 16.13+ 0.59 16.57*1 0.33
T. triandra (WS) 3.28+0.04 16.76+ 1.00 11.95+ 0.35
T. leucothrix(F) 2.22+0.10 5.04f 0.49 8.60+ 0.57 25.67*1 0.92
T. leucothrix(WS) 2.12+0.21 2.94+0.37 6.63+0.42 16.71+£0.73
H. contortus(F) 2.89+£0.07 14.87+0.03 15.22+ 0.75
H. contortus(WS) 2.73£0.15 14.35+ 0.41 16.11+£ 0.49
Cz(F) 1.804_; 0.20 5.454_; 0.5D 22.45;_+ 456
Cs (WS) 143+ 0.1& 4.00% 0.2¢ 18.60+£2.2D
Cs(F) 298+ 0.4l 13.49+ 2.3 18.53;_|- 3.2%
C4(WS) 271+ 0.3% 1258+ 3.0  14.92+150

Values are means of four replicates.e. * indicates significant differences betwdentteatments. Different

letters indicate significant differences betweentifpes and treatment akR®.05 (Tukey HSD test).
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Anatomical characteristics

Average length of longest xylem vessel and vessel length / leaf length

The G type had significantly longer xylem vessels thédoacomprised a greater
proportion of the total leaf length than the @pe (Table 5.2)A. semialatahad the
longest xylem vessels of all the study species, thist length was only significantly
longer than the xylem lengths Bf aequinerveandT. triandra The proportion of xylem
length to leaf length was greatesPinaequinerveand the smallest ifi. leucothrix

Total xylem lumen area and theoretical hydraulic conductance

The photosynthetic types had similar total xylemndun areas when normalized for leaf
area (Figure 5.3), however the gtype had significantly highd{; per leaf area than the
C,4 type (Figure 5.3) under well-watered field condition8. semialatahad the greatest

Kt of all of the species (Figure 5d3.

Vascular bundle size class frequencies

The G type had significantly greater numbers of largd amall vascular bundles per cm
of leaf width than the €type under well-watered field conditions (Tabl&)5Drought
resulted in the €type having significantly lower numbers of largedasmall vascular
bundles relative to its well-watered values, white G type maintained the same
number of vascular bundles in both treatmefts.eckloniiwas the only species to
significantly reduce the numbers of large and swedicular bundles during drought and
T. leucothrixhad a significantly lower number of intermediatstles during the drought
relative to well-watered treatment (Table 5.3).

Average maximum vessel diameters

The average maximum xylem vessels of thetype are larger than the, ®/pe under
both treatments (Table 5.3). Both types decreakett tmaximum diameters under
drought.A. semialatehad the largest maximum vessels of all of the isgawhen grown
in a well-watered environmenA. semialataT. triandraandT. leucothrixwere the only

species to significantly reduce the size of theaximum vessels under water stress
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(Table 5.3). The vascular bundles of thgetgpe are larger and contain bigger vessels
than the Gtype.

Refer to Chapter 6 and the sections titled “Hydcsil and “Kocacinar and Sage

Hypothesis” on pagedd) for the discussion of this chapter’s results.
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Chapter 6: Discussion

The primary aim of this study was to determine lib&f level and whole plant level
drought sensitivity of NADP-ME grasses relative @ grasses by controlling for
phylogeny. Physiological leaf-level responses at¢hG (NADP-ME) and three €
Panicoid grasses were initially compariedsitu under natural drought conditions to
investigate whether the NADP-ME species were ablengintain efficient water use
through lower stomatal conductances while fixing,@0Orates equal to or greater than C
species. Drought conditions were replicated in agxperiment to take a closer look at
previously observed trends and to explain the sqidskty of C, (NADP-ME)
photosynthesis and water use efficiency during wstieess. Whole plant water use was
also monitored to determine if the leaf lev®#VYEe,) advantage of the NADP-ME
species during well-watered conditions and subs#giess of advantage during severe
water stress translated into similar whole pladtEan) trends. It was hypothesized that
there would be a correlation betwe8dUBes and WUEan: considering that both
parameters are influenced by similar factors (Fadad).

WUEgs is dependent on photosynthesis and leaf levespigation Eea) as indicated by
the arrows in the figure belo&ess is governed by the resistance of the stomata &nd o
the layer of unstirred air next to the leaf surfatke artificial flow rate induced by the
gas analyzer cuvette greatly reduces leaf boundger resistance resulting in stomatal
conductance gg) being the most important parameter in regulativefer loss. Leaf
boundary layer resistance becomes more importasierugirought conditions and when
we scale up to the whole plant level. Leaf foldéhging drought will increase boundary
layer resistance and thereby decreasg. WUE;an: is directly affected by the changes
associated witliyan, but is also affected by changes in leaf biomasdyxtion, which is
linked to photosynthetic rates. Photosynthetic sadee directly affected bgs, which
plays a dual role of regulating bo®0, uptake and water loss (as mentioned previously).
Changes in leaf water potential¥{s) caused by alterations in plant hydraulic

conductance Kpany) induce a stomatal response that directly affegds exchange.
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Anatomical characteristics will influend€piant and Hear, Which in turn will affectgs.

Thus it can be seen that the componentW&/0Ees andWUE; . are closely linked.

The investigation of hydraulic parameters was idellito determine their influences on
gas exchangeys is usually positively correlated with hydraulicnchuctance of the soil-

leaf continuum (Sperry 2000). Anatomical charasters were measured to determine
their influences orKpiant and Hear and to test the Kocacinar and Sage (2003) hypisthes
on monocots. The results of this present studycampared to various studies and are

discussed here.

WUE e
Non-stomatal / \ VPD
factors /
\ A \ / Elear X (Heaf; Kieaf
l gs *—%/y
Xylem length

RGRurea Epant Total xylem lumarea
/ Maximum xgiediameter
Respiration Vascular bundle size cldisgribution

Biomass partitioning

L eaf biomass
Production / Canopy boundary layer conductance
Leaf folding
WUE piant Whole plant leaf area

Figure 6.1: A schematic of the interactions between leaf analeplant water use
efficiency characteristics. Arrows indicate direlationships between parameters.
Adjustments to one component will influence aneeifthe other componentd/UBe4sis
leaf water use efficiencyWUEyane IS whole plant water use efficiencyh is
photosynthetic ratefess IS leaf transpiration rateess is leaf water potential,gs is
stomatal conductancKe is leaf hydraulic conductancBGRyea is Whole plant relative
leaf expansion, anf,an:is whole plant water loss.
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L eaf level water use efficiency

The G type had significantly higher instantaneous waige efficiency WUEea) than
the G type under well-watered conditions in both theldfieand the greenhouse
experiments (Figure 2.8 and Figure 2.4). The WUEe,s advantage of the dype was
maintained in the field, but this advantage wad thsing the pot experiment at an
average SWC of 4.3% (day 36). Xat al. (2006) also demonstrated hOWURBEexs
decreases with decreasing SWC in the thregr&ss specieBanicum virgatum, Setaria
italica andBothriochloa ischaemunin addition, Marques da Silva and Arrabaca (2004)
showed howWUEexs Of three G grassesSetaria sphacelataPaspalum dilataturmand
Zoysia japonica were sensitive to decreasing relative water cdnté@RWC).
Alternatively, Marocoet al (2000) showed thaUEe4 of two Sahelian ¢£grasses was
not changed by drought. Thus, the responsé&/0fE.,s to drought in @ grass species is
highly variable.

The reduction inWUEess Of the G type during the pot experiment corresponded to a
greater decrease in photosynthesis rather thaspiration (Figures 2.4, b, 9. The G
type had a similar transpiration rate and stomagatuctance to thesGype under well-
watered conditions. The,@ype was able to achieve a higher photosynthate than ¢
type at this time because photorespiration is gesarppressed in LSpecies. As drought
progressed (days 20-48), the pe did not decrease transpiration to save waderas
observed in the £type. Rather transpiration rates were maintainednd the drier
periods. However it was shown that thet@pe lost photosynthetic advantage aj af
0.1 mol HO m? s during the pot experiment intimating that factothes than the
limitation of CQ, diffusion were at play in the reduction of photothesis (Figure 2.6
right). Ripley et al. (2007) demonstrated during a common garden expatirthat
drought caused the,Gubspecies ofA. semialata(NADP-ME) to lose photosynthetic
advantage to thesBubspecies atg of about 0.08 mol kD m? s*, implying a possible

NADP-ME-specific photosynthetic vulnerability.
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Carmo-Silvaet al. (2007) showed similar photosynthetic sensitivitesirought in their
comparison of three grass species belonging totlinee biochemical types of,C
photosynthesis. The photosynthetic rateRagpalum dilatatunfNADP-ME) andZoysia
japonica(PCK) were the most sensitive to drought showapid decline with decreasing
leaf RWC, while the photosynthetic rate @fnodon dactylofNAD-ME) was the least
sensitive to water deficit and was sustained ewovb40% RWC. However, the stomata
of P. dilatatumwere the most sensitive to water stress, wheCeakmctylonwas able to
sustain stomatal conductance at the lowest recoRI&€C. The NADP-ME species of
this study differed in that they maintained mealleratomatal conductances at very low
SWC (Figure 2.5d). This observation could mean that the stomatthefNADP-ME
species are insensitive to plant water statusetdabhnique used to measure transpiration

was invalid (see later discussion).

L imitations to photosynthesis

The photosynthetic advantage of the €pe was maintained throughout most of the
drought experiment, up until the average SWC wdsaed to 3% (Figure 2H). At this
point, water stress was so severe that both tygssoiver 88% of their photosynthetic
capacity. Decreased photosynthetic rates duringenadel water stress can be attributed to
stomatal closure (Jones 1973 and Downg&inal 1988), whereas metabolic (non-
stomatal) factors become more important under sesteought conditions (Flexa al.
2006a, Lawlor 2002, Ghannouet al. 2003). Saccardgt al (1996) showed that these
effects were also dependent on whether the drougtst rapidly or slowly induced.
Photosynthesis afea mayswas limited by non-stomatal factors during a raghidught,
but stomatal closure accounted for the decreasephatosynthesis during slow
dehydration. Conversely, Marques da Silva and Acab (2004) showed that
photosynthesis obetaria sphaecelatavas limited by non-stomatal factors in slow stress
experiments, but stomatal limitations were morevaht during rapidly imposed water
stress. Since slow drought is more ecologicallgvaht (Table 2.2), non-stomatal factors

may be more important than stomatal factors in wi&hts growing naturally in the field.



Chapter 6: Discussion 86

Flexaset al (2006a) characterized the phases of photosynthetponse to water stress
by daily maximum stomatal conductanceg.(Above gs of 0.05-0.1 mol HO m? s?,
photosynthesis is mostly limited by ¢@iffusion as characterized by reduced stomatal
and mesophyll conductances. Below tlgisthreshold, general metabolic impairment
occurs. The gspecies studies here did not decregsmto the low end of the range
(<0.05) until the late stages of drought (day 3§ufe 2.5d). By day 48, the €type was
below the threshold specified by Flexatsal (2006a), whereags of the G type was
maintained at the high end of the range (Figured).4According to the argument of
Flexaset al (2006a), the ¢type should have less general overall impairmiean the G
type at this stage of drought, but it was deterohitiegs was not the case. The two types
were equally inhibited by metabolic limitations pfiotosynthesis (Figure 3&. The
more interesting result of this experiment was thatGC, type showed greater metabolic
rather than stomatal limitations of photosynthedisring the progressive drought
treatment at ags of 0.16 mol HO m? s’ This is well above the range where
photosynthesis is thought to be limited primarily IO, diffusional resistances,

according to Flexast al. (2006a).

CO, response curves were constructed to analyze #wfispeffects of drought stress on
photosynthesis of the two types. The progressieaight treatment, characterized by an
average SWC of 3.8%, caused reductions in the ggiditton efficiencies and the
saturated photosynthesis values of both types (€%8.3a-f). However, the ¢type had

a 61.7% decrease in carboxylation efficiency aspamed to only a 43.5% decrease in
the G type. The Gtype also had a greater decrease in the &&furated portion of the
curve than the €type. This amounted to a 53.6% decrease 4ntyfe and a 35.8%
decrease in theQype. These results agree with Ripétyal.(2007), who found that the
carboxylation efficiency of the {Subspecies dAlloteropsis semialatdecreased by 76%
during drought as compared to only a 39% decreagbe G subspecies implying a
greater vulnerability of the L£cycle to maintain maximum activity than the €ycle

during drought (von Caemmerer 2000).
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The G type was more susceptible to the progressive dhtouggatment showing
metabolic effects, rather than stomatal effects pmotosynthesis that reduced
photosynthetic capacity more than was observedtHer G type (Figures 3.m, c).
Metabolic factors reduced the photosynthetic rateahe G type by almost half as
compared to a reduction of only 26% in the ®pe during the progressive drought
treatment relative to the control. These resultsimragreement with Riplest al (2007)
who found that the £subspecies ofA. semialatahad significantly higher relative
metabolic limitation values than the S8ubspecies, accounting for a 36%, as opposed to a
19% reduction in photosynthesis during droughte/atively, the stomata had four
times greater effect on photosynthesis of they@e in this study relative to the, §/pe
(Figure 3.5a). Ultimately the photosynthetic capacities of gele drought stressed
plants were inhibited mostly by metabolic factoegardless of photosynthetic type
(Figure 3.5d).

The mechanisms as to why the, &pe had a higher metabolic limitation to
photosynthesis under progressive drought conditiefegive to the €type are unclear.
At high CG, concentrations, PEP carboxylase activity is lichilyy PEP regeneration in
C, plants. The activities of Lcycle enzymes or alternatively the capacity of the
chloroplastic electron transport chains can liniPPregeneration at high irradiance (von
Caemmerer 2000). The initial slope of the G&sponse curve for the,@/pe is affected
by different maximal PEP carboxylase activitieswL.BEP carboxylase activity causes a
reduction in the saturated portion of the curve tmeRubisco not being completely
saturated with C@in the bundle sheath (von Caemmerer 2000). Cuwaifithe CQ
response curve is affected by bundle sheath coadcet (von Caemmerer 2000).
Drought caused a decrease in the initial slopes@@g saturated regions of tha:c;
curves of the ¢species indicating low PEP carboxylase activitgd andecrease in the
rate of PEP regeneration, respectively. The cureatfithe graphs also decreased during

drought indicating an increase in bundle-sheatldgotance to C&

The validity of A:c; curves in analyzing drought-related loss of biocloal

photosynthetic capacity of ;Cspecies has been questioned by some researchers.
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Heterogeneous stomatal closure and cuticular cdadce are two factors that could
invalidate measured values (Lawlor 2002). Determining the carboxylatefficiency of
C; species usingh:c; curve analyses is dependent upon the assumptainttie CQ
concentration of the internal airspaces {s equal to the COconcentration of the
chloroplast €¢;). Ethier and Livingston (2004) and Manter and iK@m (2004) have
argued that if mesophyll conductance were low themould be considerably lower than
ci, resulting in the underestimation of carboxylatiefficiency. Flexaset al (2002)
confirmed this in their assessment of the photdsstic capacity of severely water
stressed grapevine. They demonstrated the carlimxylaefficiency and C@
compensation point remained unchanged under selvetgght when analyzed usirg
instead ofc; indicating that photosynthesis was limited by @ased resistance of the
mesophyll to CQ@ diffusion. However, Ripleyet al. (2007) demonstrated that the
decrease in carboxylation efficiency of the SDbspecies oA. semialataduring drought
was similar whether expressed on the basts of ¢i. This further suggests that decreases
in mesophyll conductance did not account for theudht limitation of photosynthesis in
the G subspecies. Since fluorescence measurements wdremade during this
experiment, we cannot estimate mesophyll conduetamc,. It is unlikely that these
issues will invalidate the results as changes isapkyll conductance is still a non-

stomatal effect and only the interpretation of wdaon-stomatal response is will change.

Photosynthetic recovery

The G type recovered full photosynthetic capacity fasan the Gtype (Figure 3.&).

In general, recovery of photosynthetic capacitgraftild stressgsabove 0.1 mol kD

m? s1) is rapid, usually occurring the day of re-watgrimnd complete (Flexast al.
2004). Alternatively, the recovery of photosyntisesifter severe water stress takes
several days and pre-drought photosynthetic raeesat always attained (Souea al.
2004, Flexast al 2004, Miyashiteet al 2005). Rapid recovery of photosynthesis in
drought-stressed plants upon re-watering indicéiaisthe decrease in net €@ptake is

a result of stomatal closure (Cornic 2000). Howgifgghotosynthesis does not recovery

immediately than non-stomatal factors may be limgitthe process. Current knowledge
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about the physiological limitations of photosyntbeécovery after drought is sparse. Lal
and Edwards (1996) demonstrated tAataranthus cruentuandZea maysnade a full

photosynthetic recovery within 2 - 4 days of reevetg after photosynthesis had
dropped to 5 - 10% of the original rate. Miyastétaal. (2005) showed that kidney bean
reached the photosynthetic levels of the contrds pahen re-watered after 2 —3 days
without watering. However, when re-watering stadadlay 7 of drought, photosynthesis
only recovered to half of the control pots valuglse photosynthetic rates of the current
study species declined to 11- 26% of the contrdl rates after 48 days of a slowly
induced drought, and it took 3 - 15 days for thestes to recover upon re-watering
(Figure 3.6b). There were differential recovery rates betwdenghotosynthetic types as

the G species recovered more quickly than thesg@ecies.

Whole plant water use efficiency

One of the aims of these experiments was to deteriithe WUEe, advantage of the
NADP-ME species during naturally and simulated wedtered conditions and their
subsequent loss of this advantage during severerveitess translated into similar
WUEian: trends. Long (1999) acknowledged tN#UE.« values will only translate into
equivalent whole plant water use efficien®yYWE;an) values if the plants have the same
degree of coupling with the environment. Canopydtire, stature, leaf orientation, leaf
curling and folding affect this couplingVUEyant is also dependent on the physical
environment including: air temperature, humidityadiance and wind speed during the
growth period. In addition, the conditions of thesgexchange cuvette used to determine
WUEeas are such that these natural conditions are disturbéfferences in biomass
portioning to non-photosynthetic tissues and carboss from respiration also affect
WUEant independently ofVUEBea (Ghannounmet al. 2002). Thus the clear GNUBgat
advantage of field grown and pot-cultivated plantay not actually translate into a
WUEyanradvantage.

Water stress causetWUEear and WUEan: to decrease in the two types relative to the

control. The G maintained highelWWUEyan than the G type under well-watered and
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moderate drought conditions, but this advantage lst during the severe drought
treatment (Figures 44, b, 9. WUEesswas significantly higher in the,Gype than the €
type during the low VPD treatment in the field aatdthe start of the pot experiment
(Figure 2.3a and Figure 2.4). The severe water stress induced by the pot ewpet
causedNUEg,sto decline in both types, but it ultimately resdlie the G type having a
significantly lowerWUEess than the @ type (Figure 2.4a). This is in contrast to the
results of the field experiment, which showed #natn thoughNVUEe,s decreased in the
C4 type under low SWC relative to the low VPD treamtethis value was still
significantly higher than the value for the §pe (Figure 2.&). The soil water content
during the low SWC treatment was 5% as comparednly 3% during the severe
drought treatment of the pot experiment. This ddffecee may explain why the,Qype
was able to maintailVUEess advantage over thes@ype in the field and not during the
pot experiment. If pre-daw® is an estimate of so¥, then the 5% SWC measured in
the field corresponded to an average d#ilof —0.89 MPa, whereas the 3% SWC
measured on day 48 of the pot experiment corresggbrial an average soWof -4.4
MPa. Based on this relationship, the interval betw8-5% SWC marks the area where
soil Yrapidly declines. So it makes sense that this |sthifférence had a huge effect on
photosynthesis and/UEg,s of the plants. The SWC and soil water potentiaihef field
site from late winter until mid-summer never reattiee values simulated in the pot
experiment (Figure 2.2). The potential for thiseyg intensive soil drying is possible in
the field as Grahamstown is considered a semi-areh; however, this study was

conducted during an unusually long mesic period.

The same environmental conditions must exist ireotd compar&VUEy . of different
species. Comparing results of various studies fispticated by the fact that the growing
conditions of each experiment are variable. In tholdli some studies (Maroe al. 2000,
Ghannoumet al. 2002, Xuet al. 2006) consider carbon allocation to roots in their
calculations of whole plant biomass when deterngmMlUE;.n, whereas this study

monitored carbon allotted to photosynthetic leakar
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For grasses grown in the same environment &€ 2Bownes (1969) determined the ratio
of dry weight production per unit of water lost wamost twice as great in the €pecies
relative to the @species. For the grasses of this study grown usid@tar well-watered
conditions at an average temperature 6{23heWUE;an: 0f the G type was also twice
as high as the £type in pot experiment (Figure 4d). Drought causedWUEan: to
decrease in both photosynthetic types from welleweat values (Figures 4.4, o).
However the species showed more variation in tresponses to drought regardless of
their photosynthetic typed. contortug(Cs) andP. aequinervéCs) had negativeVUEant

under moderate drought conditions as a consequdreaf senescence (Figure £)1

A range of results has been reported on how droaffatts WUE;a.: of various G
species. Xuet al. (2006) demonstrated th8YUEan Of P. virgatum, S. italicaand B.
ischaemundecreased with soil drying, but values were ngmificantly different to the
well-watered values. Marogaat al (2000) found mixed results in their comparisonved
C4 Sahelian grasse8VUE . Of water stresse@hoenefeldia gracilisvas significantly
higher than the values for the well-watered plamsile Dactyloctenium aegyptiumad
only significant differences between treatments aals the end of the experiment.
Ghannoumet al (2002) showed a significant increaseWUEyan: in NADP-ME and
NAD-ME grasses that were subjected to droughtivedb the control plants. The severe
drought induced by this current experiment resuitedhe both photosynthetic types
having negativ&VUE, . due primarily to the reduction of leaf biomass picitbn cause

by leaf mortality (Figure 4.t).

In an attempt to compare actual values\dJEan: With other studies, culms and below
ground biomass were taken into account to deterrthivewater use efficiency of the
entire plant. At the end of the pot experiment pédints were harvested and divided into
live leaves, culms and roots. The percentage & leaves to the sum of the other
components was calculated and applied to the @lonlofWUEyansunder well-watered
conditions. The values for the;@nd G types were 2.5 0.44 and 5.3 0.62 g dry mass

/ kg water. The value for the,@pe is similar to the values Xat al. (2006) found foiB.
ischaemunmandP. virgatumand (6.43 and 5.46 g dry mass / kg water, resgyg}j but
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slightly lower than the average value for the NABIE- subtype (7.3 g dry mass / kg
water) determined by Ghannouet al. (2002) andD. aegyptium(11 g dry mass / kg
water) as determined by Maroebal. (2000).

The components oWUEya: Whole plant water loss per leaf arel,{,) and leaf
biomass production as represented by the relatbed €xpansion RGRyeg were
investigated to determine whether growth or wasage had a greater effect WUEjant
during droughtRGRye4 decreased in all of grasses during drought duwee reduction in
the size and number of leaves produced under dtaarghthrough leaf death (Figures
4.2 c-f). These effects were particularly extreme at thé ef the dry down experiment
resulting in negativdRGRyea Values for all of the species (Figure 42Marocoet al.
(2000) found that th&RGRyea Of two C; Sahelian grasses decreased with drought.
gracilis had significantly lower values in the water stessplants than in the well-
watered plants, but there was no difference betviesatments irD. aegyptiumEpjan Of
the two types also decreased steadily as drougltessed (Figure 4.3). In particular, the
severe drought treatment caused huge reductioBgaiof all of the species relative to
the well-watered values. Loweringyan did not enhance th#VUEyan Of the species
during drought; rather reductions in leaf biomasslpction by means of leaf senescence

were more influential oRVUEjant.

Epane did not correlate with transpiration in the §pe for the pot experiment as was
shown for the € type. Epant Of the G type decreased steadily with drought intensity
while transpiration rates remained relatively umgead during the more stressful periods
(Figure 2.4c and Figure 4.3). The differences between transpiraate antEpant trends
may be explained by differences in the boundargdapnductance of a single leaf in a
gas exchange cuvette and that of a whole plantc®hditions of the leaf cuvette are not
representative of the actual growth environment. ahtificial flow rate increases the
boundary layer conductance of the individual ldedréby increasing the rate of water
vapor transfer above what may have been measured @ole plant level. The
resistance of the boundary layer in relation teothhole plant resistances to water vapor
transfer, namely the stomata, is small. Howevedjvidual leaves may curl and fold
further affecting boundary layer conductance (Reuma985). This parameter may
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become more important than stomatal conductanaecdmplete seal is achieved of the
rolled leaf edges, which may occur during severdewatress (Redmann 1985).
Heckathorn and de Lucia (1991) found that leainglreduced transpiration by 7-13% in
water stressed plants éihdropogon gerardiiand Spartina pectinateby lowering leaf
temperatures and thus leaf to air vapor pressuiieitdd akahiro and Ryoichi (2000)
studied the effects of leaf rolling on gas exchaimgece and determined that it inhibited
transpiration only and that photosynthesis, stohataductance and leaf temperature
were not affected. They concluded that leaf rolimgroved the water use efficiency of a
single leaf by decreasing transpiration through tleeluction of boundary layer

conductance.

The manual unfolding of leaves before taking gasherge measurements may explain
why Epian did not correlate with transpiration in the pot esment. This technique may
have inflated the actual transpiration rates ofgpecies by changing the leaf boundary
layer resistance that developed as a result oinfigld his was especially significant kh
contortusandT. triandra, which usually had tightly folded leaves even unaederate
drought. When water stress was particularly extréaag 48 of the pot experiment) most
species had leaves that needed uncurling or unfploefore gas exchange measurements
were taken. Still this fact does not explain whg {eaves of the L£type commenced

transpiration after being unfolded, but the leaviethe G type did not.

O'Toole et al (1979) showed how atrtificially curling the leavasOryza sativareduced
transpiration and that the degree of leaf rolligl la differential effect on transpiration.
The more tightly folded, the less the leaf trarsgirWhat is most interesting is that
transpiration of a tightly folded leaf recovereddily (a few minutes) to initial values
upon unrolling. The stomata of the €tudy species may have in fact been open under
severe drought, but these species had createdtditia” environment (i.e. leaf folding

to increase the upper leaf surface area boundamr leesistance) that discouraged
transpiration as a way to control plant water beanOnce this environment was

disturbed, transpiration was able to proceed.
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Hydraulics

There is often a strong correlation betwegiand the hydraulic conductance of the soil-
plant-atmosphere continuum (Speey al. 2003). This correlation is partially due to
stomata regulating plant water status through tHgisament of transpiration. The
feedback response of stomatal closure ensurestthraata respond to the water status of
cells within their immediate area (Buckley 2005ha@iges in plant water status are
prompted by changes in hydraulic conductance thramagitation and soil drying (Sperry
et al. 2003). As was pointed out in the previous sectiba,potential insensitivity of the
stomata of the £species to drought may result from leaf foldingaling occurring as
an alternative mechanism to reduce transpiratiovedtigating the relationship between
gs andKpiant confirmed that the stomata of the did not respond to changesKgan: in
either the field or pot experiments as suggeste8g®rryet al. (2003). There was a slight
increase irgs of the G type on day 36 as compared to day 20 of the pmerxent while
Kpiant Was maintained (Figure 2dtand Figure 5.2). Similarly in the field,gs decreased
in the low SWC treatment compared to the low VR&Etment (control) whil&gjan: was
maintained during both treatments (Figure @ 8nd Figure 5.1). For the Gtype, Kpjant
and gs decreased steadily during the dry-down periodhef pot experiment and also
decreased during the low SWC treatment relativeh® control indicating that the
stomata of the £type are sensitive to changeKipan: (Figures 2.3y 2.3d, and Figures
5.1a5.2a).

Hydraulic conductance is proportional to the numbkexrylem conduits in parallel and
their diameters raised to the fourth power (Spetrgl. 2003). This is a rough estimation
of water conducting capacity because this doesaketinto account the added resistance
of water flow through the inter-vessel pit membsaoé the xylem (Sperrgt al. 2003).
The G type had lower hydraulic resistance than thetype by having longer xylem
vessels that comprised a greater percentage tobtak leaf length. The lengths of the
longest xylem for the £and G types were 8.7 and 7.4 mm respectively (Table.5.2)
These values are similar to the mean xylem lengtmi) in the leaf blade d¥estuca

arundinaceaas reported by Martre and Durand (2001). HoweVexse values are much
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smaller than the ones reported ®accharum sppyhich ranged from 77 — 121 mm
(Neufeldet al. 1992). The G type also had greater capacity to water flow tthen G,
type by having average maximum xylem vessel diaredlteat were significantly larger
than those of the £type (Table 5.3). The range of maximum diametescdbed for
Saccharum spprere 24.4 — 54.2 um, whereas the values for @@ G species of this
study were only 22.4 and 18.5 um, respectively. Wite xylem vessels of the;@ype
resulted in this type having a higher theoretieaf Ihydraulic conductance than the C
type (Figure 5.4). However, both photosynthetic types had simitdalt xylem lumen
areas (Figure 5.4). This is a result of the {ype having greater numbers of smaller
diameter vessels than thg ¥pe. The total xylem lumen area of a few largemnteter
vessels will equal the area of many smaller diamedssels. However sing& is a fourth
power relationship as opposed to a second powatioBship (transverse sectional area),
the difference between a few larger vessels as amdpto many smaller vessels is huge

when accounting for water flow.

Long xylem vessels with large diameters are moséfi@al under mesic conditions. The
cost of having these particular xylem is a greatek of hydraulic failure through
cavitation caused by high xylem tensions duringudhd (Sperry 2000). Thus, shorter,
narrower and mechanically stronger xylem are mameebcial in environments where
water is limiting. The tradeoff of having these tgarlar xylem is lower flow capacity.
The G type had xylem characteristics that enhanced vaateducting efficiency that
resulted in this type having a highKpan: than the @ type under well-watered field
conditions (Figure 5.1). The more vulnerable xylem of the; §/pe causeKpan: t0
decrease during drought conditions in the field iehe the safer xylem of thes §/pe
allowed it to maintain similar conductances on bd#tys (Figure 5.1). These xylem
also causeant Of the G type to decrease more quickly during the dry-dqvar
experiment as compared to the @pe (Figure 5.2). This was result of the more rapid
decline of Hear in the G type than the £type (Figure 5.2). The safer xylem of the .C
type permitted it to endure more negathe,s than the Gtype during the low SWC field
treatment (Figure 5.4).
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Drought caused both of the photosynthetic typesidaificantly reduce the size of their
largest xylem vessels produced after the impostibdrought (Table 5.3). The strategy
of the species to drought was not entirely depeindemphotosynthetic typé. ecklonii
(Cs species) was the only species to significantlyelese the numbers of large and small
vascular bundles per cm of leaf width. In additidnJeucothrix(C4 species) decreased
the number of its intermediate bundl&s semialatgC; species)T. triandra (C,4 species)
andT. leucothrixreduced the size of their largest vessels duringght. Thus, there was

significant plasticity in the response of the spedb drought.

Kocacinar and Sage hypothesis

Kocacinar and Sage (2003) suggested that the sagowdnsequence of the, @/pe
having a higheMWUREgy than the @ type is the ability to alter xylem structure and
function to either improve hydraulic safety (desedranspiration therefore leKgjantis
needed) and / or enhance photosynthetic capacitya extra loss of water, depending
on the environment. In mesic environments, thetype may increase photosynthetic
potential by allowing an increase in leaf area @it of xylem tissue relative to the;C
type. In arid environments, the, §/pe may have safer xylem that has less flow dgpac
but is less vulnerable to cavitations. This hypsihevas tested on eudicot species of
similar taxonomic and/or ecological distributiorhelcurrent study allowed a test of this
hypothesis for wild grasses from a single site stibntrolling for phylogeny. Contrary
to the mesic hypothesis, the leaf area to xylera eago was the same for the two types
when grown under well-watered conditions in thédfi@he inverse of results of Figure
5.4 a). The strategies of the two photosynthetic typesng) drought were not always
distinct; they were sometimes blurred by the sgiete of the individual species. In
general, it was shown that thg Rad more smaller-sized xylem vessels than they/@
(Table 5.3). This redundancy in xylem increasedraytic safety. Loss of function of a
few small vessels does not affect overall watedaetion as much as the loss of function
of a few larger vessels. In addition, the averagendter of the three largest xylem
vessels in the Ctype was smaller than in the; §pe (Table 5.3). However, this trend

dissolves when you take the species into accdunsemialatahad the largest average
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xylem diameterT. triandrahad the smallest and the other species had sididareters.
Drought induced differential species responsesrd&as no clear £/ C, trend in the
reduction of xylem vessels size during droudghtsemialata, P. aequinerve, triandra
andT. leucothrixdecreased the size of their largest vessels frefhwatered sizes, thus
enhancing xylem safety?. eckloniisignificantly decreased the total number of vaascul
bundles per centimeter of leaf width, but did ndjuat the size of its largest vessels
during drought, thus making this species more valole to cavitationsH. contortus
used the same strategy during both treatmentglittly increased the size of its largest
xylem vessel while maintaining a similar numbervascular bundles during drought
compared to well-watered valueb. leucothrixsignificantly decreased the number of
intermediate vascular bundles per cm of leaf widltihy while reducing the size of its
largest vessels thereby increasing overall xylef@tgal he G species did not necessarily
increase xylem safety during drought as was sugddsy Kocacinar and Sage (2003)
because they also had “safe” xylem under well-veatezonditions relative to thesC
species.

The extensive vascular system of thetgbe may be an artifact of needing a shorter
distance between the mesophyll and bundle shedkh ioeorder for metabolites to
diffuse freely between the two cell types. Uat@l. (2006) found that the {yrasses had
shorter distances between the small longitudinahsyelong longitudinal veins and
transverse veins than the @rasses. Transverse cross-sections in this sewhaled that
the G, type had over 2.5 times the number of small vascoilindles and 1.5 times the
number of large vascular bundles per centimetdeaff width than the €type under
well-watered conditions. These numbers increasehglairought. This denser hydraulic
network of the @G type has been hypothesized as to whyl@nts are able out-compete
C; plants in hot environments (Sage 2004). Reducimgnieinal distance reduces
evaporative surface area relative to conduit stegyé 2004). Having a greater number of
small vascular bundles with smaller sized xylemseés confers a higher degree of
hydraulic safety in the Ltype as compared to the; @/pe. The evolution of the .C
pathway may have predisposed $pecies to the secondary benefits of efficientewat

usage.
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Species differences

There were many significant differences betweensgiecies for most parameters in this
study. In comparison to the type differences, smeatffects accounted for more
significant results in all of the general lineardets analyzed. The differences between
the six study species and even the differencesdagiihe three species within each type
may explain how they are able to co-exist in thmesagrassland. Each species has a
unique combination of strategies by which it iseatdrve out a specific niche in the field.

Specific examples are mentioned below.

The large xylem vessels Af semialatanade this species vulnerable to drought and high
evaporative demand)s decreased the most in this species during the YD field
treatment, which caused a subsequent decreas®iasphthesis (Figures 2@ h). The
high VPD probably put too much hydraulic strainitsnxylem even though the SWC was
25%. If the stomata had not closed, negative tessiould have developed in the xylem
causing runaway cavitations. The sensitivity of #temata allowed this species to
maintain similar¥ear and pre-dawnHesr during the three field treatments (Figures &,1

f) and have similaWUEe andWUEan: to the G species under well-watered conditions

during the pot experiment (Figure 2%&nd Figure 4.1).

The severe drought (day 48) took its toll Ansemialata.This species had one of the
lowestgsand photosynthetic rates on this day (Figureb2 &. Heos reached a very low
—4.8 MPa an&jant and transpirationvere barely measurable on this day (Figure$5.2
d and Figure 2.%). Despite of this, photosynthesis recovered thekgst in this species

after re-watering (Figure 318.

P. aequinervénad the longest xylem relative to leaf lengthuh@sg in fewer inter-vessel
pit membranes by which water must flow through stdecreasing hydraulic resistance
(Table 5.2). This feature increased leaf hydragbnductivity, but it also made this
species vulnerable during drought. The abilityastain such highpiant during the high

VPD treatment resulted in substantial increasegsiand photosynthesis at this time
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(Figures 2.3, hand Figure 5.b). Nevertheles&an decreased substantially during the
severe drought of the pot experiment resultinghis species having the lowegtand
photosynthetic rate of all the species (Figured2dand Figure 5.8). This reduction in
photosynthesis led to a negatiRGRyea during the moderate and severe drought
treatments (Figures 4@ f).

P. eckloniihad the third largest xylem vessels (Table 5.8)esE vessels enhanced the
water conducting efficiency of this species undetlwwatered conditions (in the field).
They enabled high rates of transpiration during thériod that resulted in a similar
photosynthetic rate to the threg §pecies (Figures 25, ¢. Moreover, it permitted this
species to attain the highdsfian: values of all the species during the well-wateraed a
moderate drought treatments (Figure 4B). ecklonii reduced the total number of
vascular bundles per centimeter of leaf width attthe size of its largest vessels during
drought (Table 5.3). This amplified this speciednewability to water stress. The
consequence of this strategy was tRaeckloniidecreased its photosynthetic rate more

rapidly than the gspecies as drought developed (Figure2.5

T. triandrahad the greatest number of large and small vasbulalles per centimeter of
leaf width and decreased the size of its largesseds during drought (Table 5.3). This
redundancy of narrow xylem provided a degree ofréwiic safety when water
availability was low.T. triandra was able to endure the most negative midddy;
during the low VPD and high VPD treatments as vesllsustain the lowest pre-dawn
Year 0N all three field days (Figures &1f). This species was also able to increlgsg:
during the progressive drought (day 36) while sostg high gs and transpiration
(Figures 2.5¢, d and Figure 5.2b). On the other hand, photosynthesis was more
susceptible than hydraulics to drougMUEe,s decreased during the progressive drought
(day 36) due to a greater decrease in photosyothates rather than transpiration
(Figures 2.9, b, 9. In addition, the photosynthetic rate of this@pe was the slowest to

recover after re-watering even thougecovered more quickly (Figure 3ok
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T. leucothrixis the only species that had intermediate vastwladles (Table 5.3). These
bundles gave this species more hydraulic flexipillthey contained larger xylem vessels
than the small vascular bundles increasing hydrazdpacity when water was available.
At the same time, these bundles increased the dehigy of xylem vessels and provided
a degree of hydraulic safety when water was limgitiAs a resultT. leucothrixwas the
only species to increase transpiration and sustair during the low SWC treatment as
compared to the low VPD treatment (Figure 2&hd Figure 5.Db). Having the second
largest xylem vessels even under drought confeaedegree of vulnerability. This
species had the lowegsand photosynthetic rate of the §pecies on day 48 (Figures 2.5
b, d. However, the stomata df. leucothrixseemed to be more responsive than the
stomata of the other,Gpecies as shown by its improvementNituEess on day 36 by
decreasing transpiration more than the othgsp@cies (Figures 2& ¢). This allowedT.
leucothrix to maintain the most favorable water status oftladl species on this day
(Figure 5.2d).

H. contortushad xylem vessels with the smallest diametersedsas the second highest
number of large and small vascular bundles periroetgr of leaf width under well-
watered conditions (Table 5.3). These particuldemycharacteristics conferred a degree
of hydraulic safety for this species. Photosynthesidgs were not as vulnerable to the
high VPD treatment as was shown forsemialata(Figures 2.3, h). However during
drought, photosynthesis was more susceptible tgdrablics as was demonstrated Tor
triandra. WUEe,s decreased on day 36 due to a greater decreasmtosgnthetic rates
rather than transpiration (Figures @a5b, 9. These results corresponded to what was
happening on the whole plant levél. contortushad a negativ&VUEyan during the
progressive drought treatment of the pot experimeetause of high rates of leaf

mortality reflected in its negativi@GRyea (Figure 4.1e and Figure 4.2l).

Anatomical characteristicsand species distribution

The anatomical and drought response characteristittsese study species may explain

their distributions in Southern Africa. Thesz GQype had xylem characteristics that
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enhanced water-conducting efficiency. The cost afifg efficient water conducting
xylem is vulnerability to cavitations induced byryenegative xylem pressures that
develop under low soil moisture availability. It dd be for this reason that the
distributions ofA. semialata, P. aequinervand P. eckloniiare restricted to the more
mesic environment of the east coast. The abilitg.cfemialatao extend northwards into
Tanzania is achieved at high altitudes (Gibbs Rugdeal. 1991). As a g grass, this
species is only more competitive thangZasses at cooler temperatures. This is due to the
fact that the additional investment of the cycle lowers the quantum yield of, Glants

at low temperatures. Alternatively the safer xylefiT. triandra andH. contortusallow
these species to extend their distribution into dher western regions of South Africa
and into the very low rainfall areas of Namibialfids Russelét al. 1991). At the same
time, these grasses are abundant in the summéalraggions of South Africa where the
higher temperatures make them more competitive Bagrasses in the low lying
regions. The large diameter xylem vesselsI ofeucothrixmay restrict its distribution
largely within the same range as the $pecies. However, the hydraulic flexibility
provided by its abundance of intermediate vasdolardles has allowed this species to

extend into the fynbos biome of southwestern Saditica.

Key Points

Under well-watered conditions in the field and dgrthe pot experiment, the, §pe had
significantly higherWUEes than the @ type. This is in accordance to our initial
hypothesis (Chapter 1). TM#UEessadvantage of the Qype was due to having a higher
photosynthetic rate than a; @/pe because both types had similar transpirataies.
Ultimately the severe drought treatment of thegqteriment caused the, §/pe to have

a significantly loweMWUEe4 than the G type (Chapter 2). This reduction WUEgz of
the G, type corresponded to a greater decrease in phdtesjs rather than transpiration.
gsof the G type remained higher than the @pe during the latter stages of the dry-down
period as photosynthesis continued to steadilyimcintil it reached a similar rate to the
C; type on day 48. These results did not agree \Wwithfield data, which showed that the

C, type maintained both photosynthetic and waterafSeiency advantage over the; C
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type on the low SWC day. The 2% differential in SV€tween the field and pot
experiments occurred on the asymptotic sectiorhefdoil suction curve signifying a
dramatic decrease in soW. This additional water stress resulted in thetype losing
photosynthetic advantage. €@sponse curves showed that the susceptibilityCof
photosynthesis to drought was a result of greaeabolic effects, rather than stomatal
effects (Chapter 3). Metabolic factors reducedpghetosynthetic rate of the,&/pe by
almost 50% as compared to a reduction of only 26%e G type during the progressive
drought treatment relative to well-watered condisioHowever, the photosynthetic rates
of both types were equally inhibited by metabolctbrs during the severe drought
treatment. This fact did not explain why the phgtdbketic rate of the £type took longer
than the @ type to recover to control pot rates after re-watge The carbon-
concentrating mechanism of the §§pe may have been dysfunctional and additionae ti
was needed for repair. The fact that full photolsgtit capacity was eventually achieved
in the G species meant that there was a degree of regiliartbis mechanism.

WUEe4s corresponded to trends WUEant, and photosynthesis corresponded to trends in
RGRyea however transpiration did not correlate wilgan. The G lost its WUEant
advantage over the 3Qype during severe drought due to decreases inbieaass
production reflected in the negative values RGERa (Chapter 4).Epan Of the
photosynthetic types decreased steadily as dropgigressed particularly during the
driest period. Reductions Byan:during drought did not enhan®®@UE; s rather loss of

leaf biomass was more influential WU Eyant.

The lack of correlation between transpiration &pgn in the drought stressed leaves of
the G, species may have been due to differences in boyiayger resistance of folded
and unfolded leaves and whole plant canopies. Thep€cies folded their leaves during
drought. This may have been a response to the tdtémsensitivity of their stomata.
Leaf folding was a strategy used by these speoieselate an environment that reduced
transpiration by increasing leaf surface boundayet resistance, thereby bypassing the
possible limitations of the stomata. The manualoldifig of these leaves and the
artificial flow rate of the gas analyzer cuvettecidased this resistance and caused
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transpiration rates to increase. Nevertheless, mae needs to be done on this.
Transpiration rates of folded and unfolded droigitegssed leaves need to be measured to

determine if there are actual differences.

The ability of the G species to transpire under severe water stresshenagy to do with
the anatomy of their xylem (Chapter 5). The €pecies had twice as many vascular
bundles per centimeter of leaf width than the $pecies, which increased xylem
redundancy lessening the risk of complete hydratditure. The vasculature of.
triandra and H. contortuswas comprised of five times as many small vascolardles
than large ones per centimeter of leaf width, wHileleucothrixhad more hydraulic
flexibility than the other species by having intedrate vascular bundles in addition to
large and small ones. These combined qualitiesiggdvinteresting trends in hydraulics
between the photosynthetic types. Firsyan of the G type decreased more slowly
during the dry-down experiment than thet@pe. The G type was also able to maintain
similar conductances during well-watered conditiand under low soil water content in
the field, wherea&an Of the G type decreased under drought. Finally, théy@e was
able to endure more negati¥..than the Gtype during the low SWC field treatment.

These anatomical characteristics may also explancturrent distribution of the study
species in Southern Africd. triandraandH. contortusseem to be hydraulically suited
to withstand more negative xylem tensions and lyagater resistance to cavitations than
the G species, thus making them the least vulnerabldrémght conditions. These
gualities may have allowed these species to extasid range from the more mesic east
coast of Southern Africa, where thg €pecies of this study afd leucothrixoccur, into

the more arid western regions of Namibia.

Unlike the G species, the Lspecies investigated in this study (NADP-ME) are
hydraulically tolerant of drought. However, photo8esis of the £species appears to
be at risk to severe water stress. This findingesponds to the inverse correlation
between annual rainfall and the abundance of NADOP-$pecies around the world.
There are some issues in using annual rainfalhagptimary criterion for determining
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species abundance especially for semi-arid enviensn It does not take into account
the frequency of rainfall events, the amount ofewrahat falls during each event, the
number of rainless days in between these eventheosseason of rainfall relative to
growth. Precipitation of semi-arid environmentdighly variable. These environments
are usually characterized by many small rainfaéires, but large and infrequent storms
tend to bring most of the annual rain (Williares al. 1998). In addition, it is not
uncommon for semi-arid environments to experiemeguent atmospheric drought (high
VPD) even when soil water content is high (Marataal. 1997). Thus discerning the
complexities of precipitation distribution is impgant in our understanding of the
determinants of the productivity of grasslands @ogdsibly the abundance of the C
subtypes around the world.

This experiment simulated a long, slow drought éveat took 48 days for severe water
deficits to develop. The {3pecies strategy was to avoid dehydration by dirckosure,
while the NADP-ME species seemed more able todtdethe drought, as they were able
to maintain higher rates of carbon fixation thae @ species for most of the dry-down
period. Models of above-ground productivity and gipgation for three temperate
southern African grasslands have shown that tieeviat between rainfall events was the
most important variable at the wettest site, whetka size of the rainfall event was most
important at the driest site (Swemnedral 2007). If NADP-ME species were selected
for / or competitive in habitats with small anddtent rainfall events then alternatives to
stomatal closure (i.e. leaf folding) would be mbeheficial during the short intermittent
periods of water stress so that Q@ptake is not sacrificed while trying to reducetava
loss. However, maximizing use of available soil stwie becomes hazardous if the next
rainfall event happens later in the season. Theafanduring such a severe drought for
the NADP-ME species of this study was that full @synthetic recovery was not
achieved for over three weeks after re-watering.

In order to tease out the environmental variatiaffscting the distribution of the ,C
subtypes around the world, more questions needet@rtswered. 1) Do NADP-ME

species respond differently to drought that happgnskly and / or for longer (than this
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experiment)? 2) Do NAD-ME species have lower phgttisetic and stomatal
sensitivities, sustain lowe#.,s and have less vulnerable xylem characteristics tita

occurring or closely related to NADP-ME species? What are the underlying
mechanisms for the metabolic limitation of photdsgsis in NADP-ME species (need to

investigate chlorophyll fluorescence, enzyme ati¢igj on-line isotope analysis)?

In the end, it is the metabolic inhibition of phsyathesis during drought that makes
these NADP-ME species susceptible to drought. Damadhe G carbon-concentrating
mechanism may have incurred as a result, whichyddléhe photosynthetic recovery of
the NADP-ME species relative to thg §€pecies. This susceptibility may be compounded
by the fact that the NADP-ME species have lessoespe stomata than the; €pecies

(personal observation).

This study confirms the metabolic sensitivity in-@ocurring NADP-ME Panicoid
grasses and has demonstrated that photosynthesiscis more at risk than hydraulics to
severe drought. These findings may explain why NADIP species abundance around

the world decreases with decreasing rainfall.



References 10¢

References

Bernacchi C.J., Singsaas E.L., Pimental C., PaktR., Long S.P. 2001. Improved
temperature response functions for models of RoHistited photosynthesi®lant, Cell
and Environmen24: 253-259.

Bernacchi C.J., Pimentel C., Long S.P. 2003vivo temperature response functions of
parameters required to model RuBP-limited photdsssis.Plant, Cell and Environment
26:1419-1430

Bota J., Medrano H. Flexas J. 2004. Is photosymghiéwited by decreased Rubisco
activity and RuBP content under progressive wdtess™New Phytologisi62: 671-681.

Boutton T.W., Hamson A.T., Smith B.N. 1980. Distriton of biomass of species
differing in photosynthetic pathway along an allinal transect in southeastern
Wyoming grasslanddecologia 45: 287-298.

Brown R.H. 1999. Agronomic implications of,@hotosynthesis. In: Sage R.F., Monson,
R.K., edsC, Plant Biology Academic Press, San Diego, CA, USA. p. 473-503.

Buckley T.N. 2005. The control of stomata by wdiatance New Phytologisi68: 275-
292.

Carmo-Silva A.E., Soares A.S., Marques da Silvédrnardes da Silva A., Keys A.J.,
Arrabaca M.C. 2007. Photosynthetic response oktikegrasses of different metabolic
subtypes to water deficiEunctional Plant Biologyd4: 204-213.

Cerling T.E., Harris J.M., MacFadden B.J., LeakeyGM Quade J., Eisenmann V.,
Ehleringer J.R. 1997. Global vegetation changeutijincthe Miocene/Pliocene boundary.
Nature389: 153-158.

Collatz G.J., Ribas-Carbo M., Berry J.A. 1992 Cedplphotosynthesis-stomatal
conductance model for leaves of f@lants.Australian Journal of Plant Physiologi:
519-538.

Collatz G.J., Berry J.A., Clark J.S. 1998. Effest<limate and atmospheric G@artial
pressure on the global distribution of @rasses: past, present and fut@ecologiall4:
441-454.

Cornic G. 2000. Drought stress inhibits photosysith®y decreasing stomatal aperture-
not by affecting ATP synthesi$rends in Plant Sciencés 187-188.



References 107

Cornic G., Fresneau C. 2002. Photosynthetic canteoluction and carbon oxidation
cycles are the main electron sinks for Photosysileactivity during a mild drought.
Annals of Botany9: 887-894.

Cowan |.R. 1977. Stomatal behavior and environm@&dvances in Botanical Research
4:117-228.

Downes R.W. 1969. Differences in transpiration sabetween tropical and temperate
grasses under controlled conditioRtanta88: 261-273.

Downton W.J.S., Loveys B.R., Grant W.J.R. 1988.n&ttal closure fully accounts for
the inhibition of photosynthesis by abscisic abldw Phytologisi08: 263-266.

Du Y.C., Kawamitsu Y., Nose A., Hiyane S., MurayaBiaWasno K., Uchida Y. 1996.
Effects of water stress on carbon exchange rateaetivties of photosynthetic enzymes
in leaves of sugarcan8dgccharunspp). Australian Journal of Plant Physiolo@B: 719-
726.

Ehleringer J.R., Bjorkman O. 1977. Quantum yietnisGO, uptake in G and G plants.
Plant Physiologyp9: 86-90.

Ehleringer J.R. 1978. Implications of quantum yieifferences on the distributions of C
and G grassesOecologia3l: 255-267.

Ehleringer J.R., Pearcy R.W. 1983. Variation inrguen yield for CQ uptake among £
and G plants.Plant Physiology’3: 555-559.

Ehleringer J.R., Sage R.F., Flanagan L.B., Pear®dy.R991. Climate change and the
evolution of G photosynthesisirends in Ecology and Evolutid 95-99.

Ehleringer J.R., Cerling T.E., Helliker B.R. 1997, photosynthesis, atmospheric £0
and climateOecologiall2: 285-299.

Ellis R.P. 1976. A procedure for standardizing camapive leaf anatomy in the Poaceae
I. The leaf blade as viewed in transverse secBoithalial2: 65-109.

Ellis R.P. Vogel J.C. and Fuls A. 1980. Photosytithpathways and the geographical
distribution of grasses in South West Africa/Narait$outh African Journal of Science
76:307-312.

Ethier G.J., Livingston N.J. 2004. On the needntmrporate sensitivity to GQransfer
conductance into the Farquhar-von Caemmerer-Beaf photosynthesis modétlant,
Cell and Environmer27: 137-153.

Farquhar G.D., Sharkey T.D. 1982. Stomatal condwetaand photosynthesidnnual
Review of Plant Physiolog3: 317-345.



References 10¢€

Flexas J., Bota J. Escalona J.M., Sampol B., Medtdn2002. Effects of drought on
photosynthesis in grapevines under field conditioms evaluation of stomatal and
mesophyll limitationsFunctional Plant Biology9:461-471.

Flexas J., Bota J., Cifre J., Escalona J.M., Galhesulias J., Lefi E-K., Martinez-
Cafellas S.F., Moreno M.T., Ribas-CamMd.T., Riera D., Sampol B., Medrano H. 2004.
Understanding down-regulation of photosynthesiseundater stress: future prospects
and searching for physiological tools for irrigationanagementAnnals of Applied
Biology144: 273-283.

Flexas J., Bota J., Galmés J., Medrano H., RibabéCsl. 2006a. Keeping a positive
carbon balance under adverse conditions: respariggsotosynthesis and respiration to
water stresPhysiological Plantaruni27: 343-352.

Flexas J., Ribas-Ca#liM., Bota J., Galmés J., Henkle M., Martinez-Ca®., Medrano
H. 2006b. Decreased Rubisco activity during wategss is not induced by decreased
relative water content but related to conditions lofv stomatal conductance and
chloroplast CQconcentrationNew Phytologisi72: 73-82.

Frean M.L., Ariovich D., Cresswell C.F. 1983; &d G photosynthetic and anatomical
forms ofAlloteropsis semialatéR.Br.) Hitchcock. 2. A comparative investigatiohleaf
ultrastructure and distribution of chlorenchymathe two formsAnnals of Botanyl:
811-821.

Galmés J., Medrano H., Flexas J. 2007. Photosyatheitations in response to water
stress and recovery in Mediterranean plants witlerdint growth formsNew Phytologist
175: 81-93.

Ghannoum O., von Caemmerer S., Ziska S., Conray2D80. The growth response of
C, plants to rising atmospheric G@artial pressure: a reassessmétant, Cell and
Environmen®3: 931-942.

Ghannoum O., von Caemmerer S., Conroy J.P. 200thoGaand water economy of
Australian NAD-ME and NADP-ME ggrassesAustralian Journal of Plant Physiology
28:213-223.

Ghannoum O., von Caemmerer S., Conroy J.P. 2002.€fiect of drought on plant
water use efficiency of nine NAD-ME and nine NADFEMAustralian G grasses.
Functional Plant Biology9: 1337-1348.

Ghannoum O., Conroy J.P., Driscoll S.P., Paul Mcdyer C.H., Lawlor D.W. 2003.
Nonstomatal limitations are responsible for drodghticed photosynthetic inhibition in
four C, grassedNew Phytologisi59: 599-608.



References 10¢

Gibbs Russell G.E., Watson L., Koekemoer M., SmbglBarker N.P., Anderson H.M.,
Dallwitz M.J. 1991 .Grasses of Southern AfricAlational Botanical Gardens / Botanical
Research Institute. South Africa.

Giussani L.M., Cota-Sanchez J.H., Zuloaga F.O.,ld¢gl E.A. 2001. A molecular
phylogeny of the grass subfamily Panicoideae (Pas}cshows multiple origins of4,C
photosynthesisAmerican Journal of Botan§8: 1993-2012.

Grass Phylogeny Working Group 2001. Phylogeny ardasnilial classification of the
grasses (Poacead@nnals of the Missouri Botanical Gard@8: 373—-457.

Hacke U.G., Sperry J.S. 2001. Functional and eccdbgylem anatomyPerspectives in
Plant Ecology, Evolution and Systematdc®97-115.

Harley P.C., Sharkey T.D. 1991. An improved modeCg photosynthesis at high GO
reversed @ sensitivity explained by lack of glycerate reeninyjo the chloroplasts.
Photosynthesis Resear2fi: 169-178.

Hatch M.D., Kagawa T., Craig S. 1975. SubdivisidnGg pathway species based on
differing C, acid decarboxylating systems and ultrastructwaduresAustralian Journal
of Plant Physiology: 111-128.

Hatch M.D., Osmond C.B. 1976. Compartmentation @adsport in G photosynthesis.
In: Stocking C.R., Heber U. ed$ransport in Plants Il Intracellular Interactionand
Transport Processes, Encyclopedia Plant Physiolddggw Series Springer, Berlin. p.
144-184.

Hattersley P.W. 1983. The distribution of &xd G grasses in Australia in relation to
climate.Oecologiab7: 113-128.

Heckathorn S.A., DelLucia E.H. 1991. Effect of leafling on gas exchange and leaf
temperature oAndropogon gerardiandSpartina pectinataBotanical Gazetté52: 263-
268.

Huang Y., Street-Perrott F.A., Metcalfe S.E., Brenh., Moreland M., Freeman K.H.
2001. Climate change as the dominant control ocigknterglacial variations in £and
C,4 plant abundanc&cience?293: 1647-1651.

Jones H.G. 1973. Moderate-term water stresses a&sdciate changes in some
photosynthetic parameters in cottdlew Phytologis?2: 1095-1105.

Kanai R. and Edwards G.E. 1999. The biochemistr@,gbhotosynthesis. In: Sage R.F.,
Monson, R.K., ed<C, Plant Biology Academic Press, San Diego, CA, USA. p. 49-87.

Kocacinar F., Sage R.F. 2003. Photosynthetic pathaltéers xylem structure and
hydraulic function in herbaceous plarf$ant, Cell and Environmera6: 2015-2026.



References 11C

Ku S.B., Edwards G.E. 1977. Oxygen inhibition ofoRisynthesis |: temperature
dependence and relation 0§00, solubility ratio.Plant Physiologys9: 986-990.

Lal A., Edwards G.E. 1996. Analysis of inhibitiohghotosynthesis under water stress in
the G speciesAmaranthus cruentuandZea mayselectron transport, Cixation and
carboxylation capacityAustralian Journal of Plant Physiolod8: 403-412.

Lawlor D.W 2001.Photosynthesis Third EditiorBIOS Scientific Publishers Limited
Oxford, UK

Lawlor D.W. 2002. Limitation to photosynthesis inater-stressed leaves: stomata vs.
metabolism and the role of ATRnnals of Botany9: 871-885.

Lawlor D.W., Cornic G. 2002. Photosynthetic carbassimilation and associated
metabolism in relation to water deficits in higlptaints.Plant, Cell and Environmergs:
275-294.

Lewis A.M., Boose E.R. 1995. Estimating volume floates through xylem conduits.
American Journal of Botar§2: 1112-1116.

Long S.P. 1999. Ecology of,(hotosynthesis. In: Sage R.F., Monson, R.K., &is.
Plant BiologyAcademic Press, San Diego, CA, USA. p. 215-242.

Manter D.K., Kerrigan J. 2004A/C; curve analysis across a range of woody plant
species: influence of regression analysis parasmetsd mesophyll conductandeurnal
of Experimental Botan§y5: 2581-2588.

Maroco J.P, Pereira J.S., Chaves M. 2000. Growklotgsynthesis and water use
efficiency of two G Sahelian grasses subjected to water defidibsirnal of Arid
Environmentgl5: 119-137.

Marques da Silva J., Arrabaca M.C. 2004. Photoggishin the water-stressed @rass
Setaria sphacelatégs mainly limited by stomata with both rapidly astbwly imposed
water deficitsPhysiological Plantaruni21: 409-420.

Martre P., Durand J.L. 2001. Quantitative analgéigasculature in the leaves Béstuca
arundinacea(Poaceae): Implications for axial water transpbrternational Journal of
Plant Science$62: 755-766.

Miyashita K., Tanakamaru S., Maitani T., Kimura R005. Recovery responses of
photosynthesis, transpiration and stomatal condgetin kidney bean following drought
stressEnvironmental and Experimental Botab§: 205-214.

Mucina L., Rutherford M.C. 2006The vegetation of South Africa, Lesotho and
Swaziland South African National Biodiversity Institute (SAY Pretoria, South Africa.



References 111

Murphy B.P., Bowman D.M.S.S. 2007. Seasonal watailability predicts the relative
abundance of £and G grasses in Australi&lobal Ecology and Biogeograptys: 160-
169.

Noctor G., Veljovic-Jovanovic S., Driscoll S., Ntskaya L., Foyer C.H. 2002. Drought
and oxidative load in the leaves of @lants: a predominant role for photorespiration?
Annals of Botany9: 841-850.

Neufeld H.S., Grantz D.A., Meinzer F.C., Goldst&in Crisosto G.M., Crisosto C. 1992.
Genotypic variability in vulnerability of leaf xyte to cavitation in water-stressed and
well-irrigated sugarcan®lant Physiologyl00: 1020-1028.

O’Leary M.H. 1982. Phosphoenolpyruvate carboxylaseenzymologist’s viewAnnual
Review of Plant Physiolog3: 297-315.

Osborme C.B., Beerling D.J. 2006. Nature’s greewoldion: the remarkable
evolutionary rise of gplants.Philosophical Transactions of the Royal Societiafdon
Series B Biological Scienc881: 173-194.

Osmond C.B., Grace S.C.1995. Perspectives on pindtdion and photorespiration in
the field: quintessential inefficiencies of thehigand dark reactions of photosynthesis?
Journal of Experimental Bota6: 1351-1362.

O'Toole J.C., Cruz R.T., Singh T.N. 1979. Leaf iredl and transpiratiorPlant Science
Letters16: 111-114.

Pagani M., Freeman K.H., Arthur M.A. 1999. Late W®Boe atmospheric GO
concentrations and the expansion @@assesScience285: 876-879.

Parry M.A., Andralojc P.J., Khan S., Lea P.J., Ké&y3. 2002. Rubisco activity: effects
of drought stres#Annals of Botanyg9: 833-839.

Paruelo J.M., Lauenroth W.K. 1996. Relative abuedaaf plant functional types in
grasslands and shrublands of North Amertgznlogical Application$:1212-1224.

Raschke K. 1979. Movements using turgor mechanismsHaupt, W and Feinleib,
M.E., eds.Physiology of Movements, Encyclopedia of Plant Pihygy (New Series).
Springer-Verlag, Berlin p.381-441.

Raymo M.E., Ruddiman W.F. 1992. Tectonic forcingaié Cenozoic climateéNature
359:117-122.

Redmann R.E. 1985. Adaptation of grasses to wdtesssleaf rolling and stomate
distribution.Annals of the Missouri Botanical Gard&R2: 833-842.



References 112

Ripley B.S., Gilbert M.E., Ibrahim D.G., OsbornePC2007. Drought constraints on C
photosynthesis: stomatal and metabolic limitatians C; and G subspecies of
Alloteropsis semialatalournal of Experimental Botar8: 1351-1363.

Rundel P.W. 1980. The ecological distribution of &d G grasses in the Hawaiian
Islands.Oecologiad5: 354-359.

Saccardy K., Cornic G., Brulfert J., Reyss A. 19B@ect of drought stress on net €O
uptake byZealeavesPlanta199: 589-595.

Sage R.F., Li M.R.,, Monson R.K. 1999a. The taxomondiistribution of G
photosynthesis. In: Sage R.F., Monson, R.K., Eg®lant Biology Academic Press, San
Diego, CA, USA. p. 551-584.

Sage R.F., Wedin, D.A., Li M.R.1999b.The biogeobrapf C, photosynthesis: patterns
and controlling factors. In: Sage R.F., Monson, Ré&ds.C, Plant Biology Academic
Press, San Diego, CA, USA. p. 313-373.

Sage R.F., Kubien D.S. 200Quo vadis G? An ecological perspective on global change
and the future of Cplants.Photosynthesis Researéfi: 209-225.

Sage R.F. 2004. The evolution ofihotosynthesidNew Phytologisi61: 341-370.

Sanchez-Ken J.G., Clark L.G., Kellogg E.A.,, Kay E.FD07. Reinstatement and
emendation of subfamily Micrairoideae (Poace8gstematic Botany2: 71-80.

Schélander P.F., Hammel H.T., Bradstreet E.D., Hergsen E.A. 1965. Sap pressure in
vascular plantsSciencel48: 339-345.

Sinha N.R., Kellogg E.A. 1996. Parallelism and déity in multiple origins of ¢
photosynthesis in grasségnerican Journal of Botan§3: 1458-1470.

Souza R.P., Machado E.C., Silva J.A.B., Lagdba A.M\M Silveira J.A.G. 2004.
Photosynthetic gas exchange, chlorophyll fluoreseeand some associated metabolic
changes in cowped/igha unguiculataduring water stress and recovenvironmental
and Experimental Botarfyl: 45-56.

Sperry J.S. 2000. Hydraulic constraints on plarst ggchangeAgricultural and Forest
Meteorologyl04: 13-23.

Sperry, J.S., Hacke U.G., Oren R., Comstock J.B22Water deficits and hydraulic
limits to leaf water supplyPlant, Cell and Environmer5: 251-263.

Sperry J.S., Stiller V., Hacke U.G. 2003. Xylem taydics and the soil-plant-atmosphere
continuum: opportunities and unresolved iss@gsonomy Journa®s: 1362-1370.



References 115

Swemmer AM., Knapp A.K., Snyman H.A. 2007. Inteasonal precipitation patterns
and above-ground productivity in three perenniabgtandsJournal of Ecology5: 780-
788.

Taiz L., Zeiger E. 1991 Plant Physiology.The Benjamin/Cummings Publishing
Company, Inc. Redwood City, California.

Takahiro T., Ryoichi I. 2000. Effect of leaf rolgnon transpiration and water use
efficiency in rice Japanese Journal of Crop Scierg@ 406-412.

Taub D.R. 2000. Climate and the U.S. distributioh @ grass subfamilies and
decarboxylation variants of JgohotosynthesisAmerican Journal of Botang7: 1211-
1215.

Teeri J.A., Stowe L.G. 1976. Climatic patterns #raldistribution of @grasses in North
America.Oecologia23:1-12.

Tieszen L.L., Senyimba M.M., Imbamba S.K., TroughfoH. 1979. The distribution of
C; and G grasses and carbon isotope discrimination alongl@édinal and moisture
gradient in KenyaOecologia37: 337-350.

Tyree M.T. 1999. Water relations and hydraulic @edture. In: Pugnaire F.l. and
Valladares F. edsdandbook of Functional Plant Ecologiarcel Dekker, Inc., New
York and Basel.

van den Honert T.H. 1948. Water transport in plasteaternary proceddiscussions of
the Faraday Societ$: 146-153.

van Oudtshoorn F. 199Z5uide to grasses of Southern AfricBriza Publications.
Pretoria, South Africa.

Vogel J.C., Fuls A., Ellis R.P. 1978. The geographdistribution of Kranz grasses in
South Africa.South African Journal of Scien@d: 209-217.

von Caemmerer S., Farquhar G.D. 1981. Some re$dtipa between the biochemistry of
photosynthesis and the gas exchange of le®lastal53: 376-387.

von Caemmerer S., Furbank R.T. 1999. ModelingpGotosynthesis. In: Sage R.F.,
Monson, R.K., ed<C, Plant Biology Academic Press, San Diego, CA, USA. p.173-205.

von Caemmerer S. 200Biochemical Models of Leaf Photosynthe§ISIRO Publishing.
Canberra, Australia.

Williams K.J., Wilsey B.J., McNaughton S.J., Barw& F.F. 1998. Temporally variable
rainfall does not limit yields of Serengeti grass@&os81: 462-470.



References 114

Xu B., Li F., Shan L., Ma Y., Ichizen N., Huang J006. Gas exchange, biomass
partitioning and water relationships of three grasedlings under water stre$§eed
Biology and Managemest 79-88.



