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Abstract

By the end of the century, atmospheric0Oncentration ([Cg),) could reach 800 ppm, having
risen from ~200 ppm ~24 Myr ago. Carbon dioxideeeplant leaves through stomata that limit
CQO, diffusion and assimilation, imposing stomatal tation (s). Other factors limiting
assimilation are collectively called non-stomaialifations (ns). C4 photosynthesis concentrates

CO, around Rubisco, typically reducihg. Cs-dominated savanna grasslands expanded under low

[CO;]a and are metastable ecosystems where the respiineesoand ¢grasses to rising [CQy
will determine shifting vegetation patterns. HowandLys differ between savanna trees and C
grasses under different [GI@will govern the responses of G@xation and plant cover to [C} —
but quantitative comparisons are lacking. We mesbkassimilation, within soil wetting—drying
cycles, of three gtrees and three,@rasses grown at 200, 400 or 800 ppm {lcOUsing
assimilation—response curves, we resolvedndLys and show that rising [CA), alleviatedLs,
particularly for the @trees, butys was unaffected and remained substantially highethie
grasses across all [GRtreatments. Becau&gs incurs higher metabolic costs and recovery
compared with_s, our findings indicate that{yrasses will be comparatively disadvantaged as
[CO;)4rises.

Keywords

Photosynthesis, elevated g@lobal change, Poaceae, acadiachellig Celtis Combretumnon-
stomatal limitations, sub-ambient GO

Short title

Photosynthetic limitations and acclimation of savaplants at low-to-high [C
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I ntroduction

All photosynthetic organisms use the same anceStralochemical machinery in which GG

fixed by ribulose 1,5-bisphosphate carboxylase/ergge (Rubisco) and the products are processed

into sugars by dark reactions. lg @ants, CQ reaches Rubisco along a £€iffusion gradient
from higher atmospheric, to lower chloroplastic cemtrations [1]. C@diffuses into leaves
through stomata — the same pathway as water vapur and plants regulate the rate of gas
exchange by adjusting stomatal conductagggtfirough changes in stomatal density, dimensions
and aperture, which regulate evapotranspiratigrid]. Stomata therefore limit CQliffusion into
leaves and the [Cin sub-stomatal cavitie<() [3], and the extent of this limitation is called
stomatal limitationl(s). Stomata respond, not exclusively, to tempeegatatmospheric humidity
and CQ concentration ([Cg),), and the amount of water within and suppliedetves from the

soil [4]. Limitations toA caused by other leaf-level constraints are caltegstomatal limitation,
Lns, and include intercellular and intracellular £diffusion, light, metabolic and biochemical
constraints (Rubisco capacity, adenosine triphasp#d P] availability, ribulose 1,5-bisphosphate
[RuBP] synthesis, and leaf nitrogen), source—siyradhics, and leaf ultrastructure [5, 6].

Rubisco can either carboxylate or oxygenate RuBf#®mpeting photosynthetic and
photrespiratory reactions. Photorespiration mdisé® already fixed carbon, evolving génd
offsetting net CQuptake [7-9], and is largely determined by therat O, : CO, concentration at
the Rubisco catalytic sites [8, 10]., fhotosynthesis reduces photorespiration by deiagas
O, : CO, with a CQ-concentrating mechanism (CCM) [11]. Thepathway evolved
independently ~60 times in >18 families [12, 13§y of which appeared in the Neogene
(beginning ~23 Myr ago) after a reduction in [{{rom ~1000 ppm towards 180 ppm [14, 15].
Subsequently, savanna ecosystems expanded atpbesexof closed forests under low [J®n
all continents over the last 10-25 Myr [14] as numrsdriven seasonal aridity increased [16, 17];
and G-dominated grasslands generally expanded from niBexhd G grasslands ~9 Myr ago [14,
18, 19]. Chronic disturbance from herbivory anédj fuelled by productive and flammablg C
grasses, supress tree recruitment and promoteh@itats, meaning savanna vegetation patterns
are closely linked to the productivity of,@rasslands [20-23]. Changes in disturbance driean
induce rapid transition between open;ddminated grasslands with scattered trees, aseédlo
forest [24, 25], and savanna vegetation respolseésturbance are likely to be modified by
changing [CQ]a.

Today, savannas experience [{fQevels that are higher than in any point duringth
evolutionary history, but the effect of rising [€J@on savanna vegetation patterns is difficult to
predict, in part because potential differencefherelative roles of stomatal and non-stomatal
limitations in the photosynthetic responses gb6d G plants to [CQ|, are not well understood
[22, 26-29]. When stomatal factors limit photosyegis during a drought, for exampleis
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restored by increasing through stomatal opening upon restoration ofwatler availability;
consequentlyi.s does not impair or reduce metabolic function [B, &L]. Conversely, metabolic
constraints imposed dys are generally not immediately relieved with in@esiin soil water and

Os, hecessitating metabolic repair and prolongingvecy ofA to pre-drought levels [32]. Under
mild water limitation — that might be experienceadlylor weekly in open, semiarid savanndss+s
thought to predominate limitations £oin C, leaves, with_ns becoming more important as leaf
water status continues to decline [6, 33, 34]. Elav, compared with {ZC, leaves are more
susceptible tays [32, 35] and the speed of leaf dehydration mayegovhe mode of limitation t&
[35]. Although the severity of water limitationfafts the relative influence &g andLys, few

studies have assessed stomatal and metaboliclagidris to G and G photosynthetic inhibition
under moderate soil drying. Consequently, thergxdad proportionality of stomatal and metabolic
inhibition of A with moderate reductions in leaf water statudangely unknown for either £or G,
plants. Moreover, absolute declineggwith increasing growth [Cg), are generally larger forsC
than G leaves [10, 36]. If, however @lants suffer from increasegs relative to G under
moderate fluctuations in water availability thidlmpinge on their performance even under future
rises in [CQJa. Quantifying these processes will be importanfpi®dicting shifts in savanna
vegetation patterns.

Here we aim to resolve how the relative contritgiofLs andLys respond to [Cg), and affect
CO; fixation in G forest and savanna trees angs@vanna grasses. We measured photosynthesis
in three tree specie¥#chelliakarroo, Celtis africanaandCombretum apiculatujrand three ¢
grass speciegfagrostis curvulaHeteropogon contortuandThemeda triandragrown at either
low (200 ppm), ambient (400 ppm) or elevated (8Mp[CO].. We grew the plants in replicated
controlled-environment growth chambers and measpinetbsynthetic potential over typical
wetting—drying cycles by watering plants to 80%pof capacity and allowing soil moisture to
decline over 2—3 days during which measuremente teden. We characterised photosynthetic
potential withA—response measurements to parameterise empiricalsnod direct comparison
between the trees and grasses, quabgfgndLys, and assess differences in the fz@cclimation
responses of the trees and grasses.

Materialsand Methods

Plants and growth conditions

Seeds oVachellia karroo(Hayne) (formerlyAcacia karrog were obtained from the Desert
Legume Program, (Tucson, AZ, US), and b@timbretum apiculatur(Sond.) andCeltis africana
(N.L.Burm.) from Silverhill Seeds (Cape Town, ZAY. karroois a leguminous tree typical of
open savanna§ombretunspp. are common in miombo closed savanna woodérd(;. africana
is a forest tree. Germinated seeds were randoistifldited between six controlled-environment

3
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growth chambers (Conviron BDR16, Conviron, ManitoBA) and grown for 18 months prior to
measurements. s@rass seeds @ragrostis curvulg[Schrad.] Nees) (accession number PI-
155434) Heteropogon contortugL.] P.Beauv. ex Roem. & Schult.) (P1-228888) arftemeda
triandra (Forssk.) (P1-208024) were obtained from the Géasm Resources Information Network
(GRIN, Agricultural Research Service, USDA, WashamgD. C., US). These grasses span a range
of adaptations to fire and drought and are broegllyesentative of open African savannas. Once
established, a plant from each grass species wdsmay selected, split into individuals at the
rhizome, distributed between the growth chamberd,ggown for 12 months prior to

measurements. For clarity we refer to the plaptgdnus from here on.

Plants were grown in 2.5 dmots f = 4-10) filled with three-parts commercial loaredrtop
soil (Boughton Ltd. Kettering, GB) plus one-parhddnnes No.3 compost (John Innes
Manufacturers Association, Reading, GB). Growtarohers (two per [C£), treatment) were
maintained at three [G{} levels of 200, 400, or 800 ppm and otherwise @nstonditions of
26 :17 °C and 70 : 50 % relative humidity (dayghm). A 12-hr photoperiod with a midday peak
photosynthetic photon flux densitPFD) of 800 pmol mi? s* was imposed at canopy level.
Light was provided from a 3:1 mix of 39-W white-fikescent tubes (Master TL5, Philips,
Eindhoven, NL) and 39-W red-blue fluorescent tuf@a®lux T5, Havells-Sylvania, Newhaven,
GB), augmented with six 105-W halogen light bulB$.§, Havells-Sylvania). Plants were rotated
weekly within, and monthly between, cabinets alaity environmental settings to minimise block
effects. From the outset, plants were watereddwignetrically determined 80 % pot capacity three
times per week after 24—32 photoperiod hours destevatering and all pots were provided with
150 ml of 3:1:2 N:P:K soluble nutrient mix (Mirae@ro® All Purpose Plant Feed, Scotts Miracle-
Gro, Marysville, OH, US) diluted to (5g nutrientxi* water) every two or three weeks as part of
the watering volume.

Leaf gas exchange and water potential

Instantaneous mid-afternoon leaf gas exchange weasumed three times over six weeks on all
plants using an infrared gas analyser, IRGA (LI6G4DOLI-COR Biosciences, Lincoln, NE, US)
fitted with a 6 cm cuvette and a red—blue LED light source (6400-Q28;OR Biosciences) under
operational environmental conditions (denoted Hysstipt ,p) within the growth chambers after
~12 photoperiod hours since watering on youngy fepanded leaves. Two to four grasses blades
were carefully aligned side by side and held togethith insulation tape, avoiding any overlapping
between blades, and clamped between the gaskétstmidhe area of the gas exchange cuvette
was filled entirely. Where tree leaves did ndtthe cuvette we made leaf area measurements using
scaled, digital images of each leaf, taken whileagtached to the plant using a bespoke leaf plam
and camera stand. Leaf area was calculated usiagdJ software (NIH, Bethesda, MA, US) and
was used to correct gas exchange data at the fimeasurement.
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To minimise environmental perturbations and theetfor leaf gas exchange to stabilise, the
cuvette and integrated gas analyser was placetkitise growth chambers, which were opened
briefly to switch plants between measurements,evill was supplied from within the closed
chambers to the IRGA console outside using plasticng and CQwas supplied from cartridges
(Liss—Group, Répcelak, HU). We set reference@@®,] (C,, 200, 400 or 800 pmol md), block
temperature (26°C) and light intensity (500 pmd &) in the cuvette to correspond to those of the
growth chambers at the time of measurement (mighadon), set a flow rate of 238nol s* and
took a 10-s average reading after readings hadiséab Pilot studies indicated that this regime,
particularlyPPFD of the growth and measuring environment, ensupienal growth for both trees
and grasses and captured responses between falhdlishaded leaves. During operational leaf gas
exchange measurements, we sampled an adjaceng, yalip expanded leaf from each plant and
immediately determined midday leaf water poter(tias) using a Scholander pressure chamber
(PMS Instrument Company, Model 1000, Albany, OR).USimultaneous leaf sampling ensured
we had an indicator of leaf water status at the torhleaf gas exchange measurement.

To derive photosynthetic model parameters (se@gponse curve analysis and photosynthetic
parameter}, responses of net leAfto C; andPPFD (A—G andA—-PPFDresponse curves) were
measured after watering on a subsample of threx t@ndomly selected plants per
species x [Cg), treatment using the same (trees) or similar (gsgdeaves to those used for
operational gas exchange measuremefstsesponse curves were measured at the bench using th
same IRGA as before, supplied with humidified ambagr adjusted to 60—70 % relative humidity
and CQ from cartridges. Block temperature was 26 °C fma rate was 23mumol s* for both
operational and\—+response measurements and the leaf-to-boundampeger mole fraction
gradient within the cuvettdg) was < 20 mmol méi during gas exchange measurements. This
corresponds to an atmospheric vapour pressuretdufic 2 kPa, which is unlikely to have induced
significant stomatal limitation of assimilationFor A—-PPFDcurves, reference Gvas 200, 400 or
800 umol mol* according to experimental growth [G@treatment, and foA—G curvesPPFD was
1500umol m? s*. Leaves were acclimated for 30—60 min to reatitpftosynthetic induction
before automateA—response measurement routines were launched. aify@es and reference
IRGAs were matched before each measurement, noagselbks were sealed with water based
putty, primary data were corrected for £ddffusion, andC; was recalculated after Bellagoal
[37, 38].

A—-response curve analysis and photosynthetic paese

Comprehensive sets of fitted enzyme- and lighttkchiphotosynthetic parameters (Tables 1 and 3)
were derived fron—response curves within the framework of BellaBieerling and Griffiths [37]
and [38]. The dependence of gross assimilatiddy on PPFD was modelled empirically as a non-
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rectangular hyperbola parametrised using means tinerspecies x [C£], treatment level after
Prioul and Chartier [39] as described in BellaBieerling and Griffiths [37]:

_ Y(CO2)LL PPFD+GASAT—\/(Y(C02)LL PPFD+GASAT)2—4- mY(COy)LL, PPFD GAsAT 1
2m )

GA

GAsat defines the horizontal asymptote and represestiBght-saturated rate @A under the
[CO,] of the measurement¥/ (CQ) . describes the maximal quantum yield for QiRation, that
is the conversion efficiency ¢fPFD into fixed CQ under the [Cg] of the measurements, and
represents the inclined asymptotais an empirical factor €Om<1) defining curvature. These
parameters were estimated together with respiratidime light R chT=GA-A) in a single step by
fitting Eqn 1 toA—PPFD curves using the fitting tool of ref. [37], noteat this method does not
require fluorescence data and was described ividle® tutorial ‘additional features’
[http:/lyoutu.be/fEZKkujlfesc].

The relationship betweehandC; was modelled empirically as a non-rectangular Hyqle,
analogous to Egn 1, parametrised using treatmeahsnat the species x [GI@treatment level,
describing potential assimilatioAdy) for a givenC; under optimal conditions after Bellasio,
Beerling and Griffiths [37] as:

CE(Ci—T)+Asar— | (CEICi—T T+ Asa1)’ ~ (40AsaCE(Gi-T)

pot = 2w
whereAsat represents the G&aturated rate & under thePPFD of the measurements and defines
the horizontal asymptoteCE is maximal carboxylating efficiency for GGixation (CE), and

defines the inclined asymptote. is an empirical factor Ow <1) defining curvature.

Stomatal and non-stomatal limitation to A

The limitation toA imposed by stomata (stomatal limitatiag) was determined analogously to
Farquhar and Sharkey [40] using Eqn 2 for eachigpec[CQ], treatment (Table 1) and was
calculated after [37, 38] as:

_ ApotCa_ApotCiop 3
L a ApotCa
and non-stomatal limitatiorL{s), defining limitations tcA not related to physical stomatal density,

dimensions or aperture, was calculated after BjarknDownton and Mooney [41] as:

L _ ApotCiop_Aop 4
NS = A ’
potCa

whereAyocals theA that would occur, as predicted by theG curve, if there was no epidermal
impediment to C@diffusion into the leaf such th& was equal to ambient [Gat the leaf
surface Cj) (Figure 1). Agorciop is theA that would occur, as predicted by #heG curve, wherC;
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equalsCiop (Ci under operational growth conditions, Figure 1)][4RctcaandAgetciop Were
calculated from Eqn 2 by solving f@=C, andCi=Ciq.

Statistical analysis

The effects of species (nested within photosyntitgpe), [CQ], and their interaction on
operational gas exchange measurem&ys) the leaf chambel,s, Lns, Wiear and fitted
photosynthetic parameters (Table 1) were testdd twib-way ANOVA using a general linear
model (GLM) framework following appropriate transfmation to satisfy assumptions of
homogeneity of variance (details of data transfdiomaare listed in Tables 2 and 3). Specific
differences between meanslgfandLys were tested witpost-hocTukey pairwise comparisons.
The level of biological replication was= 4—10 (as indicated) for operational gas exchalage,
Ls, Lns andWiea (in which biological replicates are the mean gdlicate technical replicates) and
n = 3-6 (as indicated) for photosynthetic parameders/ed fromA-response curves. All ANOVA
models were fitted and analysed in Minitab v.17r{i%ib Inc., State College, PA, US) with a
significance threshold of 95 %.

Results

Gas exchange under operational conditions

Measurements of gas exchange under operationaitioorsd(',,’) (Figure 2) were carried out in the
middle of the drying cycle after 24—-28 hours sin@ering to 80% pot capacity. Increased growth
[CO,]a stimulated leaf assimilatio\p) in both the trees and tha @Grasses excefdragrostis but
there were notable species differences within g@aitetic type (Figure 2A; Table 2). The
reduction in growth [Cg), from 400 ppm to 200 ppm led to a declinédi of 45% on average
across the three tree speci¢acghellia—38%,Celtis—60% andCombretum-37%). With the rise

in growth [CQ], from 400 ppm to 800 ppm\, for the trees increased by 77% on average
(Vachellia+60%,Celtis +63% andCombretum+109%). The Cofertilisation effect orA,, for the
trees was stronger with the increase in growth Jgftom 200 ppm to 400 ppm than from 400 ppm
to 800 ppm (Figure 2A; Table 2).

For the grasseg\,, declined by an average of —30% with the declingrowth [CQ], from 400
ppm to 200 ppm, but variation between species wgls tith an increase iAg, of 8% for
Eragrostisbeing offset by decreases of —-48% and —49%lf&teropogorandThemeda
respectively (Figure 2A). Differences in the respes of the grass species to growth {lc@ere
maintained with the increase from 400 ppm to 80 pfragrostisAq., was least responsive to the
increase in [Cgla (+1%), whereag\,, for Heteropogor(+28%) andlrhemedg+106%) was much
more responsive. Assimilation Eragrostisleaves was offset by relatively high rates of agyl
respiration R cut), particularly at higher growth [CQ} (Table 1).



233 For all species excefteltis stomatal conductancgd] and leaf-level evapotranspiratidf,g)

24 increased as growth [Gfa declined from 400 ppm to 200 ppm (Figure 2B—-C;l&&h +25%Qgsop
zs  and +28%E,, on average for the trees and +6d84, and +78%E,, on average for the grasses).
26 In contrastgsep andEq, were less responsive to the increase in growth[{¥@m 400 ppm to 800
2z ppm (Figure 2B-C; Table 2; —-58eo,and —16%E,, on average for the trees and -1844, and

2z —25%Eyp on average for the Qrasses).

239 The mean (Figure 2D) and range (Figure 3Tigf increased progressively with growth [€l©
20 for both the trees and the grasses (Table 2).ifdrease irCio, with growth [CQJ. was generally
.1 linear for all species excepeteropogonwhich showed no apparent chang€invith the increase
22 IN [COy)a from 200 ppm to 400 ppm (Figure 2D). At 200 pf@®©f],, Ci clustered around low

23 Values but the range of values became increasspgbad at higher growth [G[Qin a manner that
2 Was independent of photosynthetic type.

245 With the exception oEragrostis the leaf-to-boundary layer water vapour moletfoarc(Ds)

s Within the leaf chamber during gas exchange measemts generally declined with increasing

27 growth [CQJa (Figure 2E; Table 2). Declines were steeper betwz00 ppm and 400 ppm than
2s 400 ppm and 800 ppm, reflecting the trenddsy andEg,, butDs for Eragrostiswas apparently

2o Independent ofjs (Figure 2B—C). Day time leaf water potentidfl.l;) generally increased non-

0 linearly with growth [CQ],, with steeper responses for all species exX¢aphelliaand G

1 Heteropogorbetween 200 ppm and 400 ppm [Qhan between 400 ppm and 800 ppm (Figure
2 2F; Table 2). Under each growth [€]Q) W eas varied more between tree species thagr@sses.

23 The savanna tre¥achelliaoperated at the lowe$eor (MOSt negative) across all [GRlevels,

4 reflecting its relatively high rates gg, Eqp andAq, (Figure 2A-C).

255 A—response curves

26 TheA—esponse curves used to deternfipgwere measured at 80% of pot capacity. The light
57 curves revealed that at higPFD, A increased progressively with increasing growth flg@r all

s the tree species, but the trend was most pronouc&tachellia(Figure 4). Amongst the,C

0 grasseskHeteropogorandThemedahowed a similar trend as the trees in wiicit highPPFD

0 INcreased with growth [C4D, butEragrostisdisplayed highA across all growth [Cg), levels At

1 200 ppm [CQ|, under highPPFD, Eragrostishad at least 4-fold highé& compared with all other
%2 Species, but £HeteropogorandThemedattained similar rates ddachellia— almost double those
s Of CeltisandCombretum(Figure 4;GAgat in Table 1). Thé\—G response curves were consistently
4 Steeper for thgrasses than trees, especially those grown at @@ 0], but CQ-saturated rates
s Of Ashowed greater differences between species thiaebe G trees and £grasses across all

s [COo]a (Figure 5).
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Potential rates of assimilation determined from f@isgnthetic parameters

The A—PPFDandA-C response curves were used to derive a suite abgythetic parameters
(Table 1). The C@saturated rate of assimilatioAsfxt) was not affected by growth [G]Q, but

was consistently ~39% higher for the trees thassgsacross growth [G@(Table 1 and 2). The
initial slope of theA—G curves, called carboxylation efficiend@K), was generally 2—3-fold higher
for the G grasses than trees, and declined with increasmgth [CO,], across all species except
Celtis(Tables 1 and 3)CE decreased by 34% HEragrostis 79% inHeteropogorand 26% in
Themedacompared with a marginal decrease of 18%anhelliaand 56% decrease in
Combretumwhile Celtis showed no downregulation GE (Table 1). Accordingly, the GO
compensation poinl’( theC; at whichA is zero) was ~94% higher for trees acrossjg@nd
overall increased with growth [G2 (Table 1 and 2).

The light-saturated rate of gross assimilatiGidar) increased with growth [C4, for all
species excefiEragrostis which maintained consistently hi@Asat across [CG s, but GAsat was
generally less responsive to growth [{for the grasses than trees. For thgfasses3Asar was
60% higher compared with the trees at 200 ppmp[&@9% higher at 400 ppm, but was 25%
lower than the trees at 800 ppm [£{Table 1). Quantum yield of GQixation [Y(CQ)._ — a
measure of light-use efficiency, for comparisonhwather studies note that here it is expressed on
incident light basis] increased sharply with insesin growth [Cg), for the trees, but showed no
variation for G EragrostisandHeteropogonand a slight increase fdhemeda Overall,Y(CQ).L
was 23% lower for trees than grasses at 200 pphthisuwas reversed at 800 ppm [§£where
Y(CQ).L was 36% higher for trees. The light compensagtimint LCP —PPFD at whichA is
zero) was generally unaffected by growth [{@or C, EragrostisandHeteropogonDaylight
mitochondrial respirationR_cu7) Was 40% higher for grasses than trees at 200[0@¥l,, 20%
higher at 400 ppm (Table 1 and 2), driven by sutigthincreases iR cnt for trees grown at
higher [CQ]..

Operational and potential rates of assimilation

The values oA, andCiy, obtained from within-cabinet measurements (shosvpaants in Figure

3) can be compared with empirically modelkedG curves parameterised with species x §{zO
treatment means (lines in Figure 3). G curves were measured on young, fully expanded
leaves of well-watered plants, under controllecdtabory conditions, meaning many of the
limitations present in the growth cabinets wereimised, and we refer to these conditions as those
allowing a ‘potential’ rate of leaf-level assimilat (Ap,o). The distance between the datapoints and
the modelled curves, therefore, indicates the degraevhich leaf-leveh,, was limited by

conditions imposed by the growth environment. Cangon of the datapoints with the curves in
Figure 3 indicates that plants grown at 200 ppmJjg@enerally assimilated GQ@loser to their
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potential rates compared with plants grown at hig@€,],, and that the £trees tended to operate
closer to their potential compared with the grassgsgrasses grown at 800 ppm [g}£operated at
rates that were on average 38% lower than poteates. Ay, for some plants was higher than the
modelledA—C curves (parameterised with mean values from thesample of plants randomly
selected foA-response measurements), indicating those indiladuere operating closer to
potential rates within the growth chambers. Tlsagice between potential and actual assimilation
was quantified and resolved in stomatal and nomatal limitations to assimilation.

Quantifying non-stomatal limitations to assimilatio

We calculated stomatdl$) and non-stomatal limitationys) to assimilation through empirical
modelling (Eqn 1), using parameters derived asfiexies x [C¢), level (Table 1).Ls are

diffusional limitations imposed by stomatal closarel are mediated by lower valueGaf Using

the A—G curve,Ls is the relative difference between the valué @fhenC; is equal taC, and the
value ofA whenGC; is equal tcCiop, (EQn 3; Figure 1) Lys include sink limitations, incomplete
photosynthetic induction, light limitation, limitah to triose phosphate use (which is unlikely unde
the growth conditions here), but not down-regulawd photosynthetic potentiaV/émax, Vemax,

Jsat — seeDiscussiol. Lys can be visualised for each datapoint as the veldifference between
the value of within-cabinet., and the value oA whenGC; is equal taCip along theA-G curve

(Egn 4; Figure 1).

The primary limitation to photosynthesis for thedtasses walsys across growth [Cg), levels,
whereas the trees experienced proportionally higggparticularly when grown at 200 ppm [
(Figure 6 dotted lines and grey shading; TableR)r the G grassed, ns was 56% — 100% higher
on average, whereas was 60% — 76% lower on average compared withrées tacross [C,
treatments, with the largest differences observé®@ ppm [CQ|, (Figure 6; Table 3), in line with
previous reports [30-32, 34, 39ls declined significantly as growth [GlQ increased for both the
trees and grasses, wherégas responded less to [GfZ although for the grassdsys declined
marginally with increases in growth [GJ@(Figure 6; Table 3). At species level, tnagrostis
grown at 200 ppm [C&),, Ls was 92% higher compared with plants grown at §88 fCO], (0.22
vs 0.018), but this sensitivity to [GJa was not significant for £Themedaor Heteropogon

For all three @ grasses, highdms was generally linked with lowérs, and this pattern was
apparently independent of growth [g¢for HeteropogorandThemeddFigure 6). FoEragrostis
however, the relationship was driven more by effeétgrowth [CQ], wherebyLs was highest and
Lns was lowest for plants grown at 200 ppm [{z@Figure 6a and d). This indicates that for
Eragrostis metabolic factors became increasingly limitinggeswth [CQ], increased. This
pattern was also observed foeltistrees, whereas for all the remaining tree andsgspecied, ns
was lowest at 800 ppm [GRQ (Figure 6). Moreovel,s for Eragrostiswas remarkably high at 200

ppm [CQ], compared with the other,@rasses, and was similar to that @Machellia(Figure 6a).
10
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Discussion

Controlled-environment and field studies have galheshown that elevated [G[Q stimulates
assimilation and growth of{plants [43-45]. Studies have also found thapl@nt growth can
respond positively to elevated [G@under well-watered conditions [46-51]. The growth
stimulation of G plants in response to a doubling of ambient {lg@®om 350-400 to 700-800
ppm) is, on average, about 22—-33%, compared witd4% for G plants [43, 44, 51, 52]. InsC
plants, stimulated growth is attributed primariyimcreases in leaf assimilation potentrgj).
Although this mechanism has also been linked withidated growth of ¢plants [47, 49-51, 53,
54], a number of studies have found a growth respam G plants in the absence of enhanced leaf
A [46, 55] or have found enhancement of |&aif the absence of increased growth [49, 50].

In C; plants, acclimation to elevated [g]@can induce down-regulation of the potential for
carboxylation (Rubisco and otheg €/cle enzymes), and is often accompanied by remtuot
foliar nitrogen content and accumulation of carlhiaye reserves [56]. Ins@lants, acclimation
may involve down-regulation of PEPC activity [543, 57], but this is not commonly observed. In
our study we derived the carboxylating efficien€fj, which is empirically based and allows
comparison of both £and G enzymatic capacity without requiring assumptiohthe
underpinning biochemistry (for details see [37,)38)nexpectedly, and in contrast with previous
reports [for review, Ghannoum, Caemmerer, Ziska@odroy [58]], the pattern of down-
regulation presented here was more pronounceeifthrasses than the;@ees. The maximal
rates ofA observed for some of the species, notd#yeropogorandThemedawere lower than
expected (e.g. [32, 59, 60]). This may be partlg tudifferences between the environmental
conditions in the growth chambers and those expesd by G grasses in the field — bEragrostis
attained reasonably high ratesfofinder the same conditions — and partly by theradesef
disturbance in our experiment. Observations inditaatThemedaall but disappears if disturbance
is prevented, but dominates where disturbance@ufnt [61, 62]. Burning, in particular, is an
important factor infThemedandHeteropogorgrowth and ecosystem dominance, and may
stimulate higher productivity and photosyntheti®sa InterestinglyThemedalisplayed traits that
are not usual for afgrass and this is supported by previous studieseifhemedavas found to
switch to an unexpectedsike behaviour when nitrogen supply was changethfnitrate to
ammonium [63].

To allow higher rates oh,, at high [CQ],, despite enzymatic down-regulation of carboxylgtin
capacity, the biochemical machinery must be exgibihore efficiently. In part, because it is the
reaction substrate, high [GRRallows Rubisco and PEPC to operate closer te £&&furation, and,
consequently, at a higher velocity. Indeed, hieeecomposition of the photosynthetic machinery
was shifted away from carboxylating capacity tovgagdeater electron transport capacity. This was
indicated by an increase in the empirical param&e&gat, which was consistently up-regulated to
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a varying degree in all plants at higher [JOwith trees showing stronger acclimation to growth
[CO,]athan the grasses (Table 1). A larger increaséeictron transport capacity for the trees with
increases in growth [C4} was substantiated by increase¥ (€Q,). . at higher growth [C€),,

which were not observed for the grasses (Table 1).

Over the 2—-3—day watering—drying cycle, despitelatively moderate reduction in soil water,
Lns imposed a clear effect on, CO; fixation, causing sufficient metabolic inhibitiamthe G
grasses to redudeby ~40% compared with 20-30% for the trees, hggtiing the sensitivity of £
photosynthesis to soil drying and reductions ir Veater status [64-66] (Figure 6). Non-stomatal
limitation normally includes source-sink feedbadlkesluced substrate supply to carboxylases,
limitations imposed by the diffusion of metabolitetween M and BS cells, light limitation, €O
leakiness [67], and downregulation of photosynthptitential. Here, the latter does not factor in
the estimation ok s becaus@&—C; curves were purposely measured on the same dasiemves
to those on whicld,, was measured. Our findings indicate thapfsses could experience
metabolic impairment of their photosynthetic maeyneven with mild reductions in soil water
availability that may be experienced over seasonalen shorter timescales.

Transient decreases in leaf water status could focentral driver ofys, which may arise as a
result of either soil or atmospheric water defiditnder conditions of high midday radiation and
temperature, leaves may experience substantiabeatage demands that induce transient decreases
in leaf water status with adverse effectsfonHowever, we recognise that it is not straightizrmd
to extrapolate from operating performance in pg@egdnents under intermedig®FD to impacts
of high radiation in a natural field setting wheoets may extend to deeper water resources.
Nevertheless, the photosynthetic pathway is more demanding bothcemniailly and
biochemically than the {pathway because it places metabolic demand ontbetkl and the BS,
and requires continuous rapid exchange of metasdhetween the two [68-70]. When leaf water
status falls below a threshold,; ghotosynthesis becomes quickly inhibited — a phewn that is
captured experimentally by increasings. Comparative studies of closely relatega@d G
grasses suggest that §pecies experience grealgg during drought compared withsSpecies,
which experience proportionally highleg [32, 66]. Ripley, Frole and Gilbert [32] foundattLys
accounted for 50% of the declineArwith declining soil moisture for {grass species, compared
with 25% for closely related {Species, and the predominancé.@f overLs prolonged the
recovery of G A following subsequent increases in soil moisturais indicates that photosynthetic
rates recover more quickly when inhibited by stahabmpared with metabolic factors.

The reduction irA associated with moderate drying in our study wassafficient to curtail the
photosynthetic advantage of the gtasses over{3rees under operational conditions at low Jz0O
particularly forEragrostis But the G photosynthetic advantage oveyt@es diminished at higher
growth [CQJa This allowed the trees altis in particular to attain high rates Af, that were

generally higher than for the;@rasses at 800 ppm [G@(Figure 3). Under more severe soll
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drying or cooler conditions, when,@rasses may be comparatively more susceptibleG@han
grasses [64], these effects could become more.adinere is evidence that,Grasses experience
Lns under mild drought [33], and that the speed of dednydration governs the mode of limitation
to A, whereby slower dehydration indudasand rapid dehydration is more likely to induce
metabolic inhibition [35]. Combined with Saccamyal [35], our findings indicate that chronic
Lns, experienced during moderate drying, and poténttampounded during more severe drought
or winter frost, could impair Ometabolic function and impart long-term metabdienage, thereby
offsetting the assimilatory advantage afgtasses under optimal conditions. This represamts
overlooked factor in competitive interactions betwérees and yrasses and possibly between C
and G grasses under changing [g§ necessitating further studies into the hydrawdgponses of
Cs and G plants to soil drying.

As our findings indicate, rising [C) over coming decades is more likely to alleviagef C;
leaves than & whilst Lys of both G and G leaves is likely to remain unaffected (Figure @ble
3). Savanna ecosystems are likely to be partigusansitive to differential effects of rising [GI@
onLsandLys for C; trees and g£grasses, which will affect CQixation and modify tree—grass
interactions and vegetation responses to chan@i@g]f. Combined with comparatively lolas
for the forest and woodland tre€eltisandCombretumthis indicates that {3rees will become
more competitive under rising [G@ and may expand into open habitats, as supported by
theoretical analyses [71]. In a savanna conteggtgr competitiveness of forest and woodland
species under rising [GR could be critical, because, if the advantage afi-level CQ fixation
promotes growth and canopy expansiongfasses may become overshadowed leading to lower
grassy abundance and increasing woody encroachment.

Conclusion

Under a physiological watering—drying cycle, thsiaslation of G, grasses was disproportionately
limited by metabolic factors that were not alleggby increasing [C£), of the growth
environment. In fact, for the,@rass with the highest rates of assimilatiéragrostig, non-
stomatal limitations to assimilation increasedighbr growth [CQ].. A fraction of the non-
stomatal limitation in the £grasses was likely caused by transient decreadeafiwater status
and linked by transpiration to stomatal limitatiatthough the mechanistic underpinnings remain
unresolved. In contrast, the inhibition of assatdn in G forest trees due to stomatal factors
decreased substantially with increasing fz@nd this was accompanied by substantial increases
photosynthetic rates. Our findings indicate thahwising [CG],, limitations to photosynthesis
will be alleviated more for £trees and grasses thapdgtasses, which will reduce the
competitiveness of £grasses to impinge on savanna vegetation pattéeef-level processes
driving Ls andLys and their responses to [gl@are not currently incorporated in mechanistic
predictions of savanna vegetation change underdimate scenarios [72]. We suggest that leaf
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level inhibition of assimilation should be more efg considered in predictions of vegetation
responses to environmental change [73]. Resolieghysiological underpinnings bis and
their relative contribution to photosynthetic initikn is a pressing need.
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Figures

Figure 1. Schematic representation of the derivati  on of entities used in the calculation of stomatal (Ls) and
non-stomatal ( Lys) limitations to assimilation for plants grown at 2 00 ppm or 800 ppm [CO ,].. Modelled A-C;
curves showing the response of Ay, to C; for A Vachellia karroo and B C, Eragrostis curvula grown at either 200 ppm
(dashed) or 800 ppm (solid) (coza, for illustrative purposes only. Square symbols denote mean A, and C; (+S.D.)
measured under operational conditions. Note how for E. curvula (B) squares plot at a consistent rate of ~10-11 umol
m?s™ for plants grown at both 200 ppm (open symbols) and 800 ppm (filled symbols) [CO,]., whereas Ciqy, increases
with growth [CO,], to become situated beneath the CO,-saturated part of the A—C; curve. Leftward-pointing arrows
indicate the effect of Ls in the inhibition of A through lowering of C; relative to C,. If the decline in C; is beneath the
flatter parts of the A—C; curve, as it is for plants grown at 800 ppm [CO;],, then the reduction in A is minimal (dark grey
shading) and Lg is small (Eqn 3). For plants grown at 200 ppm [CO,],, the decline in C; relative to C,, although smaller
than at higher [CO;],, occurs beneath the steeper, transitional part of the A—C; curve and the differential between Ayq-
C. and Ay-Cigp is larger than at higher growth [CO,J.. This is reflected in higher Ls. The differential between A, and
Apo-Ciop, highlighted by the light grey shading, largely determines Lys (Eqn 4).
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Figure 2. Operational gas exchange measured under  growth chamber environmental conditions. Mean + S.E.
operational (A) CO, assimilation, A,, / umol CO, per unit area leaf per second; (B) stomatal conductance, gse, / mol
H,O per unit area leaf per second; (C) leaf evapotranspiration, E,, / mmol H,O per unit area leaf per second; (D) [CO;]
in the sub-stomatal cavity, Ci,p / pmol CO, per mol air; (E) leaf-to-boundary layer water mole fraction gradient, Ds /
mmol H,O per mol air; and (F) leaf water potential at midday, W,..s / MPa for three C; trees and three C, grasses
grown at either 200 ppm, 400 ppm or 800 ppm [CO,].. Note that symbols have been consistently offset from the true
x-axis value and connecting lines were introduced for clarity. Cs trees are Vachellia karroo (n = 8), Celtis africana

(n = 4-10) and Combretum apiculatum (n = 4); and C, grasses are Eragrostis curvula (n = 8), Heteropogon contortus
(n = 6) and Themeda triandra (n = 4). Results of two-way ANOVA testing for effects of species (nested within
photosynthetic type), [CO,], and their interaction on each measure are given in Table 2.
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Figure 3. Dependence of assimilation on

C; — observations and simulations from empirical phot

models. Curves show modelled assimilation using empirical models of photosynthesis calculated for each species at

variable C;. C;trees (A) are Vachellia karroo (n = 8), Celtis africana (n = 9-10), and Combretum apiculatum (n = 4);
and C, grasses (B) are Eragrostis curvula (n = 8), Heteropogon contortus (n = 6) and Themeda triandra (n = 4).

Model parameters are listed in Table S1. Symbols show in-cabinet gas exchange measurements under operational
growing conditions for C; trees (A) and C, grasses (B) grown at 200 ppm (left), 400 ppm (centre), or 800 ppm (right)
[(:()2]@

A/pmol m?s*

A/pmol m?s*

25

25

20

15

10

> o e

Grown at 200 ppm [CO,],

Grown at 400 ppm [CO,],

Grown at 800 ppm [CO,],

V. karroo —— Model V. karroo ° E.curvula —— Model E. curvula
C. africana = Model C. africana o H. contortus -+ Model H. contortus
C. apiculatum ——- Model C. apiculatum 4  T.triandra ——— Model T. triandra

0 200 400 600

C, / pmol mol™

C,/ pmol mol™

C, / pmol mol™

C,/ pmol mol™

K4
| g Lk
.,__.______.___. | ﬂ'.'gd: ________ /P-AA;_‘_D.‘_‘;DE —— i
/ﬂ’ i —MAD " A" 8 4 .
% 1 1 1 gy 1 1 1 Bg
200 400 600 0 200 400 600 200 400 600 800

19



Figure 4. Primary data obtained from gas exchange:

A—PPFD curves.

Response of mean £+ 1 S.E.
photosynthetic CO, assimilation (A) to increasing photosynthetic photon flux density (PPFD) (A-PPFD curves)

measured on leaves of (A) C; trees Vachellia karroo, Celtis africana and Combretum apiculatum and (B) C, grasses
Eragrostis curvula, Heteropogon contortus and Themeda triandra (grown at 200 ppm (left), 400 ppm (centre), or 800
ppm (right) [CO,], (n = 3—6 plants per speciesx[CO,], treatment).
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Figure 5. Primary data obtained from gas exchange  A-C; curves. Response of mean = 1 S.E. photosynthetic
CO, assimilation (A) to [CO,] in the sub-stomatal cavity (C;) measured on leaves of (A) C; trees Vachellia karroo,
Celtis africana and Combretum apiculatum, and (B) C, grasses Eragrostis curvula, Heteropogon contortus and
Themeda triandra grown at 200 ppm (left), 400 ppm (centre), or 800 (right) ppm [CO,], (n = 3—6 plants per
speciesx[CO,], treatment). Horizontal error bars indicate + 1 S.D. for measured C; at each C, setpoint.
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Figure 6. Stomatal and non-stomatal limitations to
and non-stomatal limitation, Lys (D—F) for C; trees (blue shades) and C, grasses (red shades) grown at either 200

assimilation.

Box plots show stomatal limitation, Ls (A—C)

ppm, 400 ppm or 800 ppm [CO,],. Boxes show median line with the 25" and 75" percentiles and whiskers show the

10™ and 90" percentiles of the data range. Cj; trees are Vachellia karroo (n = 8), Celtis africana (n = 9-10), and

Combretum apiculatum (n = 4); and C, grasses (B) are Eragrostis curvula (n = 8), Heteropogon contortus (n = 6) and
Themeda triandra (n = 4). Boxes sharing the same letter range across all treatments are not statistically different at a
= 0.05, and the dotted lines with grey shading behind groups of boxes denote the mean £ S.E. (n = 3) for the C; trees

and C, grasses at each [CO;], level.
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Tables

Table 1. Fitted photosynthetic parameters. Mean values (+ 1 S.E.) for parameters derived using A-PPFD and A-C; response curve fitting within the C;
and C, photosynthesis modelling framework of Bellasio et al. (2016a, b) for the three C; tree species and three C, grass species (n = 3-6 plants per
speciesx[CO,], treatment). ANOVA results for the photosynthetic parameters are listed in Table S2.

Growth CO, concentration Growth CO, concentration Growth CO, concentration
Symbol Units 200 ppm 400 ppm 800 ppm 200 ppm 400 ppm 800 ppm 200 ppm 400 ppm 800 ppm
Vachellia karroo Celtis africana Combretum apiculatum
Asar umol m?2s” 25.4(1.11) 24.0(3.28) 26.7 (1.25) 11.4 (1.41) 11.6 (1.53) 12.5(1.88) 20.0 (8.56) 19.1 (4.45) 18.9 (1.80)
CE mol m?s™ 0.11 (0.01) 0.09 (0.016) 0.09 (0.012) 0.024 (0.0034) 0.024 (0.0060) 0.025 (0.0050) 0.062 (0.034) 0.047 (0.018) 0.027 (0.0014)
® dimensionless ~ 0.399 (0.105)  0.695 (0.056)  0.622 (0.092) 0.815(0.166)  0.830(0.135)  0.899 (0.164) 0.012 (0.012) 0.333(0.327)  0.930(0.158)
- r umol mol™ 49.1 (0.78) 52.6 (2.03) 51.9 (3.65) 45.5 (5.56) 46.6 (3.10) 47.0 (1.34) 50.8 (1.90) 52.5(0.962) 68.9 (9.76)
g GAsat  pmol m?st 7.66 (0.47) 17.5(3.34) 30.2 (3.13) 2.18 (0.302) 6.19 (1.10) 9.37 (1.33) 3.68 (0.721) 6.48 (2.40) 9.33(0.272)
Sn Y(COz).. dimensionless ~ 0.030 (0.005)  0.050 (0.008)  0.060 (0.004) 0.027 (0.0042) 0.036 (0.0060) 0.043 (0.0078) 0.025 (0.0078) 0.043 (0.022) 0.074 (0.016)
m dimensionless  0.272 (0.180) 0.113 (0.069) 0.524 (0.122) 0.336(0.178)  0.501 (0.117)  0.441(0.025) 0.352(0.354)  0.569 (0.269)  0.388 (0.099)
LcpP pumol m?st 15.7 (3.54) 13.1(2.78) 12.1(2.14) 30.1(17.2) 24.3 (5.13) 17.2 (2.41) 42.5 (15.3) 32.8(7.28) 28.5(8.13)
Rugar >0 umol m?s'  0.43(0.005) 0.53(0.122) 0.72 (0.139) 0.396 (0.054) 0.747 (0.153)  0.653 (0.138) 0.786 (0.035) 1.12 (0.298) 1.49 (0.0050)
Eragrostis curvula Heteropogon contortus Themeda triandra
Asat pumol m?st 21.8 (1.59) 17.5(0.748) 19.5(1.42) 6.36 (1.63) 9.91 (1.96) 10.1(1.97) 6.01 (3.25) 5.69 (0.953) 6.63 (0.184)
CE dimensionless 0.38 (0.039) 0.29 (0.026) 0.25 (0.018) 0.193 (0.0064) 0.125(0.0027) 0.040 (0.0085) 0.123 (0.021)  0.106 (0.018)  0.091 (0.019)
® dimensionless  0.751 (0.047) 0.777 (0.037)  0.804 (0.033) 0.485(0.312)  0.589 (0.025) 0.878 (0.0085) 0.569 (0.216)  0.799 (0.075)  0.777 (0.115)
r umol mol™ 1.49 (0.580) 3.85(1.18) 3.99 (0.980) 0.0 (0.0) 0.0 (0.0) 2.74 (0.545) 5.95 (0.940) 5.74 (1.85) 6.57 (0.693)
§ GAsar pmol m?2s” 20.4 (1.79) 20.1(1.10) 21.6 (1.66) 6.91 (2.35) 9.92 (0.092) 12.04 (1.16) 5.99 (3.79) 7.16 (0.337) 9.97 (0.416)
é Y(COz).. dimensionless  0.050 (0.0035) 0.050 (7.6x10™) 0.050 (0.0035) 0.021 (0.0014) 0.038(0.0013) 0.021(0.0014) 0.035(0.017) 0.036 (0.0075) 0.041 (0.0058)
o m dimensionless  0.421(0.088)  0.158 (0.053)  0.395 (0.053) 0.075 (0.078)  0.369 (0.179) 0.0 (0.071) 0.0 (0.0) 0.0 (0.0) 0.074 (0.076)
Lce umol m?2s” 25.1(2.09) 30.1(1.49) 30.5(2.210) 34.5(12.6) 26.9 (0.155) 49.3 (6.61) 35.9(16.9) 24.1(8.37) 19.5 (1.00)
Rugar >0 pmol m?st 125 (0.092) 1.37 (0.083) 1.38 (0.113) 0.644 (0.195) 0.938 (0.030)  0.847 (0.095) 0.786 (0.120)  0.700 (0.099) 0.701 (0.061)

Asat, COz-saturated assimilation measured in A—-C; curve; CE, carboxylating efficiency, initial slope of the A—C; curve; I', Ci—A compensation point, i.e. C; where A = 0; GAsar,
Light-saturated gross assimilation at [CO-]a of light curve; LCP, PPFD—A compensation point, i.e. PPFD where A = 0; Ruient, Respiration in the light/day; Y(CO2).., initial (or
maximum) quantum yield for CO fixation.
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Table 2. Output from ANOVA tests on operational gas exchange and leaf water potential . Results of two-way ANOVAs testing for effects of species
nested within photosynthesis type [C; trees: Vachellia karroo (n = 8), Celtis africana (n = 4-10), and Combretum apiculatum (n = 4); and C, grasses:
Eragrostis curvula (n = 8), Heteropogon contortus (n = 6), and Themeda triandra (n = 4)], [CO,]a, (200 ppm, 400 ppm, or 800 ppm) and the interaction of
species and [CO,],. Mean values + S.E. are plotted in Figure 2. Assumptions of homogeneity of variance for the model were satisfied by transforming
datasets as indicated.

Species (nested within photosynthesis type, PT) [CO,l, Spp.(nested in PT) x [CO,],
Symbol Units d.f. F P d.f. F P d.f. F P
Aop® umol m?2s” 4,110 67.2 <0.0001 2,110 69.6 <0.0001 8,110 4.59 <0.0001
Gsop * molm?s™ 4,110 59.6 <0.0001 2,110 13.8 <0.0001 8,110 1.18 0.320
Eop® mmol m?s™ 4,110 56.5 <0.0001 2,110 27.2 <0.0001 8,110 1.11 0.361
Ds umol mol™ 4,110 58.7 <0.0001 2,110 100.8 <0.0001 8,110 13.2 <0.0001
G° umol mol™ 4,110 5.18 0.001 2,110 51.9 <0.0001 8,110 12.8 <0.0001
Wiear * MPa 4,110 10.5 <0.0001 2,110 114 <0.0001 8,110 2.65 0.011

? Data subjected to Johnson Transformation to achieve normality of variance:
Agp: 0.6402+0.9252-Ln((x+0.1988)/18.512-x)

gs: -1.5724+1.0060-Asinh((x-0.02414)/0.01677)

Eop: -0.1204+1.6636-Ln(x+0.03846)

Wiear: 0.9394+1.0060-Ln((x-0.9234)/(3.5548-X)

® hatural log. transformed



Table 3. Output from ANOVA tests on f itted parameters of the photosynthesis models and stomatal and non -stomatal limitations to

photosynthesis. Results of two-way ANOVAs testing for effects of species nested within photosynthesis type [C; trees: Vachellia karroo, Celtis africana, and
Combretum apiculatum; and C, grasses: Eragrostis curvula, Heteropogon contortus, and Themeda triandra], [CO,],, (200 ppm, 400 ppm, or 800 ppm) and the
interaction of species and [CO;], on photosynthetic parameters. Assumptions of homogeneity of variance for the model were satisfied by transforming
datasets as indicated.

Species (nested within photosynthesis type, PT) [CO,l, Spp.(nested in PT) x [CO,],
Symbol Units d.f. F P d.f. F P d.f. F P
Asar® pumol m2s? 4,71 21.6 <0.0001 2,71 0.32 0.725 8,71 2.74 0.084
CE® mol m?s* 4,71 233 <0.0001 2,71 3.14 0.049 8,71 4.55 <0.0001
re pmol mol™ 4,71 1.43 0.271 2,71 8.08 0.001 8,71 1.27 0.271
o° dimensionless 4,71 1.62 0.178 2,71 3.28 0.043 8,71 0.80 0.605
GAsar® pmol m?s™ 4,71 34.7 <0.0001 2,71 10.73 <0.0001 8,71 4.16 <0.0001
LCP® pmol m?s™ 4,71 4.12 0.005 2,71 0.03 0.971 8,71 0.69 0.701
Rucur b >0 umol m2s? 4,71 6.93 <0.0001 2,71 5.97 0.004 8,71 0.98 0.459
m dimensionless 4,71 4.13 0.004 2,71 2.12 0.127 8,71 1.43 0.197
Y(COz).. dimensionless 4,71 5.19 0.001 2,71 8.06 0.001 8,71 1.35 0.006
Ls© dimensionless 4,110 25.3 <0.0001 2,110 31.7 <0.0001 8,110 7.81 <0.0001
Ins € dimensionless 4,110 14.5 <0.0001 2,110 1.15 0.319 8,110 3.07 0.004

Data transformations: ®V; "natural log.; “arcsine(v).
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