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Summary

e Globally, trees originating fronhigh rainfall tropical regions typically exhibit lower
rates of lightsaturatechet CO, assimilation A) compared to those from high rainfall
temperateenvironmentswhen measured at a common temperatOme factor that
has _been suggested to contribute towards lowaers of A is lower mesophyll
condudance.

e Using=a~“combination of leaf gas exchange and carbon isotope discrimination
measurements, we estimated mesophyll conductégek of several Australian
tropical and temperateetforest trees, grown ia common environment. Maximum
Rubisco _carboxylation capacityemax, Was obtained from CQesponse curves.

e All species fell on a commoA—gn, relationshipsuch that the ratios &¢max: gm and
the"drawdown of C@ across themesophyllwere both relatively constanVcmax
estimated on the basis iotercellular CQ partial pressureC;, was equivalent to that
estimated usinghloroplastic CQ partial pressureC., using‘apparent’ and ‘true’
RubiscoMichaelisMenten constantsespectively

e Having ruled oufg, as a possibléactor in distortingvariations inA between these
tropical and temperate treesttention now needs to be focussed on obtaining more

detailedsinformation aboutRubisco in these species.

Key words: carboxylation capacityCO, drawdown, mesophyll conductang#otosynthetic

limitation, temperatgetropical.

| ntroduction

Tropical and.temperate forest ecosystems account for one half of terrestrial ney prima
productivity and.represent a major component of the global carbon @actan, 2008Pan

et al, 2011 Prenticeet al, 201]). While floristically diverse,generalisations have emerged
from extensive field measurementsleévesfor manytropical and temperate forespecies
(e.g.Kattgeet al, 2011 Atkin et al, 2015. For key leaf attribute, biomespecific mean trait
values have been calculatednd are routinely usedto parametese ecosystem carbon
exchangedn Earth system modelKattge et al, 2009 Verheijenet al, 2013. On average,

wet foresttropical trees havdower areabasedohotosynthetic rates than temperate trees and
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less nitroger(N) per unit leaf are@Kattgeet al, 2009 Xiang et al, 2013 Ali et al, 2015.
Variations in photosynthetic rates across biomes could be attributed to biochewtime
such as the amount and allocatioNaio photosynthetic machinery (e.g. Rubisco) as well as
to diffusional constraintsimposedby stomata anthe mesophyll Evans,1989 Hikosakaet

al., 1998Evans'& Loreto, 2000 For examplea grea¢r investment oN in Rubisco might
underpin the tendency témperate tree® exhibita greatephotosynthetic rate arffubisco
carboxylation capacity per unit ledf than tropical treegKattgeet al, 2009 Xiang et al,
2013 Ali et al, 2015 Scafarcet al, 20179.

Rubisco carboxylation capacitymax iS derived from gas exchange measurements
using the Farquhavon Caemmerer & Berr{1980)(FvCB) model of G photosynthesis. In
order to apply this model, one needs to assume values for three Rubisco kinetic psirameter
the Michaelis™Menten constants for €¢@nd G (K. and K,, respectively) and the GO
photocompensation poinf;«. Unfortunately, due to the di€ulty in determiningin vivo
values for(these parameters, one generally assumes values obtained from(Bdwaamhi
et al, 2001, 2002 Potentialdifferences in Rubisco kinetic parametarsaongspecies are
ignored Galmeéset al, 2016. A secondssue is whether one uses the partial pressure gf CO
in the intercellular airspace€§;, or in the chloroplasC., during the derivation. Whil€; is
readily obtained from conventional gas exchange measurements, calc@ati@gjuires
additionalinstruments that measure chlorophyll fluorescence or stable isotope discrimination
(Evanset al, 1986 von Caemmerer & Evans, 19%arleyet al, 1992 Loretoet al, 1992

Ponset al,,2009.which until recently have not been avhlafor field measurements

When derivingVemax the choice of Rubisco kinetic parametelspends on how
mesophyll s.eenductancéy,) is included(von Caemmereet al, 1994 Bernacchiet al,
2002). lf=gmmis=known Vcmax can be derived from a®—C; response curve. Kinetic
parameterslerived from tobaccare commonly used¢ 272.4 pbarkK, 165.8 mbaat 25C)
(Bernacchiet aly 2003. If gm is unknown then V¢nax can be derived from anA«C;
response curvasing ‘apparent’ Rubisco kineticgrametersK. 404.9 pbarK, 278.4 mbar
at 25C)(Bernacchiet al, 200). The C. and C; based approaches have been shown to
closely describe'COresponse curvaa tobaccomeasured under a range of different oxygen
partial pressuregvon Caemmereet al, 1994)and temperature@Bernacchiet al, 2001,
2002). HoweverYVmax estimatedliffered in some studie@-lexaset al, 2007 Whiteheadet

al.,, 201). If the same set of constardse used to fitA—C; and A—~C. curves, then one
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obtainssignificantly lowerV max valueson aC; basis tharon aC. basis (Epronet al, 1995
Manter & Kerrigan, 2004Warren, 2008Niinemetset al, 20099. The derivedVmax values
are highly sensitive tahe values assumed for thenetic constantgMedlyn et al, 2002
Dietze, 2014 Unfortunatelythese constantre not always explicitly statewhile the issue
of selecting=appropriate kinetic constants has been réilsad Espejo, 2013Galméset al,
2016),few/studies haveomparedV max derived from botha C; andC. basis(Flexaset al,
2007 Whiteheacet al, 2011 Nascimento & Marenco, 2013).

The-drawdown in CQ partial pressure between intercellular airspaces and the sites
of carboxylation in chloroplastg;-C,, reflects thebalance between CQassimilationrate
and mesophyll conductance. An early survey of literature values found little differe@Gce
C. between_mesophytic and sclerophytic lea{fiegans, 1999Evans & Loreto, 2000 but
subsequentTreviews that included lesawith very low photosynthetic capacity suggest that
Ci-C. increases ' when photosynthetic capacity is belqumdl m? s* andg, is < 0.1 pmol
m? s! baf, indicating stronger mesophyll resistanfieverse ofgm) at low rates of
photosynthesigEthier & Livingston, 2004 Warren & Adams, 20Q6Niinemetset al, 2009h
Tosenset al,2019. Given these observations, tropical trees exhibiting low photosynthetic
rates mightlsoexhibit stronger mesophyll resistance datjea C;-C. than temperate trees
Accounting forg,, might alter the estimate o¥.maxand reduce the difference Wymax per
unit N between. tropical and temperate tre€s our knowledge, the possibility of tropical
leaves being more limited by mesophyll resistance than temperate leaves has not yet been

investigated.

Vemax IS employed in at least eleven Earth system models to estimate global carbon
fluxes and.tewsimulate future global chan@®ogers, 201 In these models, empirical
estimates. 0fVecmax are usually compiled from past studies; alternativély.x could be
inferred eithefrom leaf N contentfraction of N invested in Rubisand leaf mass per area
or from optimising photosynthesis and respirat{erg. Cox, 2001 Krinner et al, 2005
Kattge et al,"2009 Friend, 2010 Bonanet al, 201]). Almost all Earthsystem models
assume.infinite),, and enploy Vcmax 0n aC; basis however, Rogerst al.(2017) highlighted
that failure towincorporatg, when describing photosynthesis has the potential to create
uncertainty in modelling terrestrial productivity. To address the increasing rocoonethe
accuracy of FYCB model in estimatingtmax, Sunet al. (2014b) proposed a hyperbolic

function to convertV.max €stimated on the basis €f to V¢max €stimated fromC.. The
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smaller the value fogm, the greater the divergence was betweenwlmeesimates oiVemax.

When this function was implemented into the Community Land Model CLM 4.5, there was a
16% increase in the estimate of glogedss primary productivity from 190b 2010 Sunet

al., 2014a. Given the critical role ofV¢max in modelling global carbon fluxes and the
influenceof'gmon the quantitativestimaion of Vemax there is a need to expand datasets for
Vemax derived fromA-C. curves and to assess the accuracy@f.x estimation usinga

common approactRogerset al, 2017).

Our objective was to compare photosynthetic properties of leaves from temperate and
tropical forest trees includingy,, to determine if variation igy, contributes to the difference
in Vemax per unitN that has been observed between these two groups. We calaated
directly from online isotope discrimination measurements made concurrently with gas
exchangeas'described previous(yffazoeet al, 2011 von Caemmerer & Evans, 201%Ve
used broadleaved/ergreen species from thermally contrasting environments which are moist
and nonrfreezing in order to minimise the potential impacts eivagation in moisture stress

and special adaptations needed to cope with freezing condid@mg et al, 2013).

M aterials and Methods
Plant material and growth conditions

Seedlings-of=gi=evergreertropical speciesoriginated fromwetforests of Queensland and
five evergreertemperate species from ceaeimperatavetforestsof Tasmania wersour@d

from commerciahurseres(see Table 1 for dails on provenance and climgtarameters at
each provenance)these species were selected to represent thermally contrasting origins.
Seedlings wergl—-12 months old and 30 cm in heightat the beginning of experiment
Seedings \were transplanted to220-mm pots containing organic potting mixture and
Osmocote® Exact standard controliedease fertilizerScotts Australia NSW, Australig

with an N: PiK'ratio of 16 : 3.9 : 10and grown in glasshousesCanberra, Australialhe
plants were, grown under sufficient nutrient supply to minimise the impact of nutrient
limitation (particularlyphosphorusK)) thatusually occus in warm environment, with none

of the plants exhibiting visual symptoms of N and P deficiencies throughe experiment.

The glasshouse was controlled to achi2ve 20 °C, day: nightto create favourable growth

temperature for both tropical and temperate species alike and the plantgaterezl daily to
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exceed pot capacity. Plants were arranged inrieplicate blocks within the glasshouse, with
each block containing randomly allocated individual of each species. The experiment took
place in Jua-August 2015during which time the day length was hpusing naural light

regime
Leaf gas exehangandCO, response curveeasurements

Leaf gas exchangaeeasurementaere made during Jerto August 2015, usingvo pairs of
portable photosynthesis systems (Licor 6400XT infrared gas analys@nrlBioSciences,
Lincoln, NE; USA).Measurements were made thre most recently fully expanddeaves
developediin_the glasshoudaitial measurement as made at 40Qumol mol* of CO,
concentrations inside the reference chamber, followed by a stepped sequence of 50, 100, 150,
250, 400, 600; 800, 1000, 1200 and finally 1306l mol* to generateCO, response
curves.The chamberlbck temperatures were set to 25 (leaf temperatures varied between
24.3 and 25.5C); photosynthetically active radiatiq®AR) was 1500 pumol photons m 2 s *

and Q wasthat.of ambient air (i.dixed at 21%. A<C; curves(examples shown in Fid.)
were fitted*followingthe model described blyarquharet al. (1980)in order to calculate
Vemax and Jispo(rate of electron transport at 1500 pumol photons m 2 Sfl). Vemax @and Jis00
values were determined via minimizing the sum of squares of modsldiserved estimates

of net CQ_exchange at give€0, partial pressureat the site of the chloropla&t,). C; was
calculated fronC; (intercellular CQ) assuming a constant value of mesophyll conductance,
Om, Whichgwas determined for each leaf (see the next secior®% O, to supress
photorespirationRates ofA at low CGQ, partial pressures were fitted to the Rubiiouted

equation of photosynthesis:

chax(cc_ F*)

A= (CC+KC(1+O/KO)>

— Riignt Egn1l

whereRjgnt IS respiration in the lightt’™* is the CQ compensation point in the absence of
photorespiration36.9 pbar at 2&; von Caemmeregt al. (1994))and O is partial pressure
of O,. Kg'andK, are the effective Michaelslenten constants for Goand G at 25C. If
mesophyll conductance is know®, can be calculated and the values assumeld fandK,
were 260 pubarand 179mbar, respectively, resulting in an effectitg of 551 pbar at 2&
and O = 200mbaiWhenmesophyll conductanceas ignoredi(e. gm assumed to be infinite),

Egn 1 was fitted toC; data assuming(. andK, to be404 pbarand248 mbar, respectively
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(von Caemmereet al, 1999 resulting in an appareni€, of 731 pbar at 2& and O =

200mbarRjigh: was estimated from the G@esponse curve.

A cross validation between -6400XT instruments and 2s 21% O, measurements
on the same leaf was made usinghBq Having obtainedVc¢max and Rign: from the CQ
response curve measured in 21% @e Rubiscdimited CO, assimilation rate i2% O,
was calculated using th&. value measured in 2%,0

ValuessforJ;soo were calculatedy fitting the electrortransportlimited equation of
CO; assimilatiorto the CQ response curve at high GQgenerally wher€; > 500 pbar)

_ [Jmax(€e—T4) D
A= [ (4Co+8T,) ] Riigne Eqn 2

Concurrent gas exchange and carbon isotope discrimination measurementsdatiorabf

mesophyll conductance

Gas exchange .and carbon isotope discrimination measurements for the estimation of
mesophyll canductance were made as described by Tzoe(2011)and Evans& von
Caemmere(2013).A second pair oL1-6400XT gas exchange systeomipled to a tueable
diode laser (TDL; TGA100, Campbell Scientific, Inc., Logan, UT, U&Aje used tonake a
secondmeasurments orthe same set of leavasut in 2% Q and 38Qumol mol * of CO,
(in leaf chamber). Reference and sample air were sampled juiactiors in the tubingfor
concurrent:measurements of carbon isotope composition, with readings eveny Bhen
flow rate was 200umol s %, irradiance1500 pmol photons m 2 s* and leaf temperature
controlled at28C. Air containing2% O, wasmade by mixingN, and Q using mass flow
controllers (Omega Engineering Inc., Stamford, CT, USA) and supplidedtto the TDL
system andhe LI-6400consoles and specified for the-6400 calculationsAfter c. 1 h of
measurement irthe light, respiration in the darKR4a) was measured for each leaf.
Mesophyll conductance was calculated from carbon isotope discrimination wittioequa
and fractionation factordescriled in Evans® von Caemmeref2013) The ternaryeffects of
transpiration rate on the rate of g@ssimilation through stomataere accounted for
(Farquhar & Cernusak, 201L2The value of mesophyll conductance at 38080l mol* of
CO; was used in the estimation Wanax from CO, response curve.
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The limitations imposed by biochemistry, stomatal andsophyll resistances to GO
diffusion onA were quantified based on the method published in G&adsagnani (2005)

which were derived from, stomatal conductancgsf, gm andV¢max
Leaf structural and nutrient measurements

Chlorophyll content was measured ussnl@CM-300 (Opti Science Inc., Hudson, NH, USA).
Leaves were collected immediately after gas exchange and carbon isotope discrimination
measurements were completed. Leaf areas were meadthexl_I-3100Carea mete(LiCor
BioSciences, Lincoln, NE, USA) and leaf fresh masses were determined. Leaves were then
placed in axdrying oven at 60°C for2 d and reweighed to measure dry mass. Total leaf N

and P concentrations were measured using Kjeldahl acid digest mettimddom Ayub et

al. (2011).

Statistical analysis

Statistical analyses were carried out us8RSS version 20 (IBM Corporation, NY, USA).
Two-taileds,equal variancd-tests were used to compaogerall means of tropical and
temperate specie€omparisons were considered significarP0.05. Pearson correlations

were used-tosmeasure bivariate relationships when tropical and temperate species analysed
together. Standardized major axis (SMA) estimation was used to describe tHe& best
relationshiprbetween pairs of variables and to assess evhrethtionships differed between
tropical and temperate species, using SMATR Version 2.0 soft(iralsteret al, 2006
Wartonet al;72006).

Results
Crosschecking multiple gas exchange instruments

In our study, leaves were measured using paws of LI-6400 instrumentsOne pair was
used to generate G@esponse cungn 21% oxygenO;) while theother pairconnected to
a tuneable diode lasamnade measuremenis 2% O, to suppressphotorespirationCO,

response cungcloseto the mean responder tropical and temperate speci® shown in

Fig. 1. In gereral, photosynthetic rates of tropical and temperate spatiasbient CQwere
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Rubisco limited, as illustrated by the arrows. To crdssek the two instrumenta prediction

of CO, assimilation rate in 2% ©Owith theinternal CQ observed was madsee dotted lines
in Fig. 1) from fitting the FWCB (1980) biochemical model teeachCO, response curve
measured in 21% OMeasuredCO, assimilation rate in 2% £(triangles in Fig. 1) aligned
reasonablywell*with the predicted ratesdptted liney in both cases albeit with the 2%
predicted values being slightly higher than that of the 2% measured values in thideexam
The comparison for all of the leaves is shown in RigPredictedCO, assimilation rate in
2% O, correlated strongly witmeasuredate P<0.01,r’=0.95 Fig. 2) and -as was thease
for the results in Fig.(b) —wasgenerallyslightly overestimatedlhe mean ratio of predicted
to measured C@assimilation rate in 2% Owas 1.11 + 0.12 and 1.16 * 0.19 for tropical and
temperatestrees, respectively, and the ranges of the two groups overlappechniperison
suggested that there was no bias between the pairs@f00s and that the FVCE980)
modelfitted bothtropical and temperate trees

Assimilatign ratg mesophyll conductan@nd limitation to CQ assimilation rate

Strong positive correlations betwephotosynthetic rate at ambient €Q2) and mesophyll
conductanceg,) were observe@P<0.05,r? = 0.74; Fig. 3g Supporting InformatiorTable
S1). The'tropical andemperatdreessharedcommonA—gn, relationships as indicated lop
significant difference in slope of the two grougsble ). The tropical trees occupied low
rangesof A (4:5-14.3 pmol rf s?) and g, (0.09-0.32mol m? s* bar') whereas the
temperate_trees were spread over larger rangés(6f4-27.3 pmol it s*) andgn, (0.08—
0.47 mol ¥ s¥bar?).

Thedrawdown of C@from the atmosphere to the sstomatal cavity C.—Ci) was
independent of,, (Fig. 3b, mean 103 pbar?>0.05; Table 8). No distinct clustering of
tropical "and“témperate trees was observdda givengm, the drawdown of C@in the
gaseous phasmposed by stomatal resistancariedthreefold (49-173 pbarFig. 3b). The
magnitude of th€O, drawdownfrom C; to C. was alsandependent of,, (Fig. 3c,mean 55
pbar, P>0.05; TableS2), again with a thredéold range (3695 pbar).The CO, drawdown
from C;ilto C. was generally similar fotropical and temperateees overlapjng for gm
ranging from0.1to 0.3mol m? s*bar. However, wo temperate specie8, moschatunand
P. aspleniifolius exhibitedlarge drawdowrs of CO, (71-95 pbar)at low gm (0.08-0.13 mol

m? s* barh).

Comparison oV ¢max €stimatedvith finite or infinite gm
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By calculatinggm from carbon isotope discrimination for each leaf, it was possil#stimate
Vemax ONthe basis ofC. assumingK. andK, values 0f260 pbar and 179 mhaespectively
(von Caemmereet al. (1994). SecondV.max Was calculated on @; basis(assuming infinite
Om) usingK. andK, of 404 pbar and 248 mhaespectively(\von Caemmereet al, 1994.
Vemax Valuesealeulated on & basis were positively correlated wigh, (P<0.05,r* = 0.59;
Fig. 49. Tropical and temperate trees shared common slopAsgaf relationships (Table
S2), although considerable scatter was obserVedinvestigate the consequences of the
scatter, the lowest and highetgviation from theaverageVcmax : gm (indicated by squares)
were analysedy assuming different valuesf gm to estimateV¢max. These simulations
demonstrated tha¥..x decrease curviinearly with increasingm, (solid lines inFig. 4b),
declining steefiyhat the lower range o, (generdly < 0.1 mol n¥* s* bar!, depending on
species)The estimate o¥.max for L. leefeana a tropical speciewith the lowestVemax : Om
(133),was lessensitiveto decreasingym thanP. aspleniifoliusvhich hadthe greatesVcmax :
Om (551).The value ofV max €stimated on the basis 6f is represented by dashed lirnas
Fig. 4b). The greateNcmax: gm for P. aspleniifoliugesulted in asteepeincreasan Vemax as
gm Was reducedielow 0.2mol m? s* bar' compared td.. leefeanaand meant tha¥cmax
estimated ‘on‘the basis 6f would have underestimated ttrae value of P. aspleniifoliusby
30% (Fig. 4b). A pattern to describe the consequence of variatioNgnigk : gm to estimation
of Vemax 0N Ce:@andC; basis was found. For the species reported hé&fgs-a: gm ratio of 218
yielded similar estimates &f.max 0N C. and C; basis (see dashed line in Fig. 4a). For data
points distributed close to the dotted line (extrapolated from the lowest l[polaefeana
illustrated in Fig. 40 Vcmax—Ci values exceeded.max—C. values byc. 3-5%. For data points
in proximity to the solid line (extrapolated from the highest pBinaspleniifoliusilustrated
in Fig. 4b),Vcmax=Ci values were. 20% less thaiV max—C. depicted in Fig. 5.

Vemax €Stimated on &; basis was generally similar to thetualVemax—Cc (Table 2;
Fig. 5), despite the variatianin Vcmax : gm ratio. Although he tropical and temperate trees
shared acommon slopéetweenVemax—Ce andVemaxCi (Table ), the deviation between
Vemax—Ci andVemax—Cc was slightly greater failemperate treed2% vs 5% for temperate and
tropical‘means, respectively (Tablg).ZTemperate tree mesrfor Vemax—Cc and VemaxCi
were80 + 32 and 72+ 29 ymol m? s, respectivelytropical tree meanwere48+ 15 and 45
+ 13 pmol m? s, respectively The overall ratio ofl1seo estimatedon C. over C; basiswas
1.05 + 0.01 for tropical and temperate gro(geta not shown).

Comparison of tropical and tropidekf traits
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The overdlmeanvalueof A in tropical trees (8.6 + 2.7 pmolfs') wasalmosthalf that of
temperate trees (14.3 + 6.9 pmof ®"; Table 2).While leaf mass per areaNIA) was also
lower in tropical trees, the difference Aawas maintained when expressing rates on a dry
mass basis (data not showhhwer overall rate of ambient photosynthesis in tropical trees
was accompanied bysignificantly lower stomatal conductances)( as well as lower
underpinning biocheroal capacitis, shown here a¥€:max andJisoo (€lectron transport ratst
1500 pmol ‘phétonst 2 s %) in comparison to temperate tre®s0.05; Table 2).

Estimation of the relative limitations imposed kyochemistry, stomatal and
mesophyllresistances @nfor each species are presentefim 6. In general,imitations by
mesophyll Cn) contributed to the smallest fractiof@pproximatelya quartey of total
limitations to A./ In tropical speciesL, values were relatively constant whilstomatal
limitations=(zg)=and biochemical limitations(L,) varied In temperate specieks and L
increased swith«decreasiny with E. lucida showing the highests. L, andLs imposed
similar limitations toA in E. obliqua, P. apetala and A. moschatudo relationship between

Ly and any photosynthetic parametexrs observed betwespecies.

Comparison of tropical and temperate speeaekw range ofA (i.e. excludingE.
obliguaandP"apetala showed thaimeanLs were similarbetween the two groupét low A
(8.6 + 2.7 and-9'1 + 2.1 umolfrs™ for tropicd and temperate, respective§>0.05),mean
Ls werec. 0.44t 0.14 for both groupsMean L, were significantly higher in temperate
species than in tropical species (0.29 + 0.06 ad® #.0.05 for temperate antlopical,
respectively; P<0.05). By contrast, tropical species exhibited higHey than those of
temperate specie®.37 + 0.16 and 0.27 + 0.09 for temperate #@mgical, respectively;
P<0.05).

As'expectedYmax andJisooco-variedon both area and mass bafig. 7; Table S2.
There wasa significantdifference in the slope &fcmax— Jis00 relationships between topical
and temperate trees areaand massbases Table ). However, he overall meamatio of
Jis00 10 Vemax Was not significantly differentoetween tropical and temperate trees(.05,
1.71 £ 0.24 and 1.74 + 0.27, respectively).

In our study, the range of leaf mass per area (LMA) was slightly constrainetil@?2
g m?). A weak negativeorrelation between photosyntheticuse efficiency Vemax per unit
leaf N) and LMA was founanly for temperate trees (Fi@; Table &). Tropical treeshad
lower Vcmax per unit leaf N for a given LMA thathe temperate trees (Fi§, 30.4 + 7.6 and
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42.2 + 15.8umol CO, gN* s* for tropical and temperate trees, respectivelfalues for
Vemax Per unit leaf Nfor tropical and temperate species generally fell below and above the
mean function fitted to th6LOPNET datgHikosaka, 2004Wright et al, 2004. The N and

P contents were both less for tropical compared to temperate leaves (P<0.05; Table 1).
Discussion

The diversity of plant specigeparticularly in tropical biomesprecludes having detailed
information_about each and thus Earth systaodelsmake simplifying assumptionsThe
parameterisation ahaximum Rubisco activityycmax as a function of leaN and leaf mass

per area with.respect to plant functional type and biome (e.g. tropical evérdeseduous

trees, temperate evergreen/ needle trees) has been shown to reduce uncertainties in model
outputs Kattge et al, 2009 Alton, 201)), but requireseveral assumptionsabout the
underlying biochemistryRogers, 2014Rogerset al, 2017. Here, we addressed one of these

key assumptionscanVemax be estimatedvhile ignoringmesophyll conductanc@,)? Two

issues arise.. First, does the rate of,@8similationpredicted from leaN concentration and

leaf mass per-araaflect rates observed in the field? Second, how robust are the predictions
as one movesraway from current conditions? The experimental data presented here were

designed-to.investigate the impaciggfon modelling the rate of CQassimilation.

Theworiginal formulation of the ¥CB modelrequiresthe CQ partial pressure in the
chloroplast stroma. Conventional gas exchange measurements allow thaticalcofl the
intercellular€@=partial pressur€C;) andit was argued that the drawdown betwé&zrand
C. (chloroplastie, CQ partial pressureyas sufficiently small that it could be ignoréa. C.
= Cj). CO; response curves of photosynthesis have been measured on a wide range of species
in the field (Kattge et al, 201) as portable gas exchange instruments became readily
available With progress in methods to estimajg, it is now clear that there is a significant
drawdown_in_the partial pressure of £@ithin the mesophyl(Evanset al, 1986 von
Caemmerer & Evans, 9%; Harleyet al, 1992 Loretoet al, 1992 Ponset al, 2009 and
Fig. 3c). However, nesophyllconductance has generally not been measduetig field
observationsAlthough it is now possible to measure chlorophyll fluorescence in conjunction
with conventional gas exchange with commercially available instrurmtbet® is a tradeff
associated with the smaller leaf chamber used when measuring fluoresodmnce,
compromises the accuracy of the gas exchamggsurements
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The derivation ofV¢max—Cc and Vemax-Ci requires the use of different values for
Michaelis Menten constants for G@nd Q (K. andK,, respectively) in each case (‘true’
values for the former and ‘apparent’ values for the latterfhe absence ofjm, Vcemax Can be
estimated from the responseffo C; by assuming an appareft, for Rubisco to represent
K¢ (1+OKg)=Using an apparerd, to estimateV.max is a useful approacih the drawdown
Ci-C. is similar between specig¥Varren, 2008 Moreover, n order for the estimate of
Vemax—Ci to matchVemax—Ce, the ratio oV max—Cc t0 gm needs to be similar to that of tobacco
asthe relationship between apparé&qt.,) and the tru; is K¢ () = K¢ + VemadOm (EQN 14
in von Caemmereet al. (1994)) Upon reanalysis of published—~C; curves for may
species, Ethier.& Livingsto(2004)suggest thaV.max andgm are not closely related to each
other and therefore it is inappropriate to apply a single value for the apfare8tnet al.
(2014b)took a"similar approach of derivingemax from A—C; curves while allowing the
apparenK, to vary and compared this Yamax—Cc Which was obtained by deriving a value
for gm from the curvature oA—C; response. They found that on averagg..Ci was only
68% ofVmax—Cc. However, in both of these cases, there were no direct measuremgnts of
So, the question is, does one reach the same conclusiongwteerd CQ response curves

are directlyameasured?

Although,we only measured 11 evergreen tree species here, the derived estimates of
Vemax ranged. from 250 150 pmol m? s* which encompasses the majority of the range
reported by Aliet al. (2015) Our key result is that by calculatirgg, from concurrent
measurements.of carbon isotope discrimination, we could directly covgaseC. against
Vemax-Ci. We observed much closer agreement.(Bljgthan previous comparisons which
derive g, fromsanalysis of C@response curvelEthier & Livingston, 2004 Warren, 2008
Sunet al, 20140). We confirmed the finding thafmax andVcmax per unit Naregreater for
temperate than tropical evergreen tr@ggs 7,8; Kattgeet al, 2009 Xiang et al, 2013 Ali
et al, 2015 and demonstrate that this is not confounded by deriVingx on the basis of
intercellular CQ partial pressure using a fixed appargdt,. Our use of isotope
discrimination..to measurg, necessitated the use of young plants grown in pots in
glasshousesAlthough the properties of such leaves may differ from adult trees growing in
their natural forest environment, we observed differences between temperate and tropical
evergreen tree species consistent with measurements made on leaves in tfiatigielet
al., 2009 Ali et al, 2015 althoughVcmax vValues as low as 320 pmol m? s* have been

reported for two central Amazonian spediascimento & Marenco, 2013).
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Extending predictions away from current conditions

The power of basing models of ecosystem productivity onwiBFmnodel is that it captures

the underlying biochemistry centred around the kinetic properties of Rubisco. This allows
succinct description of the responses to,@&nd temperature. ThevEB model has been
extensivelyqverifid against leaf gas exchange measurements for many species. However, a
key assumption'is the use of Rubisco kinetic parameters determined for tobaccedentepr

all C; species™The lack of complete suites of Rubisco parameters including temperature

resporses currently precludes models being able to capture or represent this complexity.

Recently #tention has been focussed on whether mesophyll conductance needs to be
included (Rogeret al, 2017. Sunet al. (2014b)reanalysed 1008« C; curves from 130
species using the sam&,, (CO,) to derive estimates Ofcmax—Ci, VemaxCc and gm from
which they proposed a function relatiMmax—Ci 10 Vemax—Cc and gm. Subsequently this
function was.implemented into a community land model to assess the impagbsm
primary proeductivity (GPP)rom 1901to 2010 Sun et al, 20143. They suggest that
including gmywould increase the CQOfertilization effect by 16% over that perio®y
contrast, vderivedV max—Cc: andVemax—Ci valuesassuming a ‘truekK, (CO,) or a constant
‘apparentKy, (CO,), respectively. Our two estimates\tfn.x were nearly the san{@able 2
Fig. 5). Asseur approach differs from that @un et al. (2014b) we reexamined the
implication for modellingCO, assimilation rate as atmospheric partial pressur€©4f
changes. We llustrate the difference between parameters derived using intercellular or
chloroplastic_partial pressure 600, whengn, is known. The mean values for temperate tree
species were used (Table 2) as this group had the largest difference béfweed. and
Vemax—Ci andwtherefore represents the worst case scenario.CIe response curves
generated using, both sets of values are shown agaifsig. 9). While both curves overlay
closely for Ci=between 1068200 (bar, the curve including, has a greater rate @O,
assimilation at &; of 300 pbar, reflecting the loweK, value (551 g 731, forC.; andC;
scenarios, respectively). There is a complicated resporGefdo the difference between the
two scenarios (Fig9). CO, assimilation rate predicted on the basigfexceeds that based
on C;, reachingwa maximum of 4% at the transition (332 pbar),dkelined to a minimum of
-5% at the transition point for thg; based scenaridd28 Lbar) before finally returning to
similarity at 650pbar. If one assumes @ : C, ratio of 0.7, then simulating GPP &%
increased from 300 to 390bar represent€; increasing from 210 to 27@bar andCO;,
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assimilation would have been underestimated by betwe®¥ LisingC; based rather than
C. based parameterBor C, = 390 ppm,Sunet al (2014a)estimated th&CO, fertilization
effect was underestimated by 4.5 Pg.&. pver a baseline GPP of 127 Pg @.p.e.c. 3.5%.
Thus our estimate ofthe impact of includingg,, when forecasting thehange inCO;
assimilationTas“atmospher@O, concentration rises similar but slightly lesshan that of
Sunet al. (2014a).

Admittedly the analysis here is very simplistic and ignores the influence of
temperaturemitsis known that the temperature respongg, efaries considerably between
species (von Caemmerer & Evans, 201@nd it has been recognised that different
temperature responses fgr, would significantly impact on model predictions ofOg
assimilation ratéWarren, 2008Rogerset al, 2017. While incorporatingdn, into models to
estimate GPPwis theoretically appeg] in practice it is not yet possible as it requires
knowledgerof:Rubisco kinetic parameters for a range of evergreen tree species, an estimate of
Om and its/temperature response for representative species, as well as functionsviglating

to leafN content per unit leaf area.

Photosynthetie.capacity scaled with in tropical and temperate evergreen trees

The strong correlations between photosynthetic rateganiwr both tropcal and temperate
trees (Fig..3alable S1) are consistent with previous studies on a range of sf{i&gieset

al.,, 1995 Evans & Loreto, 2000Flexaset al, 200§ Whiteheadet al, 2011 Tosenset al,
2012).Tropiecaland temperate spec@sareda common relationship between photdstic
capacity andyn, (Figs 3a, 43 which meant that there was little variationtire drawdown
from C; to ' Cg(Fig. X; Table S1). This contrasts with past observations of a greater
mesophyll drawdown G;-C;) for leaves withlow photosynthetic capacitfEthier &
Livingston, 2004 Warren & Adams, 2006Niinemetset al, 2009h Tosenset al, 2019. The

low photosynthetic ratesf tropical trees we observade notdue tolow C, valuesrelative to

temperate species.

Qurraverage oCi—C., 55 pbar, is consistent with values for tree species measured
recently usingsthe same instrumdgmon Caemmerer & Evans, 201but lower than those
compiled earlier 83-91 pbar(Evans & Loreto, 2000Warren, 2008 Buckley & Warren,
2014) The range ofj, vaues, 0.080.47 mol n¥ s* bar’, is comparable to past studies
(Pons & Welschen, 2003Flexaset al, 2008 Whiteheadet al, 2011 von Caemmerer &
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Evans, 201p The greaterdrawdown imposed by stomat@,—C; (average of 103 pbar)
matches the averader woody evergreeiiWarren, 2008 and tree specigyon Caemmerer
& Evans, 2015), 109 pbar.

The, average values @f, across woody evergreewoody deciduous and conifers
reported in_the literature are close to tl m? s* bar® (Flexaset al, 2008 Buckley &
Warren, 2013 This might indicate that in these plant groups, it is more likely that estimates
of Vemax=Cediffer from VmaxCi. In addition, watesstressed plants exhibit greater mesophyll
drawdownsxfremC; to C. (Flexaset al, 2006 Warren, 2008 Niinemetset al, 2009).
However, (it becomes more difficult to measgreon leaves with low photosynthetic rates.
As the values of), in our study were larger than Ondol m? s* bar', our conclusions may
not extend into this lower bound region where much lamgsophyll drawdownhave been
reported Warren, 2008 Niinemetset al, 2009h. A definitive assessment of this issue will
require furtherswork focusing on very low range gif and validation on the interactive

effects of internal and stomatal conductances in influencing water stress responses.
Photosynthetieperformance with respeabitoogenand phosphorus

Metaanalysesof field surveys have reported smaller valwésV.max—Ci for tropical than
temperate trée@l vs 61 umol CQ m? s?, respectively(Kattgeet al, 2009 and 30vs 80
pumol C& -m2.s’, respectively(Ali et al, 2015), similar to what we observe@d8 and 80
pumol CQ m? s for tropical and temperate species, respectivégble 2).In addition,
tropical trees:have smaller values\@f.ax per unit N(tropical vs temperate: 2&s 34 pmol
CO, gN* s*(Kattgeet al, 2009, 20 vs 40 pmol CQ gN* s* (Ali et al, 2015, 31 vs42;
Tables 12).

Tropical-and temperate species shared a simmdage in leaf mass per area.
Consequently;the loW.max per unit N of tropical species (Fig. 8pes not reflect a traetsf
against structural NOnodaet al, 2017. The lowerVemax per unit N of tropical species could
reflect lessleaf N allocatedto photosynthetic proteins. Thigas suggested in comparisons
betweensplants adapted to warm and cool environmenstlirfield and glasshouse settings
(Xiang et al, 2013; Aliet al, 2015; Dusenget al, 2015; Bahaet al, 2017; Scafaret al,
2017) In turn, this implies that a greater fraction of leaf N could be allocated to non
photosynthetic components (e.g. cell wall N and/or defence compounds) iradapted

species, reflectingadeoffs associated with leaf longevity and herbivory resistance in warm
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environment Kikuzawa et al, 2013 Metcalfe et al, 2014. Alternatively, the kinetic
properties of Rubisco, or its activation state could differ between tropical and temperate
species.Our plants were supplied with fertilizer which resulted in IBatorcentrations
almost double that observed for leaves of thasstralianspedes sampled in the field( J.
Bloomfield & O K. Atkin, unpublished)r for several Amazonian tree spec{d¥endes &
Marenco, (201p We tried to avoid nutrient deficiency complicating our results, but if P
deficiency affected),, then potentially this could alter the estimatiorVgfax. Due to the
smaller LMA of ourglasshousegrown plants compared to leaves sampled in the field in
South America(Baharet al, 2017 Norby et al, 2017, the P contestper unit leaf area
overlapped._ Havindargely ruled outgm, as a possible contributor, attentishould be

focussed an abtaining more detailed information about Rubisco in these species.

Conclusion

Leaves from_evergreen tropical tree seedlings have lower rates of photosynthesis and
underpinning biochemistry than their temperate counterparts. For both tropicahgretdte
speciesgestimates oV¢naxCi closely matched thosef Vemax—Cc: which were based ogn

derived from™*C/discrimination measuremen#s.single value for the apparekt, could be
assumedbecausehe ratio ofVemax : gm Was relatively constaniThe lower photosynthetic
capacity of trepical leaves was associated wigmalleV¢max per unit leafN and lesSN per

unit leaf area.
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Supporting Information

Additional Supporting Information may be found online in the Supporting Information tab for

this article:
Table S1 Pearson correlations for bivariate relationships among leaf traits, whesatrapd
temperate species are analysed together

Table S2 Standardized major axis regression slopes and their confidence intervals for

relationships comparing leaf traits of trogl and temperate species

Please note: Wiley Blackwell are not responsible for the content or fundiooflany
supporting information supplied by the authors. Any queries (other than missing material)
should be directed to tidew PhytologisCentralOffice.
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Table 1List of tropical and temperate species used in this study

Precipitation (mm) Temperature’C) Leaf chemistry

Abbrev.  Faffily Species Provenance State  Annual Driest  Wettest Annual Co.ld.month Warml month  Diurnal Leaf P area Leaf N area Chlorophyll
month  month mean minimum maximum range (g m?) (gm? (g m?)
PE Araliaceae Polyscias elegans Mt. Molloy QLD 1469 24 307 19.4 10.3 27.9 10.4 0.08+0.01 1.69+0.25 0.61 +0.04
FB Rutaceae Flindersia bourjotiana Cape Tribulation QLD 1860 22 402 24.1 16.2 31.3 9.0 0.08 +£0.03 1.80 £ 0.07 0.66 £ 0.07
SS Myrtaceae Syzygium sayeri Tolga QLD 1688 32 335 20.7 10.9 29.2 10.5 0.08 £0.01 1.15+0.13 0.39+£0.01
LL Lauracea Litsea leefeana Cape Tribulation QLD 1945 29 406 23.0 15.3 30.2 8.8 0.09+£0.01 1.20 £0.97 0.42 +0.06
DA Monimiaceae Doryphora aromatica Walkamin QLD 1501 34 303 19.6 9.2 28.6 10.9 0.09 +£0.01 1.91+0.24 0.47 £0.03
CA Fabaceae Castanospermum australe Mareeba QLD 2166 41 431 22.5 13.6 30.1 9.4 0.11 £ 0.02 1.50 £0.21 0.57 £0.16
Tropical mean: 0.09 +0.0Z 158 +0.33 0.52+0.12
EO Myrtaceae Eucalyptus obliqua Liffey TAS 1158 48 150 9.2 0.2 20.8 10.1 0.10+£0.01 2.11 +0.15 0.57 £ 0.02
PA Rhamnhaceae Pomaderris apetala Liffey TAS 1161 48 150 9.0 0.2 20.7 10.1 0.08 +£0.02 1.54 +0.17 0.53+£0.02
EL Eucryphiaceae  Eucryphia lucida Strathgordon TAS 2288 97 256 10.0 2.7 19.5 8.2 0.13+0.04 1.85+£0.09 0.79 £0.05
AM Monimiaceae Atherosperma moschatum Western Tiers TAS 1181 49 153 8.8 0.0 20.4 10.0 0.11+0.01 1.81+0.21 0.58 £0.09
PC Phyllocladaceae Phyllocladus aspleniifolius Cradle Mt. TAS 1845 78 239 7.8 0.4 18.1 8.5 0.21 +0.04 2.05+0.52 0.47 +£0.09
Temperate mean: 0.13 £0.0% 1.88 +0.33 0.57+0.12

Tropical andjtemperate seedlings were sourced from Yuruga Native Plants Nursery, Walkamin, Queensland andnisbiifief?,

Tasmanias-respectively.

Climate-information, according to species proveamnvas obtained fromWorldClim (Hijmanset al, 2005)using the nearest occurrence of each
species in thétlas of Living Australighttp://bie.ala.org.au/species/). Leaf chemistry was expressed as medividtial speciesnE4 within
each species), mean values for tropical and temperate species listed in bold. Significantly different means betalkmdtitepiperate species

are indicated by different letterB<0.05). leaf Pleaf phosphoruydeaf N, leaf nitrogen.
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A Os Im Leaf Ca Vemax—Ce Vemax—Ce: J1500-Ce Riight Rdark LMA
Species (umol m?sY)  (mol le)o m?s  (mol m?s® bar?) temperature (°C) (umol mot) Ci:Cq (umol m? s?) VemacCi (umol ni’ s*) (umol m? ™) (umol ni* s7) (gm?) LDM:LFM
PE 13.1+1.0 0.28 £0.04 0.24 +£0.06 24.4+0.2 383+2 0.61+0.07 64.7x7.4 0.98+0.04 109.9+34 1.7+03 1404 51+8 0.32£0.01
FB 10.3+04 0.12+0.02 0.22 £0.04 253%0.2 3871 0.52+0.03 66.6+9.7 1.06+£0.08 1094+134 21+03 1.2+03 74+7 0.28 £0.01

Table 2 Means + standard deviation of leaf photosynthetic components and structisaekaiessed on area basis for each species
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SS 8.0+1.8 0.18 +£0.05 0.15+0.06 24.7+0.2 3892 0.71+0.05 38.2+10.1 1.09+0.08 61.7+14.8 13+03 10=zx0.1 51+5 0.22 +0.02

LL 7.8+0.3 0.19 £0.02 0.21 +0.04 252+0.4 389+1 0.69+0.05 358+28 1.040.05 70.3+7.7 19+04 1702 384 0.23+0.01
DA 6.8.£1.3 0.10 £+0.02 0.16 +0.03 25.0+0.4 390+1 0.57+0.07 402+7.6 1.11+0.05 73.9+16.9 1.9+02 1.3%0.2 53+3 0.21+0.01
CA 6.0 £2.0  0.070.03 0.12 +0.03 25.4+0.5 393+2 0.54+0.07 398+133 1.05+007 558 +144 1803 1102 50+3 0.33+0.01
;r;)::al 81672, 7% 0.15+0.08 0.19+0.06 25.0+0.5 389+3* 0.60+0.09 476+153 1.05+007 80.7+246 1804 13+03 5312 0.260.0%
EO 243+36 0.62+0.12 0.41£0.04 24.4+0.2 368+5 0.67+0.08 1255+26.2 1.05+0.05 186.1+19.1 27+0.3 22203 58+8 0.22 +0.02
PA 18:4+25 055+0.18 0.33 +0.06 243+0.3 3763  0.71+0.07 86.6+133 1.09%0.05 140.1+195 2104 1102 413 0.28 +0.02
EL 9.7+8.9 0.12 +0.05 0.21+0.03 25.5+0.3 391+2 0.46+0.05 692+255 108010 1263+212 3106 11+04 79+11  0.32%0.02
AM v 4 0.20 +0.03 0.12 +0.04 247+0.2 392+3  0.67+0.08 50.4+8.9 117010 924+140 2804 1204 58+3 0.23+0.01
PC 88%1.3 0.13+0.02 0.12 £ 0.02 249+0.4 392+2 057+004 57.4+108 1.20+0.08 1044+223 30+09 1.7+03 97+16  0.28 +0.04
;eerzserate 14:3£6.9° 0.33+0.24 0232012 24708  383+1CF° 0.62+£01% 80.3x323 1122009 130.1£384 27+06 1506 66 £22° 0.26+0.04

Tropical anditemperate species were listed according to decréa3irapical andemperate group means are listed in bold, calculated based on the mean of
individual speciesn=4 within each species). Leaf photosynthetic components were measuréd @t 21346 oxygen, with exception for gn, at 2% oxygenA,
light-saturated net photosgresis measured 400 pmol mol CO,; 0s, Stomatal conductanggy,, mesophyll conductanc€; : C,, ratio of intercellular CQ

to atmospheric CQ Vcmax—Cc, maximum carboxylation velocity of Rubisco @3 basis Vemax—Cec : Vemax—Ci, the ratio ofV¢max 0n Cc basis ovel¢max 0N C;

basis Jisee-Cexrate of electron transport &y basis Rign:, respiration rate in lighRgan, dark respiration rafdMA, leaf mass per unit leaf ardeDM:LFM,

leaf dry'massto leaf fresh mass ratio. Species abbreviatiwovisled in Table 1Values are overall mean = SD of leaf traits. Significantly different means

between tropical and temperate species are indicated by different IBtter85).
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Fig. 1 Fitted curves of the response of net L@ssimilation rate, A (areabased) to
intercellular CQ (C;) at 1500 pmol quanta fs* for (a) a tropical specieBoryphora
aromaticaand (b) a temperate speci@emaderris apetalaArrows point to photosynthetic
rates under normal operating conditions at ambient. @cles are the measured rates of
assimilationArunder 21% Q. Dotted lines represeN:max(Mmaximum Rubisco carboxylation
capacity)predicted from Farquhaet al. (198) model under 2% oxygen partial pressure,

where triangles correspondAameasured in 2%

Fig. 2 Comparison ohet CQ assimilation rateA directly measured in 2% £againstA as
estimated/fromV¢max (Maximum Rubisco carboxylation capacityhich wasderived from
fitting Farquharet al. (1980) model in 2% ©(see dotted lines in Fig. 1). Each data point

corresponded téin 380 pmol mof CO,. Dashed line shows the 1 relationship.

Fig. 3 Relationships between mesophyll conductaggeand(a) net CQ assimilation rateA
in 400 umel.mof CO, and 21% @, (b) draw-down in CQ in the gaseous phase a(u)
draw-downiin.CQ in the liquid phase.

Fig. 4 (a) Relationships betweafinax(Mmaximum Rubisco carboxylation capacigndgm
(mesophyll condctance)for tropical and temperate tre&§maxwas derived from Co
responseurvess(examples shown in Fig. 1) in 21%u8ing finitegm (i.€. Vemax—Co).
Squares'corresponded\gnax0f Phyllocladus aspleniifoliuandLitsea leefeanaepicted in
(b). The dashed line was extrapolated from the points whege-C. equalsVemax—Ci, while
the dotted,line.was extrapolated framleefeanallustrated in(b) and the solid line
extrapolated fronf. aspleniifoliugllustrated in(b). (b) Simulations oY .max €Stimated with
different values assumed fgy, for a temperate speci®s aspleniifoliusand a tropical species
L. leefeangsolid lines) Squares correspond YQmaxestimated using actugh, calculated on
aC. (chloroplastic CQ) basis and dashed lines represépi.xestimated from infinitgm, on

aC; (intercellular CQ) basis.

Fig. 5 Comparison ofnaximum Rubisco carboxylation capacimaxestimated using finite
mesophyllFfconductancgm (Vemax—Cc) and assumed infinit@y, (Vemax—Ci). Vemax Was derived
from CO, responseurves (examples shown in Fig. 1) in 21% Oashed line shows the: 1
1 relationship. Squares corresponded da.xof P. aspleniifoliusandL. leefeanadepicted in
Fig. 4(b).
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Fig. 6 Plots of the limitationso net CQ assimilation rateA imposed by biochemistryL(),
stomatal resistancd.{) and mesophyll resistancer() for tropical and temperate species.
Error bars represent standard deviation of mean of each limitation componentchor ea
species. Tropical and temperate species was listed according to decfeésmaegTable 2).

Speciesrabbreviation is provided in Table 1.

Fig. 7 Relationships betweeW max (Mmaximum Rubisco carboxylation capacigmd Jiseo
(electron” transport rate at 1500 pmol photons m 2 s') estimated using finite mesophyll
conductancegm Vemax andJisgowere derived fromA—C; curve in 21% Q. Values expressed
on area basis. Values Wyaxand Jisp0 Obtained fromXiang et al. (2013)using infinite gnm
were plotted on the same scale. Similar patterns were observed when MeitirendJiseo

on a mass basis (data not shown).

Fig. 8 Relationships between maximum Rubisco carboxylation capatityx per unit leaf
nitrogen, N.on.area basis (applying finit@sophyll conductanceg,,) and leaf mass per unit
area (LMA)..The line showmvas inferred from the GLOPNET relationship betw&&Rax
per unit leafiN"and.MA (Hikosaka, 2004Wright et al, 2004. Values ofV¢max per leaf N
(applying infiniteg,) and LMA obtained fronXiang et al. (2013)were plotted on the same

scale.

Fig. 9 Fitted.curves of the response of net £&3similation rateA (areabased) assuming
mesophyll conductancey, = 0.2 mol n¥ s* bar* (solid lines) and assuming infiniign
(dashed lines).to intercellular GQC;). The grey line corresponds to the difference between
C. (chloroplastie,CQ) vs C; based estimation & at the sam€;, normalised tA estimated

on aC.-basis:
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Figure 2
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Figure 4
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Figure 6
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Figure 8
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