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1. Calculation of ei from 18O  11 

 Here we describe theory underlying our method for estimating the intercellular vapour 12 

pressure (ei) based on coupled measurements of gas exchange and the 18O of CO2 and water vapour 13 

entering and exiting the leaf cuvette.  The transpiration rate (E) can be related to the leaf-to-air 14 

vapour pressure difference (ei-ea) and total conductance (gt) as1, 15 
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where gt is the combined conductance to water vapour of the stomata plus boundary layer, ei is the 17 

intercellular vapour pressure, ea is the atmospheric vapour pressure, P is atmospheric pressure, and ݁̅ 18 

is (ei+ea)/2.  The final term, 	ܧ
௘

௉

ത, is a ternary correction.  Stomatal conductance (gs) relates to gt as, 19 
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where gb is boundary layer conductance to water vapour.  The transpiration rate, E, can be measured 21 

in a leaf gas exchange cuvette as1 22 
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where uin is the flow rate of air entering the cuvette, win and wout are the water vapour mole fractions 24 

of air entering and leaving the cuvette, and s is the leaf area inside the cuvette.  The term ea/P from 25 

Eqn (1) is assumed equal to wout.  The gs can then be calculated if ei is known and P is measured.  In 26 

standard gas exchange calculations, ei is assumed equal to the saturated vapour pressure (es) at leaf 27 

temperature (Tl): 28 
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Here, es is given in kPa and Tl in °C.  Making this assumption and assuming a value for gb allows 30 

calculation of gs from Eqns (1) and (2).  In the method we developed, we did not assume that ei=es, 31 

but rather solved for ei iteratively, by setting c=ce.  This is elaborated upon below.   32 

 The rate of CO2 assimilation (A) can be determined by also measuring the CO2 mole fraction 33 

entering (cin) and leaving (cout) the gas exchange cuvette1:   34 
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The A can further be expressed as a function of the conductance to CO2 and the drawdown in CO2 36 

mole fraction between the atmosphere and the intercellular air spaces:  37 

ܣ  ൌ ݃௧௖ሺܿ௔ െ ܿ௜ሻ െ  38 (Eqn. 6) , ̅ܿܧ

where gtc is the combined conductance to CO2 of the stomata plus boundary layer and ܿ̅ is defined as 39 

(ca+ci)/2.  The ca is assumed equal to cout.  The final term in Eqn (6) is a ternary correction that 40 

accounts for the influence of transpiration on the diffusion of CO2 into the leaf.  The stomatal 41 

conductance to CO2 (gsc) can be calculated as gs/1.6 and the boundary layer conductance to CO2 (gbc) 42 

as gb/1.37.  The gtc can then be calculated as,  43 
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Eqn (6) can now be solved for ci: 45 
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 The oxygen isotope composition of CO2 taken up by photosynthesis (A) can be calculated 47 

from measurements of the 18O of CO2 entering and leaving the gas exchange cuvette when 48 

combined with measurements of total CO2 entering and leaving2-4: 49 
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where cin and ca are CO2 mole fractions entering and leaving the gas exchange cuvette, expressed in 53 

Eqn (10) with respect to dry air, and in and a are 18O of CO2 entering and leaving the cuvette.   54 

 After A is obtained from Eqns. 9-11, the 18O of CO2 in the intercellular air spaces (i) can 55 

then be calculated4,5.  We present this calculation in two steps below.  Eqn (12) represents the 56 

calculation of i without the ternary correction (io), and Eqn (13) then applies this correction5.   57 



3 
 

௜௢ߜ  ൌ ஺ߜ ቀ1 െ
௖ೌ

௖೔
ቁ ௧௖ߙ ൅

௖ೌ

௖೔
ሺߜ௔ െ തܽሻ ൅ തܽ , (Eqn. 12) 58 

௜ߜ  ൌ
ఋ೔೚ା௧൤ఋಲ൬

೎ೌ
೎೔
ାଵ൰ିఋೌ

೎ೌ
೎೔
൨

ଵା௧
 , (Eqn. 13) 59 

where തܽ is the fractionation for combined C18OO diffusion across the boundary layer and the 60 

stomata, tc is defined as 1+ തܽ, and t is a ternary correction factor.  The തܽ is defined as  61 
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 , (Eqn. 14) 62 

where ab is C18OO fractionation for diffusion across the boundary layer (5.8‰)6, as is that for 63 

diffusion through stomata (8.8‰)6, and cs is the CO2 mole fraction at the leaf surface calculated as 64 

cs=ca-A/gbc.  The t is defined as 65 
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The 18O of CO2 at the chloroplast surface (c) can then be calculated as4 67 
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where aw is the C18OO fractionation during diffusion through liquid water, taken as 0.8‰6, and w is 69 

defined as 1+aw.  The ccs is the CO2 concentration at the chloroplast surface.   70 

 The 18O of transpired water (E) can be calculated from measurements of the 18O of water 71 

vapour entering and leaving the gas exchange cuvette, in combination with measurements of water 72 

vapour mole fractions7: 73 
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where win and wa are water vapour mole fractions of air entering and leaving the cuvette, and in(v) 75 

and v are 18O of water vapour entering and leaving the cuvette.  The 18O of the liquid water at the 76 

evaporative sites in the leaf (e) can then be calculated from the measurements of E as8, 77 
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where + is the equilibrium fractionation for the phase change from liquid to vapour, and k is the 79 

kinetic fractionation for diffusion through the stomata and boundary layer.  The + can be calculated 80 

as9 81 

ାሺ‰ሻߝ  ൌ 2.644 െ 3.206 ቀ
ଵ଴య

ଶ଻ଷ.ଵହା்೗
ቁ ൅ 1.534 ቀ

ଵ଴ల

ሺଶ଻ଷ.ଵହା்೗ሻ
మቁ , (Eqn. 19) 82 

and the k as10 83 
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The Tl in Eqn (19) is leaf temperature in °C.  The 28 and 19 in Eqn (20) are fractionation factors for 85 

H2
18O diffusion through the stomata and boundary layer, respectively, scaled to per mil11.  These 86 

values have been taken as 32 and 21 more recently12, but there is ongoing debate as to which are the 87 

correct values13.  Implications of assuming one set or the other are addressed below.  The e provides 88 

an estimate of the 18O of liquid water near the chloroplast surface.  The fractionation between this 89 

water and CO2 in equilibrium with it (w) can be calculated as14 90 
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where Tl is leaf temperature in °C.  The 18O of CO2 in equilibrium with evaporative site water (ce) 92 

can then be calculated as 93 

௖௘ߜ  ൌ ௘ሺ1ߜ ൅ ௪ሻߝ ൅  ௪ . (Eqn. 22) 94ߝ

Eqns (1) to (22) provide two things:  an estimate of c, which is sensitive to the assumed vapour 95 

pressure inside the leaf, through its link to ci; and an independent estimate of ce, based on 96 

measurements of the 18O of transpired water, in combination with Eqn (18).  Using this set of 97 

equations, we iteratively solved for the intercellular vapour pressure, ei, subject to the constraint 98 

c=ce.   99 

 The calculation of c requires an estimate of gmc, the conductance to CO2 from the 100 

intercellular air spaces to the sites of carbonic anhydrase activity, which we assume to be at the 101 

chloroplast surface15.  The value of gmc is needed to calculate ccs for Eqn (16).  We guessed values of 102 

gmc such that they resulted in estimates of ei near to es (vapour pressure inside the leaf near to 103 

saturation) when the air vapour pressure deficit (D) was at the lowest measurement values.  The gmc 104 

chosen for all P. edulis trees was 1 mol m-2 s-1 bar-1.  This value was also chosen for four out of six 105 

of the J. monosperma trees sampled in 2012, whereas a value of 0.6 mol m-2 s-1 bar-1 fit our criterion 106 

better for two other J. monosperma sampled in 2012, and for all J. monsperma sampled in 2013.  107 

These values were assumed for leaf temperatures of 25°C, and in all cases, gmc was assumed to have 108 

a temperature dependence described by the equation gmc=(0.26+0.051Tl)gmc(25) where gmc(25) is the 109 

gmc normalised to a leaf temperature of 25°C and Tl is leaf temperature16.     110 

 To demonstrate the impact of choosing different values for gmc, we conducted a sensitivity 111 

analysis, in which we calculated ei/es for values of gmc twice those originally assigned and for values 112 

half those originally assigned.  These estimates of ei/es are shown in Supplementary Figure 1.  From 113 

this figure, one can see that doubling the assigned gmc shifted the range of ei/es estimates up, and 114 

halving them shifted the range of ei/es estimates down.  However the shifts were not so large as to 115 

substantially alter our interpretation of the data or our conclusion of significant unsaturation of ei at 116 
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moderate to high D.  We conducted an analysis of the impact on our calculations of ei/es of assuming 117 

no temperature dependence for gmc
17.  Assuming gmc to be insensitive to temperature causes the 118 

calculated ei/es to decline more sharply with increasing D than when a temperature dependence is 119 

incorporated.    120 

 121 

2. Potential alternative explanations for i > ce under assumption of saturated ei 122 

 We interpret the observation that i became larger than ce at moderate to high D, as shown in 123 

Figure 2 of the main text, as evidence of unsaturation of ei.  Are there other possible explanations for 124 

this pattern?  Here we consider five potential alternative explanations: (1) insufficient carbonic 125 

anhydrase activity, such that the 18O of CO2 at the chloroplast surface would not be completely 126 

equilibrated; (2) somewhat less 18O-enriched water at the chloroplast surface than that at the 127 

evaporative sites due to a Peclet effect6; (3) a fractionation factor for static diffusion of H2
18O 128 

through the stomatal pore of 32‰ rather than 28‰11-13; (4) an error associated with neglecting 129 

cuticular conductance in the gas exchange calculations18,19; and (5) a bias in the measurement of Tl 130 

by the energy balance method.   131 

 If the efficacy of carbonic anhydrase in catalysing the hydration of CO2 decreased with 132 

decreasing leaf water potential, the 18O of CO2 at the chloroplast surface might not have been 133 

completely equilibrated with local water.  However, if this were the case, the effective ce would 134 

decrease, because the unequilibrated portion of the CO2 would have 18O lower than that which had 135 

equilibrated with evaporative site water.  In that case, the calculated value of ce would be smaller, 136 

and negative values of ce-i would become more negative than those shown in Fig 1, rather than less 137 

negative.  Thus, potential incomplete equilibration resulting from insufficient carbonic anhydrase 138 

activity cannot correct negative values of ce-i.   139 

 What if the water at the chloroplast surface were somewhat less enriched than that at the 140 

evaporative sites due to a Peclet effect6?  In this case, the calculated ce would also be lower, and 141 

negative values of ce-i would again become more negative than those shown in Fig 1, rather than 142 

less negative.  Therefore, the Peclet effect also cannot explain why ce-i became negative as D 143 

increased.   144 

 An uncertainty that would push the ce in the other direction is that involving k, the 145 

diffusional fractionation for H2
18O.  There is debate in the literature as to whether the fractionation 146 

factor for static diffusion of H2
18O through stomata should be 28 or 32‰11-13.  In our calculations, we 147 

used the value 28‰, as this has been preferred most recently13.  Increasing k by using the static 148 

diffusional fractionation of 32‰ would increase the calculated 18O of water at the evaporative sites 149 
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and would therefore increase ce.  However, the increase would be on the order of 2 to 3‰, which 150 

has little influence on the overall trend of ce-i; values still become negative at moderate to high D 151 

as shown in Supplementary Figure 2.  Therefore, choosing k of 32‰ instead of 28‰ also cannot 152 

correct negative values of ce-i at moderate to high D.    153 

 It has been suggested recently that neglecting to account for cuticular conductance leads to 154 

significant overestimates of ci, because gs is calculated from a higher transpiration rate than that 155 

which would have actually occurred through the stomata18,19.  We can rule this out as an alternative 156 

explanation for ce-i being negative at moderate to high D based on two considerations.  First, 157 

negative ce-i results from ci estimates which are too low, rather than too high.  That is, the error in 158 

ci associated with assuming ei/es=1 when ei/es is in fact less than one results in a ci error that goes in 159 

the opposite direction to that which results from neglecting cuticular conductance.  Therefore 160 

including cuticular conductance in the gas exchange equations would make negative values of ce-i 161 

more negative, rather than less negative.  Second, cuticular conductance was measured in both J. 162 

monosperma and P. edulis at our study site, yielding mean values of 0.8 mmol m-2 s-1 for both 163 

species (S. Sevanto, unpublished).  In our dataset, estimates of gs assuming ei/es=1 averaged 78 164 

mmol m-2 s-1 for J. monosperma and 38 mmol m-2 s-1 for P. edulis.  Therefore, transpiration through 165 

the cuticle would have averaged only 1% of that through the stomata in J. monosperma and only 2% 166 

of that through the stomata in P. edulis, and corrections to gas exchange calculations would be 167 

proportionally small.   168 

 Another parameter that involves uncertainty, and which could impact estimates of ce-i, is 169 

leaf temperature, Tl.  Saturation vapour pressure is an exponential function of temperature, and any 170 

bias in the assessment of Tl during gas exchange measurements would translate directly into errors in 171 

ci and therefore ce-i.  The impact of a systematic bias of plus or minus 1°C in Tl on calculations of 172 

ce-i is shown in Supplementary Figure 3.  With Tl shifted up by 1°C across the dataset, ce-i 173 

becomes negative at lower D for both J. monosperma and P. edulis.  Whereas, with Tl shifted down 174 

by 1°C, ce-i becomes negative at higher D for both species.  However, even in this case, ce-i still 175 

becomes negative at D of about 2 kPa in P. edulis and 4 kPa in J. monosperma.   176 

 This sensitivity analysis demonstrates the importance of accurate measurements of Tl for 177 

examining whether ei unsaturates under physiologically relevant conditions.  Accurate determination 178 

of Tl can be experimentally challenging20,21.  The Li-Cor conifer cuvette that we used estimates Tl by 179 

energy balance.  To test the accuracy of the energy balance estimations of Tl, we used a thermal 180 

imaging camera (FLIR SC6700; FLIR Systems, Wilsonville, OR, USA).  We placed foliage samples 181 

in the cuvette and allowed them to reach steady gas exchange rates.  We then began to acquire a 182 
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thermal imaging video of the cuvette and quickly opened it.  Each pixel within the video frames was 183 

recorded as the surface temperature of the objects within the camera field of view.  We used the first 184 

frame of the video in which the foliage sample was fully visible to calculate the average leaf 185 

temperature at the time of cuvette opening (Supplementary Figure 4).  Foliage pixels in the image 186 

were separated from pixels showing the cuvette or other background objects, and then averaged.  We 187 

then compared this estimate of Tl with that from the energy balance calculation prior to cuvette 188 

opening.  The two estimates compared favourably across the range of Tl used in the study for both J. 189 

monosperma and P. edulis (Supplementary Figure 5).  The intercept of the relationship between Tl 190 

from energy balance and Tl from the camera did not differ significantly from zero (P=0.10, n=30), 191 

and the slope did not differ significantly from unity (P=0.57, n=30).   192 

 Our check on the accuracy of Tl determined by energy balance by the Li-Cor 6400 193 

photosynthesis system using the thermal imaging video camera indicated that Tl determined by the 194 

former method was within 1°C of Tl determined by the latter.  Therefore, it is unlikely that a 195 

systematic error in leaf temperature caused ce-i to turn negative as D increased.  Thus, the most 196 

parsimonious explanation remains that of ei becoming unsaturated with increasing D.  As a point of 197 

reference, however, we re-analysed the dataset to show the errors in measurement of Tl that would be 198 

required to satisfy the constraint c=ce, assuming ei/es remained at unity throughout the course of 199 

measurements.  In this set of calculations, we fixed ei/es at unity and then allowed leaf temperature to 200 

vary freely, which caused es to vary according to the relationship shown in Eqn (4).  The result of 201 

this analysis is shown in Supplementary Figure 6.  Under the assumption that ei/es=1, if the mismatch 202 

between c and ce were wholly caused by errors in leaf temperature, it would require leaf 203 

temperature to have been over-estimated by up to 2.5°C in J. monosperma and by up to 4.1°C in P. 204 

edulis.  In this case, the intercept of the relationship between Tl from energy balance and Tl required 205 

to satisfy c=ce differed significantly from zero (P=0.01, n=125); the slope did not differ 206 

significantly from unity (P=0.70, n=125).   207 

 Having conifers as the subject of our experiment provided an advantage in terms of 208 

constraining potential errors in leaf temperature as it was estimated from energy balance.  This is 209 

because the characteristic dimension of conifer leaves is small, and leaf temperatures are therefore 210 

relatively closely coupled to air temperatures22.  Therefore, so long as air temperature in the cuvette 211 

was measured accurately, it is unlikely that there were significant errors in energy balance estimates 212 

of leaf temperature.  Our experimental system had a further advantage in that it was free of the leaf 213 

temperature measurement error that can result from thermocouple sensing of leaf temperature, in 214 

which the thermocouple actually measures a mixture of leaf and air temperature21.  In summary, both 215 
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experimental (thermal imaging) and theoretical (energy balance) considerations argue in favour of 216 

our leaf temperature estimates being sufficiently accurate to allow unsaturation of ei to be resolved in 217 

our dataset.   218 

  219 

3. Calculation of ei from 13C  220 

 Simultaneous observations of carbon isotope discrimination (13C) provided additional 221 

evidence that ei became unsaturated at moderate to high D.  In our experiment, unsaturation of ei 222 

caused an increasing error in ci with increasing D.  This manifested in negative estimates of the 223 

mesophyll contribution (gm) to observed 13C at moderate to high D (Supplementary Figure 7).  A 224 

negative value of gm would lead to a negative estimate of gm, the mesophyll conductance to CO2 225 

from the intercellular air spaces to the sites of carboxylation within the chloroplasts.  Such negative 226 

values of gm contradict basic diffusional theory.  A comprehensive 13C model5,23 can also be solved 227 

for ei, when constrained by the observed 13C, if a value of gm is assumed.  We performed this 228 

calculation by assuming that gm=gmc/1.515,24.  Estimates of relative humidity inside the leaf calculated 229 

from 13C were in reasonable agreement with those estimated by the 18O method (Supplementary 230 

Figure 8).   231 

 Here we describe our method for estimating ei from carbon isotope discrimination.  The 232 

comprehensive model for 13C discrimination, including ternary effects5, is as follows: 233 
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൨  (Eqn. 23) 234 

where ca, cs, ci and cc (mol mol-1) are the CO2 mole fractions in ambient air, at the leaf surface, in 235 

the leaf intercellular air spaces, and at the sites of carboxylation in the chloroplast, respectively; ab, 236 

as, and am are the fractionation factors associated with diffusion through the boundary layer (2.8‰), 237 

the stomatal pore (4.4‰), and in water (1.8‰), respectively; b and f are fractionations by RuBisCO 238 

carboxylation (30‰), and during photorespiration (16‰), respectively.  The fractionation during day 239 

respiration, e, was calculated as25,26 e = eRd + e*.  The eRd was assumed to be 0‰ and e* was 240 

calculated as e*=a(13)-obs-substrate, where a(13) is the 13C of CO2 in the leaf cuvette during 241 

measurements, obs is the observed discrimination against 13C, and substrate is the 13C of likely 242 

respiratory substrates (-27.2‰ for Juniperus monosperma and -23.9‰ for Pinus edulis, calculated 243 

from the average observed discrimination for each species and assuming a 13C for ambient air of -244 

8‰). The terms b, e, and f are 1+b, 1+e and 1+f, respectively.  The A and ࣬d are the 245 

photosynthetic and day respiration rates (mol m-2 s-1), respectively.  The * is the CO2 246 
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compensation point in the absence of day respiration (mol mol-1).  The t represents a ternary 247 

correction factor, calculated with Eqn (15), but with തܽ for the calculation of tc (=1+ തܽሻ calculated 248 

using in Eqn (14) the fractionation factors for 13CO2 rather than C18OO.   249 

 Eqn (23) includes variables that are determined by gas exchange (ca, ci, A), fractionation 250 

factors that are assumed known (ab, as, am, b, e, f, b, e, f) and several additional variables, 251 

calculated as follows: 252 

 ܿ௦ ൌ ܿ௔ െ
ଵ.ଷ଻஺

௚್
, where gb is the boundary layer conductance to water vapour (mol m-2 s-1), 253 

assumed known for the gas exchange cuvette.   254 

 ܿ௖ ൌ ܿ௜ െ
஺

௚೘௉
, where gm is mesophyll conductance to CO2 to the sites of carboxylation in 255 

chloroplasts (mol m-2 s-1 bar-1) and P (bar) is the pressure of air surrounding the leaf.    256 

 ࣬ௗ ൌ ࣬ௗ at 25ºC ∙ 2
೅೗షమఱ

భబ  , with ࣬ௗ at 25ºC assumed equal to 2 mol CO2 m-2 s-1.   257 

 Γ∗ ൌ ݁
ଵଷ.ସଽି

మరరలబ

ೃ೅ೖ , where R is the ideal gas constant (8.314 J K-1 mol-1) and Tk is the leaf 258 

temperature in Kelvins27.   259 

 The 13C discrimination can also be measured (observed discrimination; obs), as described in 260 

Eqn (9), but with  values for 13C rather than 18O.  The fractionation associated with the diffusion 261 

of CO2 from the intercellular air spaces into the chloroplast (Δ௚௠) can be calculated as16:  262 

 Δ௚௠ ൌ Δ௜ െ Δ௢௕௦ െ Δ௘ െ Δ௙ , (Eqn. 24) 263 

where Δ௜, Δ௘, and Δ௙ are as follows: 264 

 Δ௜ ൌ
ଵ

ଵି௧
തܽ ൅

ଵ

ଵି௧
ሾሺ1 ൅ ሻܾݐ െ തܽሿ

௖೔

௖ೌ
 , (Eqn. 25) 265 

 Δ௘ ൌ
ଵା௧

ଵି௧

ఈ್

ఈ೐
݁

࣬೏

஺ା࣬೏

஼೔ି୻
∗

஼a
 , (Eqn. 26) 266 

 Δ௙ ൌ
ଵା௧

ଵି௧

ఈ್

ఈ೑
݂
୻∗

஼a
 . (Eqn. 27) 267 

The Δ௚௠ can also be calculated as, 268 

 Δ௚௠ ൌ
ଵା௧

ଵି௧
ቂܾ െ ܽ௠ െ

ఈ್

ఈ೐
݁

࣬೏

஺ା࣬೏
ቃ

஺

௚೘஼ೌ
 . (Eqn. 28) 269 

When we calculated Δ௚௠ with Eqn (24) we obtained negative values (Supplemental Figure 7). 270 

Because in Eqn (28) the term 
ଵା௧

ଵି௧
ቂܾ െ ܽ௠ െ

ఈ್

ఈ೐
݁

࣬೏

஺ା࣬೏
ቃ
஺

஼ೌ
 > 0, a negative Δ௚௠would lead to a 271 

negative estimate of gm, which is nonsensical. 272 

 Alternatively, the difference between modelled 13C discrimination could be reconciled by 273 

allowing ei to differ from saturation. This can be achieved by solving com (Eqn. 23) for ei, when 274 

constrained by obs, and assuming a value for gm.   275 
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 Because t depends on ci through gtc, solving Eqn (23) for ci results in a quadratic equation 276 

with the following solution: 277 

 ܿ௜ ൌ
ିூூേ√ூூమିସ∙ூ∙ூூூ

ଶ∙ூ
 , (Eqn. 29) 278 

where 279 

ܫ  ൌ ܽ௦ ∙ ቀ
௘࣬೏

஺ା࣬೏
െ ܾ െ 1ቁ , (Eqn. 30) 280 

ܫܫ  ൌ Δ௖௢௠ܿ௔ሺെ2 െ ܽ௦ሻ ൅ ܽ௕ሺܿ௔ െ ܿ௦ሻ െ ܽ௦ ቂ
஺

௚೘௉ೌ
ቀܽ௠ െ ܾ ൅

௘࣬೏

஺ା࣬೏
ቁ ൅ Γ∗ ቀ

௘࣬೏

஺ା࣬೏
െ ݂ቁ ൅ ܿ௔ െ281 

ܿ௦ ൅
ଶ஺

ா
ቃ ൅ ቂܿ௔ሺ2 ൅ ܽ௕ሻ ൅ ܿ௦ሺܽ௦ െ ܽ௕ሻ ൅

ଶ஺

ா
ቃ ቂܾ െ

௘࣬೏

஺ା࣬೏
ቃ , (Eqn. 31) 282 

ܫܫܫ  ൌ ሾܽ௕ሺܿ௔ െ ܿ௦ሻ ൅ ܽ௦ܿ௦ሿ ቂܿ௔ ൅
ଶ஺

ா
ቃ െ Δ௖௢௠ܿ௔ ቂ

ଶ஺

ா
െ ܽ௕ܿ௔ െ ܿ௦ሺܽ௦ െ ܽ௕ሻቃ ൅283 

ቂܿ௔ሺ2 ൅ ܽ௕ሻ ൅ ܿ௦ሺܽ௦ െ ܽ௕ሻ ൅
ଶ஺

ா
ቃ ቂ

஺

௚೘௉ೌ
ቀܽ௠ െ ܾ ൅

௘࣬೏

஺ା࣬೏
ቁ ൅ Γ∗ ቀ

௘࣬೏

஺ା࣬೏
െ ݂ቁቃ . (Eqn. 32) 284 

 The ci can be calculated by substituting obsfor com.  Using this calculated ci, the gtc, gs, and 285 

gt can be calculated from Eqns (8), (7) and (2), respectively, and ei solved for using Eqn (1).   286 

 287 
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 352 

Supplementary Figure 1.  A sensitivity analysis showing the effect of doubling or halving the 353 

original estimate of gmc on the calculated relative humidity in the intercellular air spaces (ei/es).  The 354 

gmc is the conductance to CO2 from the intercellular air space to the site of carbonic anhydrase 355 

activity, assumed to be at the chloroplast surface.  The original gmc was chosen such that ei/es would 356 

fall near unity at low air vapour pressure deficits (D).  Panel A refers to J. monosperma and panel B 357 

to P. edulis.   358 

Estimates of ei/es were generally less sensitive to varying gmc for P. edulis than for J. 359 

monosperma.  This is because gs was lower in P. edulis than in J. monosperma; mean values across 360 

the dataset were 0.04 and 0.08 mol H2O m-2 s-1, respectively.  On the other hand, the initially 361 

assigned gmc was similar, with mean values of 1.00 and 0.98 mol CO2 m-2 s-1, respectively.  Thus the 362 

proportioning of the total resistance to CO2 diffusion from the air to the chloroplast surface into 363 

stomatal and mesophyll components differed between the two species.  In the case of P. edulis, the 364 

mesophyll resistance was a smaller proportion of the total resistance, and as a result, estimates of 365 

ei/es were less sensitive to a doubling or halving of gmc.    366 
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Supplementary Figure 2.  Calculations of ce-i with the diffusional fractionation (k) for H2
18O 367 

calculated with a fractionation factor for static diffusion of 32‰12.  These results can be compared 368 

with those in Figure 1 of the main text, in which k was calculated with a fractionation factor for 369 

static diffusion of 28‰11.  Using 32‰ instead of 28‰ causes the values of ce-i to shift up by 2 to 370 

3‰, such that overall, they become negative at slightly higher air vapour pressure deficits.  Panel A 371 

refers to J. monosperma and panel B to P. edulis.   372 

Juniperus monosperma

Air vapour pressure deficit (D; kPa)

0 1 2 3 4 5 6 7

 c
e 

m
in

us
 

i (
‰

)

-20

-10

0

10

20

2012 Ambient
2012 Drought+heat
2013 Ambient

Pinus edulis

Air vapour pressure deficit (D; kPa)

0 1 2 3 4 5

-80

-60

-40

-20

0

20

A B



15 
 

 

 

Supplementary Figure 3.  A sensitivity analysis demonstrating the effect on calculated values of 373 

ce-i of increasing or decreasing leaf temperature (Tl) by 1°C.  Increasing Tl by 1°C (A, B) increases 374 

the saturation vapour pressure, thereby exaggerating the extent of unsaturation of intercellular vapour 375 

pressure, ei.  This causes ce-i to become negative at lower air vapour pressure deficits.  Decreasing 376 

Tl by 1°C (C, D) reduces the extent of unsaturation of ei, thereby shifting ce-i up to higher values, 377 

such that it becomes negative at higher air vapour pressure deficits.  Panels A and C refer to J. 378 

monosperma and panels B and D to P. edulis.    379 
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Supplementary Figure 4.  A thermal image of the foliage inside the gas exchange cuvette just after 380 

it was opened.  Video was acquired of the cuvette being opened with a thermal imaging camera and 381 

the first frame in which the foliage was completely visible was used to calculate the average leaf 382 

temperature.  This average leaf temperature was then compared to the average leaf temperature 383 

estimated by energy balance in the Li-Cor portable photosynthesis system prior to opening the 384 

cuvette.    385 
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Supplementary Figure 5.   A comparison of the average leaf temperature (Tl) determined by energy 386 

balance inside the Li-Cor conifer leaf cuvette with the Tl determined with a thermal imaging video 387 

camera immediately upon opening the cuvette.  The one-to-one line is shown inside the panel.  388 
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Supplementary Figure 6.   A comparison of leaf temperature (Tl) determined by energy balance 389 

inside the Li-Cor conifer leaf cuvette with the Tl that would be required to satisfy the condition that 390 

c=ce if ei/es were fixed at unity.  In this case es (and therefore ei) varies according to the exponential 391 

relationship between es and Tl.  The Tl on both axes is in °C and the one-to-one line is shown inside 392 

the panel.    393 
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Supplementary Figure 7.  The residual component of carbon isotope discrimination (13C) 394 

attributed to mesophyll conductance (gm) plotted against the air vapour pressure deficit (D) to which 395 

the leaves were exposed within the gas exchange cuvette.  The gm is the residual between observed 396 

and modelled 13C, where the modelled 13C in this case includes all known fractionations except 397 

the mesophyll component.  The modelled 13C was calculated with gas exchange parameters 398 

assuming ei/es=1.  Negative values of gm are not theoretically possible and indicate that the 399 

assumption of ei was not valid at moderate to high air vapour pressure deficits.    400 
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Supplementary Figure 8.  Relative humidity in the intercellular air spaces (ei/es) estimated from 401 

observations of carbon isotope discrimination (13C) in CO2 passing over the leaf plotted against that 402 

estimated from observations of oxygen isotope discrimination (18O) in CO2 and water vapour 403 

passing over the leaf.  The method using 13C requires more assumptions than that using 18O, and 404 

we therefore consider the 18O method more robust.  Nevertheless, the two show reasonable 405 

agreement and both indicate unsaturation of the intercellular vapour pressure, ei.  The diagonal line is 406 

the one-to-one line.   407 
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