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Highlight

Gas exchange measurements in five tropical trees show a nonlinear coupling between
photosynthesis and stomatal conductance when relative humidity and temperature vary.

Stomatal models fail at representing the conductance response to high relative humidity.

Abstract

Understanding how leaf gas exchange responds to changes in vapor pressure deficit (VPD) is
key to predicting tropical forest resilience to climate change. Stomata regulate leaf water and
CO, diffusion, and respond to changes in temperature and relative humidity, two drivers of
VPD. At high temperatures, the cuticular pathway may also become significant and participate
in the overall leaf conductance. Here, we measured gas exchange under light and dark
conditions to investigate the stomatal and cuticular responses to temperature and relative
humidity on detached branches in five tropical tree species. Leaf conductance in the dark, when
stomata are essentially closed, was not markedly impacted by temperature and relative
humidity, suggesting a minimal response of the cuticular pathway to these conditions. We
compared six steady-state conductance models incorporating different effects of photosynthesis
and evaporative demand on stomatal control. All models performed well (RMSE < 0.025 mol
m? s, but the best-fitting model (RMSE = 0.017 mol m? s') used a nonlinear relationship
between photosynthesis and stomatal conductance and incorporated relative humidity rather
than vapor pressure difference. All models overestimated the steady-state conductance at high
relative humidity. Furthermore, leaf conductance immediately increased after a decrease in
relative humidity (wrong-way response), but not after an increase in leaf temperature. This
suggests that the mechanisms underlying stomatal response to VPD need further investigation.
The non-linear coupling between photosynthetic rate and stomatal conductance indicates a

sharper physiological response than previously acknowledged.

Introduction

Tropical forests are critical global carbon sinks, but their future productivity and their role as an
important global carbon store are uncertain in a changing environment. Increased atmospheric
CO, concentration stimulates photosynthesis and increases plant growth (Ainsworth & Rogers,

2007; Reich & Hobbie, 2013), whereas higher temperatures and higher vapor pressure deficit
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(VPD) may have the opposite effect, limiting carbon acquisition and increasing tree mortality

(Way et al., 2015; McDowell et al., 2018; Grossiord et al., 2020).

Stomata lie at the nexus of these processes. They cover only a small fraction of the leaf surface
but constitute the main pathway for gas exchange. They provide dynamic control of
transpiration and respond to increasing CO, concentration, temperature, and VPD, as well as
decreasing soil moisture content (Zhou et al., 2013). Whether climate change will increase or
decrease tropical forest growth thus largely depends on how stomata respond to environmental

conditions (Lloyd & Farquhar, 2008; Franks et al., 2013; Brodribb et al., 2020).

Of particular importance is the role of projected higher temperature and VPD on the stomatal
conductance of tropical tree species (McDowell et al., 2018; Doughty et al., 2023). 85% of
atmospheric water vapor originates from evaporation from the ocean surface, far ahead of
continental evapotranspiration (Trenberth et al., 2007). Projections that account for a changing
climate indicate that the temperature difference between oceans and continents is expected to
increase. Rising ocean surface temperatures increase the specific humidity of air masses
transported over continents, but the greater increase in continental temperature effectively
reduces the relative humidity of the air and increases VPD (Byrne & O’Gorman, 2016), which is
the main driver of plant transpiration. The increase in VPD observed in many tropical forest
basins (Fang et al., 2022; Mu et al., 2025) is a factor that already limits the positive effect of
rising CO, on vegetation growth (Yuan et al., 2019). Stomatal closure, driven by the decrease in
VPD and the increase in temperature, may further reduce transpiration and air moisture
recycling and amplify the negative effect on forest growth (Brando et al., 2025). Improved
understanding and model representation of the stomatal response to high temperature and VPD

is therefore critical to improve understanding and model representation of tropical forests.

In Earth System Models, steady-state leaf conductance (g,,) is commonly modeled by a linear
relationship (Equation 1) where g, responds to the product of functions of photosynthesis f{A),
CO, concentration f{CQO,), and evaporative demand f{VPD) (Damour et al., 2010).

dsw=9do+d, fIA|f(CO,)fIVPD| (1)

In this relationship, g, is a parameter representing the basal conductance primarily attributed to
gas exchange through the cuticle and imperfectly closed stomata (Duursma et al., 2019;

Marquez et al., 2021; Lamour et al., 2022b). This parameter represents nonzero conductance in
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the dark and is key in determining night transpiration, as well as species vulnerability to drought
(Barnard & Bauerle, 2013; Choat et al., 2018). The second parameter, g scales the sensitivity
of g, to environmental drivers. It is inversely related to leaf water use efficiency and varies at
multiple scales, including among individuals, species, biomes, and seasons (Lin et al., 2015;

Franks et al., 2017; Wolz et al., 2017).

The functions f{A), f{CO,), and f{VPD) have multiple versions stemming from early empirical
models of stomatal conductance and more recent theories for modelling optimal stomatal
behaviour (Damour et al., 2010; Medlyn et al., 2011). For instance, the effect of air vapor
demand on g, f{VPD), has been modeled by a direct effect of the relative humidity (RH) at the
leaf surface (Ball ef al., 1987) or by the response to the leaf-to-air vapor pressure difference
(VPD\.,r) Medlyn et al., 2011). VPD, is typically considered the most accurate variable as it is
the driving force for the process of transpiration (Mott & Parkhurst, 1991; Monteith, 1995).
However, uncertainty remains regarding the choice of the f{VPD) function because stomata
respond indirectly to changes in transpiration rate (Buckley, 2019), and their response is
complex and modulated by both hydraulic and chemical signals (Buckley, 2016; McAdam et
al., 2016). In addition, the proposal by Ball and Berry to use f{VPD) = RH to model the
quantitative response of stomata was pragmatic since part of the effect of temperature on g,, was

taken into account through f{A) (Collatz et al., 1991).

The dependence of stomatal conductance on the photosynthesis rate f{A) is commonly modeled
by a linear relationship (Damour et al., 2010). Several lines of evidence support a close
relationship between photosynthesis and stomatal conductance, although the photosynthesis-
related signal perceived by the stomata has yet to be discovered (Busch, 2014; Lawson &
Matthews, 2020). However, evidence suggests a nonlinear relationship between A and g, when
the light varies (Ball, 1988; Kromdijk et al., 2019; Lamour et al., 2022a). This nonlinearity is
captured in models where stomata respond to a photosynthesis dependent signal (Buckley et al.,
2003; Busch, 2014; Kromdijk ez al., 2019) or in stomatal optimization models that account for a
limitation of photosynthesis by electron transport rate at low light and carboxylation rate at high

light (Lamour et al., 2022a).

Other uncertainties in the g, response to VPD are associated with the role of the cuticular
pathway represented through g,. While g, is often considered constant in models, the physical

properties of the cuticle may vary with temperature or RH, confounding the effect of these



13

108
109
110
111
112
113

114
115
116
117
118
119

120

121

122
123
124
125
126
127
128
129

130
131
132
133
134
135
136
137

14
15

variables on stomatal conductance. In particular, the increase in g, at high temperatures
observed in some studies (Slot et al., 2016; Urban et al., 2017; Drake et al., 2018) may be due to
an increase in cuticular conductance (Cochard et al., 2021; Slot et al., 2021b). The assumption
that g,is constant could therefore bias estimations of g,. A way of testing this assumption is to
measure leaf conductance in the dark to minimize stomatal opening and thus better highlight the

role of the cuticle in the temperature response.

Here, we explore the following questions using gas exchange observations from five tropical
tree species in a seasonally-dry Panamanian forest: (1) Does the response of stomatal
conductance to VPD depend on whether the increase in VPD is driven by increasing temperature
or decreasing RH? (2) Which stomatal model best represents variation in stomatal conductance
associated with changes in RH and temperature? (3) How does the parameter g, vary with leaf

temperature and RH?

Materials and Methods

Site study and plant material
This study was conducted in Parque Natural Metropolitano (8.9944, -79.5431, elevation 150m)
in the Republic of Panama, where the Smithsonian Tropical Research Institute operates a
construction crane for accessing the top of the forest canopy. Mean precipitation is 200
mm/month during the rainy season from April to December and 25 mm/month during the dry
season (January to March). Mean air temperature is 26 °C with minimum and maximum
average temperatures between 23 °C and 32 °C (Paton, 2022). Minimum air RH is rarely below
43 %, and maximum air temperature rarely exceeds 34 °C (less than 0.5 % of the days, Fig. S1).

Experiments were conducted in February and March 2022.

We selected upper-canopy branches from five species with different ecological strategies (Table
1). Branches were collected from the crane gondola pre-dawn, and quickly immersed in water
and recut several times to avoid xylem cavitation . Branches were then brought down to the
ground, where the measurements were performed. This excision protocol allowed us to conduct
extended response curves — that are not possible in situ due to wind moving the crane gondola —
while minimizing the impact of excision on stomatal function (Verryckt et al., 2020; Davidson
et al., 2022). Healthy, mature leaves were selected for the measurements of gas exchange

response curves to temperature and RH, both in light and dark conditions.
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Leaf gas exchange measurements
Gas exchange measurements were performed using two LI-6800 portable photosynthesis
systems (LI-COR, Lincoln, NE, USA) equipped with 6 cm? chambers (6800-01A) and four LI-
6400XT systems (LI-COR, Lincoln, NE, USA) mounted with 2 x 3 cm? leaf chambers. We
equipped the chambers with polymer gaskets to avoid leaks and used the same light spectrum
(90 % red, 10 % blue) for all the instruments. We used the LI-6800 to measure the stomatal
response to leaf temperature (7.,) at fixed relative humidity (RH), and we used the LI-6400XT
to measure the stomatal response to RH at fixed T.,;. At the beginning of each curve, an auto-
program logged gas exchange every ten seconds and matched the sample and reference gas
analyzer every ten minutes. We averaged the data records for each minute to produce response

curves to RH and Ty

For the temperature response curves, we set RH at 55 % or 60 %, depending on ambient
conditions when we initiated the curves. Air CO, concentration at the leaf surface was set to 400
ppm, and the irradiance was set to 400 pumol m™s™'. This light level was below saturation for all
the species and avoided additional heat load from the LI-COR light source and enabled
measurements at a low temperature (23 °C). T, set points were: 23, 27, 30, 33, 37, and 41 °C.
Depending on the conductance value at 41 °C we added one or two additional higher
temperature levels up to 46 °C, to reach low photosynthesis and conductance rates, and to
approach the minimum conductance at high temperature. For some high-temperature
measurements (>= 41 °C), and depending on the ambient conditions, it was not possible to
maintain RH constant, as this would have led to condensation inside the instrument. In these
cases, RH was automatically reduced to a lower level (45 %). For all the temperature levels,
measurements were taken only after the conductance and photosynthesis values were stable, as
visualized on the instrument display, following a minimum acclimation time of 15 minutes (Fig.

S2). Between five and eight temperature response curves were measured for each species.

Gas exchange response curves to RH were performed under the same conditions as the
temperature curves. Leaf temperature was set to a constant value between 25 °C and 30 °C,
based on the ambient temperature at the beginning of the curves. Relative humidity was
controlled by manually adjusting the air flow through the desiccant column. We started the
curves at a high RH and decreased it sequentially in four or more steps. The lowest RH that

could be reached depended on the leaf transpiration rate, the desiccant freshness, which was
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impacted by the measurement duration, and the ambient atmospheric conditions. The highest
RH usually did not exceed 80 % to avoid condensation inside the instrument. Between six and

eight RH response curves were measured for each species.

We also evaluated the effects of RH and T\, on the dark-adapted conductance (gw.dak). We
define the dark-adapted conductance as g 4.« rather than g, to avoid ambiguity, as g, can have
different meanings depending on conductance models (Table 2). To measure g g, We used the
same protocols as for light-adapted curves, but we turned the gas exchange instrument light
source off and covered the analyzer head with a dark cloth to block diffuse light from reaching
the leaf inside the chamber. We waited for a minimum of 20 minutes of dark adaptation before
measurements. These measurements were also used to analyze the effect of temperature on the
dark-adapted respiration rate (Rgy,). Four temperature curves were measured in the dark for

each species, along with three to six RH curves.

Modeling the steady-state leaf conductance response to temperature and

relative humidity

We used Equation 1 to model the steady state g, assuming that the dependence on air CO, is

fCO,) =1/ COy:

1
9un=90+1.69, =5 f |AIf (VP D,y ) @
2

This f{CO,) function has been used in many conductance models and was not evaluated in this
study since CO, was held constant during the measurements (Ball et al., 1987; Medlyn et al.,
2011). The added 1.6 constant in Equation 2 derives from the Unified Stomatal Optimization
model (USO, Medlyn et al., 2011) and represents the ratio of the diffusivities of water to CO, in
the air. We kept this constant in Equation 2 to enable comparison of g; with previously

published datasets (Lin et al., 2015; Wu et al., 2020; Davidson et al., 2023; Slot et al., 2024).

We evaluated the accuracy of two f{VPD) and three f{A) formulations in simulating the g,
response to T.,s and RH. For f{A), we tested a linear dependence on net assimilation (A,, Ball ef

al., 1987; Leuning, 1995), a linear dependence on gross assimilation (A,, Yin & Struik, 2009),
and a quadratic dependence on gross assimilation (A;, Lamour et al., 2022a). The value A, is

related to A, through: A, = A, + Ry« and for each species, we modeled the response of Ry, to

7
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T..s based on Ry, measurements (See section “Effect of the temperature on the dark

respiration”).

We also explored two formulations for f{VPD): the formulation from the USO model (Medlyn
etal., 2011), where g, varies with 1/ \/m, and an alternative formulation, f{VPD) = RH,
where the conductance does not depend on an explicit function of 7., at constant RH (Ball et al.,
1987). Importantly, even if there is no explicit effect of the temperature on g, in the case where

f(VPD) = RH, T has an implicit effect on g, as it impacts f{A) in equation 2.

We evaluated the performance of the g, representation by the 3 x 2 combinations of f{A) and
f(VPD) listed in Table 2, where model 1 in this table corresponds to the USO model, model 2
corresponds to Ball ef al. (1987) and model 5 corresponds to Lamour et al. (2022a). Note that
these models all have g, expressed in mol m™ s™', but g, corresponds to the leaf dark-adapted
conductance (guwdux) in models where A, is used and to the leaf conductance at the light
compensation point in g, models where the net assimilation is used (Table 2). g, has values and

units that depend on the model covariates.

We used a linear mixed effect model to evaluate the effect on g, of X, the regressor of the model,
where g, and g, represent the intercept and the slope of the linear model, respectively (Table 2).
Since multiple measurements were made on the same leaves, we considered a random leaf effect
on g, and g; and we modeled the effect of the species on g, and g; with a fixed effect. Leaves
from the same tree were treated as independent samples. We evaluated the performance of the
different formulations by analyzing the residuals of the models as well as the Akaike criterion of
information (AIC; Akaike, 1974) and the standard deviation of the residual (o). We also
calculated the marginal R* (R%,) associated with the fixed effects only, and the conditional R*
(R*.) that considers the random leaf effectusing the package “MuMIn” (Burnham & Anderson,
2004; Barton, 2022). We analyzed the performance of the g, models in representing combined
and separate RH and 7)., curves. To assess whether the protocol (RH or T, curves) impacted

g1, we included the curve type as a fixed effect on g;.

Effect of temperature on the dark respiration
We modeled the temperature dependence of Ry, using an Arrhenius function (Equation 3),
which represents an exponential increase of Ry,; with temperature. We also used an alternative

equation that represents a peak before decreasing (Equation 4, Harley & Tenhunen, 1991;
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Bernacchi et al., 2003). Both equations scale Ry, based on its value at a reference temperature
of 25 °C, Ryuas, Where E, in kJ mol! represents the activation energy of Ry, with temperature,
and H, and S are respectively the enthalpy of deactivation, and the entropy of the peak function.
R is the universal gas constant, 7., is expressed in Kelvin, and the constant 298.15 corresponds

to a reference temperature of 25 °C in Kelvin.

Rdark(Tleaf):RdarkZSGXp (R2§§.15 - R]”_l:jj f) 3)
L +exp (5298.15—Hd)
Rt Troar = Roreas €D E, B, , R298.15
ark ™ feap |77 Rdark2s R298.15 RT,,, 1+eXp(ST,eaf—Hd)
RTleaf

“4)

We estimated Rgy..05, E., and H, for each species using a nonlinear mixed model where the effect
of the individual leaf of each temperature curve was modelled as a random factor on Ry,,s. We
examined the residuals of each model as well as the AIC to determine if it was necessary to
model a deactivation at high temperatures. We could not determine S and H, together for lack of
data at a temperature above 41 °C so we decided to set S to a fixed value of 0.490 kJ mol"' K, as
used in some vegetation models (Bonan et al., 2011; Oleson et al., 2013; Koven et al., 2020),

and to estimate H,.

Leaf dark-adapted conductance response to temperature and relative

humidity
Zswaak May change with RH or with 7., if the stomata still respond in the dark to the evaporative
demand or if the cuticular conductance is altered, for example, at high temperature (Schreiber,
2001; Drake et al., 2018; Cochard et al., 2021; Slot et al., 2021b). We tested this assumption by
fitting the ggyaux response curves to RH and T, with classical regression models, linear,
quadratic, and exponential, equations 5, 6, and 7, respectively. In these equations, gyy.4.x Was the
response variable, and RH or T',; were the explanatory variables, written as X. The parameters a,
b, and c are estimated by the regression. To ensure the intercept a was in the range of the data we
collected, we centered the variables RH and T,.,¢ at 80 % and 25 °C, respectively. Therefore, X in
equations 5, 6, and 7 represents Te,s — 25 °C or RH — 80 %. We accounted for repetitions within

individual leaves by considering a random effect of the leaves on a and b, and we made the
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regressions for each species separately. As for the other analyses, we used the package “nlme”
in the R environment and evaluated the performance of the models using the AIC and the

standard error of the residuals (o).

gsw,dark:a+bX (5)
gsw,dark:a+bX+CX2 (6)
gsw,dark:a ebX (7)

Wrong-way response analysis
We evaluated the change in g, that followed each perturbation in VPD, which we called
Ag,,. by comparing the steady-state g, just before a change in T, or RH with the g, two

minutes after:

Ag,,=gs,lt+2min|—g,,(t) (8)

Consistent with LI-COR recommendations for conducting gas exchange measurements, we
considered that two minutes was long enough to flush air from the chamber of the LI-6400XT
and LI-6800 instruments, yet sufficiently short for analyzing the wrong-way response (Buckley

etal.,2011).

We tested if A g, was significantly different from zero using a t-test with a random effect of
the leaf with the package “nlme”. A A g, > 0 is interpreted as a WWR when VPD,sincreases.
We also tested if Ag,, depended on the steady-state conductance value before the VPD
increment using a linear mixed model. In this model, we fixed the intercept at 0 mol m? s and

included a leaf random effect to account for the multiple observations made on the same leaves.

Impact of the conductance models on leaf-scale gas exchange simulations
We evaluated the impact of the conductance models on simulations of g, and A response to RH
and T, To achieve this, we coupled the leaf conductance equations (Table 2) with the
photosynthesis equations (Farquhar et al., 1980) and solved the resulting system analytically.
This reduced the problem to a polynomial of degree 2 or 3, from which we selected the real and
biologically sound solution (Baldocchi, 1994; Yin & Struik, 2009; Lamour et al., 2022a). Each
conductance model was parameterized with its corresponding g, and g, values (averaged across

the five tree species), as estimated in this study. Additionally, the Farquhar et al. (1980) model's

10



31

283
284
285
286
287
288
289
290
291

292

293
294
295
296
297

298
299
300

301

302
303
304
305
306

307
308
309
310

32
33

parameters, i.e., the maximum carboxylation capacity (V.maxos), the maximum electron transport
rate (Jmaos), and Ryuos were set to 46, 83, and 0.75 umol m™ s7', respectively. The V.05 and
Jmaxos Values are average values that we measured on the same species during the same campaign
(Lamour et al., 2023a). Temperature dependencies for V.5 and Ji.x0s were modeled according
to Kumarathunge et al. (2019) for plants growing at 26 °C (i.e., the mean average temperature at
the study site), while the Ry,105 temperature dependence was defined using the mean parameters
from this study. CO, concentration and irradiance were held constant at 400 ppm and 400 umol
m™ s, respectively. RH was set to 55 % when investigating T, effects, and T.,; was set to 28

°C for exploring RH effects.
Results

Comparison of steady-state models of conductance
Figure 1 shows the responses of A and g, to changes in VPD,., achieved by modifying 7,
between 23 °C and up to 46 °C and RH between 73.9 £5.9 % and 28.5 + 8.8 % at the driest level.
The RH manipulation produced a markedly narrower range of VPD), (1.0 — 2.8 kPa) than when
Teor varied (1.2 — 4.5 kPa).

Despite considerable leaf to leaf variation in g, and A,, all six models predicted the leaf
conductance response to VPD,; with good accuracy (R*.= 0.85 — 0.94, Fig. 2, Table S1 ). The
error (o) ranged from 0.017 to 0.025 mol m™ s, representing a 40% difference between the

lowest and best fit. Nonetheless, comparison of g, model performance revealed that the Az and

RH functions best represented the data (lowest AIC, highest Ri, Fig. 2, Table S1). This result
was consistent when we considered the T\, and RH response curves separately (Figs S3 and S4,
Tables S2 and S3), although the difference between models was less marked when Ti.,; was
constant and RH varied (Table S3). Notably, all models overestimated g, at low VPD for RH

above 65 % and showed a systematic non-zero trend in their residuals (Fig. S5).

Curve type significantly impacted g, estimates (P < 0.02), with T, curves yielding between 17
% and 35 % higher g, values than the RH curves (Tables S1, S2 and S3). The effect on g,
disappeared (P > 0.27 for all models) when we restricted observations to a RH below 65 %, the

RH threshold at which all models had a non-zero trend in their residuals (Table S4).

11
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Species significantly impacted g, for all models (P < 10*), especially because C. candidissimum
minimum conductance was exceptionally high, consistent with our results on g, (see
“Response of dark-acclimated conductance to temperature and relative humidity”). For g, the
species effect was significant (P < 0.02, Table S4) for models using the A, and A, covariates.
However, the species had the same g; for models using Af] (non-significant effect on g;, P >

0.15, Table S4).

Response of dark-acclimated conductance and respiration to temperature

and relative humidity
R varied between 0.36 and 1.07 umol m™ s™* at 23 °C and between 1.22 and 3.95 umol m?s™ at
a high temperature above 41 °C. The peak-shaped function was a better fit to the data than the
Arrhenius function (Table 3), even though Ry, did not decrease at high temperature. The
Peaked function had a better AIC (Table 3) than the Arrhenius function, and the residuals were

not biased (Fig. S7).

We tested if gy .k Was impacted by changes in T, and RH by fitting linear, quadratic, and
exponential models (Fig. 5, Table S5). The response of gy .qux t0 Ty differed among species
(Fig. 5a and Table S5). g..4ux Was constant for C. cainito, decreased at high temperatures for C.
candidissimum and L. seemannii, and increased in C. triplinerve and D. morototoni. The
response of gy 4. to changes in RH was also species-specific (Fig. Sb and Table S5). g, qux Was
constant for C. triplinerve, whereas it decreased with higher RH in the other species. gy gax Was
exceptionally high for C. candidissimum (Fig. 5b), consistent with the observations made

during the g 4ux response to Ty, (Fig. 5a) as well as in the g, response curves (Fig. 2).

Wrong way response analysis

Leaf conductance responded dynamically to step changes in 7., (Fig. S2a). Each modification
of T\, rapidly impacted g, which increased at low 7., and decreased at high 7.,;. The time for
g.w to stabilize after a step change in 7., took tens of minutes, after sometimes overshooting,
i.e., reaching a value higher or lower than the final steady-state g, (Fig. S2a). In D. morototoni,
g often oscillated after a change in T\, (Fig. S6). Changes in T\, did not create an apparent
wrong-way response, and the g,,, data remained temporally continuous (Fig. S2a). The absence
of a WWR was confirmed statistically for the overall dataset, and 4g,, was not significantly

different from zero (Ag, = + 0.002 + 0.004 SE mol m? s, P = 0.6, Fig. 3a).
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In contrast to Ti,s response curves, an immediate (< 2 min) increase in g, followed a decrease in
RH in the leaf chamber (4g,, =+ 0.02 £ 0.01 SE mol m? s, P < 10?, Fig. 3b). This WWR was
species-dependent (P < 2.10*). C. cainito showed no increase (4g,, =+ 0.00 £ 0.01 SE, P =0.5,
Fig. 3b) whereas D. morototoni showed the largest increase (4g,, =+ 0.04 £ 0.01 SE, P < 1078,
Fig. 3b). The quick increase in gy, after a change in RH was not followed by a marked decrease
in g, between the first level of RH above 70 % and the second level above 55 %. As a result, the
steady-state g, remained constant between these two RH levels (C. cainito: - 0.015 £ 0.022 SE,
P =0.29; C. candidissimum: + 0.011 £ 0.012 SE, P = 0.27) or even increased (L. seemannii: +
0.023 £ 0.01 SE, P = 0.02; C. triplinerve: + 0.017 £ 0.006 SE, P = 0.02) which explained the
trend in the residuals of the models (Fig. S5) since all the models we compared predicted a

decrease in steady-state g, when RH decreased (Table 2).

We also tested if the WWR depended on the steady-state g, just before the change in RH. We
found that WWR depended on g, (Fig. 4, P < 10*). The slope of the relationship depended on

the species (P < 10™*) and was not significantly different from 0 in C. cainito.

Consistent with the WWR results in the light, in the dark, we did not find evidence that variation
in leaf temperature created a WWR (4g,, = 0. 00 £ 0.00 SE mol m? s, P = 0.8, Fig. 4a, Dark),
whereas we did find evidence that the changes in RH created a WWR (Ag,, =+ 0.01 £ 0.00 SE
mol m?s”, P < 10", Fig. 5b, Dark). In contrast with the WWR in the light, the WWR in the dark
was not species dependent at a 0.05 P-value threshold (P = 0.06).

Impact of the conductance models on steady-state leaf-scale gas exchange

simulations
We compared the RH and T, responses of the models proposed by Medlyn et al. (2011) and
Ball et al. (1987) with the best-fit model from this study (Fig. 6). In simulations, since the effect
of RH and T.,s on g, 4. Was moderate and inconsistent across species, we considered that g,
was a constant. The simulated response of g, to changes in 7., differed among the three models
(Fig. 6a). Notably, the best-fit model demonstrated a greater stomatal sensitivity to changes in
T\e.r compared to the Medlyn er al. (2011) and Ball et al. (1987) models. The Medlyn et al.
(2011) model simulated an optimal temperature of 18.7 °C for g, whereas the Ball et al.,

(1987) and best-fit models simulated optimal temperatures of 28.0 °C and 30.2 °C, respectively.
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The choice of the model also impacted the optimum temperature for A. The optimal temperature
was 26.7°C, 28°C, and 28.6°C for Medlyn et al. (2011), Ball et al. (1987), and the best fit model,
respectively. The g, response predicted by the Medlyn et al. (2011) model departed markedly
from the other models at high RH and low RH. The conductance model affected the prediction of
A under varying RH conditions (Fig. 6d) but had a smaller impact on A when 7., changed (Fig.
6¢). For RH values below 50 %, the Medlyn et al. (2011) model simulated A rates almost double

those simulated by the other models.

Discussion

An accurate representation of the effect of VPD on stomatal conductance is central to improved
prediction of the effect of a changing climate on tropical forests. In the present study, we
examined the physiological response of leaves to increasing VPD driven by either increasing
temperature or decreasing RH, and compared six steady-state conductance model formulations
that differed in their representation of the effect of photosynthesis and evaporative demand. We
observed distinct responses of g, to changes in VPD induced by manipulating RH or Ti.,;. The
stomatal parameter g; was higher when estimated using gg,-T..,c response curves compared to
estimates from g,,-RH response curves, showing a lower stomatal sensitivity to RH changes. In
addition, and contrary to our expectations, the wrong-way response of stomata was observed
following a change in RH but not following a temperature change (Fig. 3). Our comparison of
empirical stomatal models showed that using a nonlinear effect of photosynthetic rate (4,”) and
RH instead of VPD,, better represented the response of g, to A and VPD (Fig. 2). This result
was consistent when VPD was increased by raising the temperature at constant RH or when RH
was lowered at constant temperature. Importantly, all models overestimated g, at high RH. We
showed that VPD had a negligible effect on conductance in the dark (Fig. 5) in the range of
temperature we used, suggesting that cuticle properties played no role in the observed
conductance response to VPD and that the assumption of a constant g, is not a major source of

uncertainty in conductance models for this site.

Distinct effect of temperature and relative humidity on the stomatal

response to VPD
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In this study, we varied leaf temperature between 23 and 46°C. These leaf temperatures are
realistic for this type of forest, although 46°C is at the high end of the leaf temperature
distribution in tropical forests (Rey-Sanchez et al., 2016; Doughty et al., 2023). These
temperature variations had a more significant impact on the VPD than when we modified RH at
ambient temperature. In these conditions, we observed that modifying T)..,; or RH produced a
different stomatal response. The stomatal sensitivity parameter (g;) was lower when estimated
from RH response curves compared to T).,r curves. This indicates a lower stomatal sensitivity
when RH changes, which can be partly explained by the behavior we observed at very high RH
(Fig. S5). In that case, decreasing RH tended to increase leaf conductance, a phenomenon not
explained by most stomatal conductance models. A similar observation was made in some
tropical species in Brazil (Domingues ef al., 2014) and in other ecosystems (Eamus & Cole,
1997; Eamus et al., 2008). The analysis of the WWR suggests that the rapid increase in leaf
conductance associated with the decrease in RH was not followed by the expected decrease in
gsw (the “right way response”). This absence of a proportional right-way response suggests that
the threshold RH for activating a stronger stomatal closure may not have been reached, or that

its timescale exceeded our observation window.

Importantly, we observed significant WWR when VPD,.,; changed with RH, but not Ti.,;. The
WWR that follows a change in VPD,.,is thought to occur due to a passive reaction of stomata to
a change in turgor in the epidermal cells (Buckley, 2019). This is explained by changes in
cuticular transpiration, which causes the epidermal cells to swell or contract, thereby
mechanically influencing stomata opening. This passive effect is also linked to the turgor of
guard cells. Open stomata are more susceptible to changes in the leaf epidermal turgor than
closed and flaccid stomata (Buckley, 2019). This is visible in the data with a positive correlation
between 4g, and steady-state g, (Fig. 4). However, the absence of WWR during the T,
response curves, in the dark or at 400 pumol m™ s irradiance is intriguing as we would have
expected an increase in VPD,.,; caused by an increase in T}, to also create a WWR, similarly to
what happened when RH changed. It has been shown that the cuticle swells or shrinks
depending on air RH, which is a result of changes in cuticle water sorption (Chamel et al., 1991,
1992; Fernandez et al., 2017), a process that is independent of VPD,.,; and T\.,; (Kerstiens, 1996;
Tredenick & Farquhar, 2021). However, it is unclear whether the shrinkage of the cuticle with
RH could significantly impact stomata aperture. If changes in the cuticle volume impact stomata

aperture, it could explain the wrong-way response observed, significant with RH but not 7.
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Note, that the common assumption is that the epidermal cell turgor affects the dynamics of the

guard cells and not the epidermal cuticle volume.

Representing the effect of leaf temperature and air relative humidity on

stomatal steady-state conductance

Among the leaf conductance models tested in this study, the formulations that included A,
better represented g,, measurements than models adopting a linear formulation. Moreover,
using this formulation, g, was similar across species, simplifying the parametrization of the

model, a similar result to that obtained in Amazonian tree species (Lamour et al., 2023b).

Many empirical models use f{A) as a covariate (Damour et al. 2010). Compared to the other
environmental variables of Equation 1, f{A) is a physiological variable that depends on multiple
biochemical properties of the leaf and responds to other environmental variables such as light
and temperature. The use of f{A) dramatically simplifies the study of stomatal conductance and
has proven highly effective for applications in ecophysiology. However, this approach requires
a model of photosynthesis for predicting new rates based solely on environmental conditions, a
process in which f{A) also needs to be simulated (Fig. 6, Damour et al., (2010)). However, the
use of f{A) holds some level of circularity since A, itself is impacted by g, through the supply of
CO,. This circularity is likely to inflate the seemingly good performance of the models (R*. =
0.85 - 0.94). We propose that the considerable within-leaf and between-leaf variability in g,
(Fig. 1) derives from a high variability in the photosynthetic properties of the leaves (for
example Vemaos, Jmaxzs, Raayas, €t€.), which is accounted for by the use of f{A) in all the models we

tested.

For representing f(A), most empirical models use a linear relationship between A, or A, and g,
(Ball et al., 1987; Leuning, 1995; Yin & Struik, 2009; Damour et al., 2010; Medlyn et al., 2011;
Prentice et al., 2014) but several studies have shown that this relationship is not linear when the
irradiance varies (Ball, 1988; Barnard & Bauerle, 2013; Busch, 2014; Lamour et al., 2022a; Xue
et al.,2024). Here, we showed that accounting for this nonlinearity also improved the goodness
of fit when RH and T, varied at constant irradiance (Fig. 2), and therefore confirmed the

benefit of a nonlinear formulation over a wider range of environmental conditions. The non-
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linear relationship between A and g, suggests that stomatal conductance responds more

strongly to temperature than the gradual response predicted by linear models (Fig. 6).

When T, varied, models that used RH in their formulation performed better than those models
using 1/YVP D, .. The relative humidity was held constant (55 + 3 % SD) during the
measurement of the T, curves, which implies that accounting for the 7)., effect on A was

sufficient to model the leaf temperature effect on gi,.

When RH varied, the choice of the formulation didn’t dramatically impact the model fits.

Nonetheless, models using RH fitted the observations slightly better than models using
1/YVP D, The weak sensitivity of g, at high RH could explain the slightly improved
accuracy of the RH formulation over 1/ VP D,, af 8 this latter formulation diverges as VPD),

tends to zero (Xue et al., 2024). Specifically, in models using 1/ \/m, g« 18 predicted to
be high at low VPD,,; and is more sensitive to decreasing RH than the g, models based directly
on RH (Fig. 6). Furthermore, at high values of VPD,.;, models using 1/ \/m predict
nearly invariant g, with increasing VPD,.; whereas models using RH in their formulation
simulate a decrease (Franks et al., 2017; Li et al., 2022, Fig. 6) and could also explain the better

accuracy of the RH formulation.

The model choice significantly impacted the simulated optimal temperature for gy, and A. This
finding highlights a key uncertainty: accurately representing stomatal behavior is vital for
determining if tropical forests are close to a temperature threshold (Doughty et al., 2023).
Modeling stomatal conductance is central to using Earth System Models to project atmosphere -
vegetation feedbacks. A fundamental issue is that most empirical and optimal equations are
developed and validated using short-term (hourly or daily) data. Over longer timescales (years
to decades), shifting environmental conditions are likely to impact many properties of the leaves
such as their composition, anatomy and function (Lépez et al., 2021). As a consequence, go, g.
and the parameters governing f{A) such as Vi .5 Or Jhaxos are also expected to vary. Therefore,
the long-term response of gy, may not be accurately predicted by the instantaneous function of

the environment predicted in short term models (Equation 1, Fig. 6).
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Effect of relative humidity and leaf temperature on gy g
For all the species except C. candidissimum, the effect of Tie,s ON gy 4k Was moderate or non-
significant within the temperature range defined in this study. In a previous comparative study
of the leaf cuticular conductance of 24 tropical species, it was found that temperature did not
affect the cuticular conductance in 17 species within a temperature range of 25 °C to 50 °C. Of
the seven species that showed an increase in cuticular conductance at high 7, the increase
started on average at 42 °C (Slot et al., 2021b). The increase in gy 4.k that we measured also
occurred above 40 °C for D. morototoni and C. triplinerve. It should be noted that it was not
possible to increase the leaf temperature above 40 to 46 °C in our study, due to the need to avoid

condensation issues in the gas-exchange instrument.

C. candidissimum showed surprising behavior with an exceptionally high conductance in the
dark, although not unprecedented in other species (Caird et al., 2007; Barbour & Buckley,
2007). In all the measurements performed (g, and gy 4.k response to 7., and RH, Fig. 2 and Fig.
5) this species had a high minimum conductance, which suggests that this is not an artefact of
the measurement. A likely explanation is that the stomata were not closed or that the cuticle was

relatively more permeable than in the other species.

RH had a small effect on g, 4. in three out of the five species. This could be due to sensitive
stomata in the dark, as was found for Ricinus communis (Barbour & Buckley, 2007) or to a
cuticular response at low relative humidity (Boyer et al., 1997; Schreiber et al., 2001; Boyer,

2015).

The g.w.aux varied greatly across species, with a five-fold difference between C. triplinerve and
L. seemannii at 25 °C, and a forty-fold difference if C. candidissimum is included in the
comparison (Table S5), close to the thirty-fold difference in cuticular conductance found by Slot
et al. (2021). Given the importance of night-time transpiration (Caird et al., 2007; Lombardozzi
et al., 2017) as well as minimum conductance in the species vulnerability to drought (Martin-
StPaul et al., 2017; Choat et al., 2018), understanding the species difference in gy gax 1S
important for modeling purposes. However, the assumption that g, is a constant of
environmental conditions, especially 7., and RH was a small source of uncertainty in this study

compared to the species effect.
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Conclusions

Stomata play a key role in controlling gas exchange, yet their function remains a major source of
uncertainty in Earth system models, and their equations are still largely empirical. They remain
poorly tested in the tropics due to the difficulty of accessing the top of the tree canopy and the
duration of gas exchange measurements. In this study, we compared several stomatal
conductance models that differ in their representation of the effect of temperature and relative
humidity. We showed that the response to relative humidity is poorly represented in current
models, especially at high relative humidity levels. This bias could have a profound impact on
estimates of both transpiration and the primary productivity of tropical forests. Furthermore, the
estimation of stomatal parameters depended on the measurement protocol, complicating the
comparison of stomatal traits across studies and environments. While the compared
conductance models had fairly similar performance, the choice of model impacted simulated
conductance at the extremes of the temperature and relative humidity ranges and affected the
simulated thermal optimum of photosynthesis. This shows the importance of improving
stomatal theory to understand tropical ecosystem responses to climate change. Finally, our data
did not support an increase in leaf conductance under high-temperature conditions in the dark.
Therefore, we conclude that the hypothesis of a constant cuticular conductance was not a major
source of uncertainty in the range of temperature that we used compared to the other

uncertainties related to stomatal function.
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Table 1. Description of the species of the study.

Species name WD | LMA | Narea | Leaf area | TS0 | Foliage PFT | N trees

Calycophyllum | 0.77 | 69.7 | 1.19 | 14.5 50.7 | Evergreen | 1 3
candidissimum

DC.

Chrysophyllum | 0.78 | 109.8 | 1.98 | 67.5 49.8 | Evergreen | 3 2
cainito L.

Cinnamomum 0.53|139.7 1252 |314 50.3 | Evergreen | 2 1

triplinerve (Ruiz
& Pav.)
Kosterm.

Didymopanax 0401|7398 | 1.86 | 3381.7 50.3 | Evergreen | 1 1
morototoni (338)
(Aubl.) Decne. &
Planch

Luehea 0.59 | 98.7 [2.02 |72.7 50.1 | Deciduous | 1 2

seemannii facultative

Triana & Planch

The wood densities (WD, in g cm™) were obtained from Wright et al. (2010), the leaf mass per
area (LMA, in g m?) and nitrogen content (g m?) were measured in this study. The leaf area and
leaflet area for compound leaves (added in parentheses, cm?) were obtained from Slot ez al.
(2014), and the temperature at which the photosystem II functionality is reduced by 50% (T50,
in °C) was obtained from Slot et al. (2021a). Species not included in these articles were
measured following the same protocols. We classified the tree plant functional type (PFT) along
the slow-fast growth continuum (1 = fast growing, 2 = intermediate, 3 = slow growing, Joseph
Wright pers. communication). N trees is the number of trees for each species that could be

sampled from the crane.
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Table 2. Leaf conductance models used in this study to evaluate how the leaf conductance (g,)

responds to changes in leaf temperature and leaf surface relative humidity.

MOdel f(A) f(VPD]eaf) 8w X 8 sw.dark
1 A, 1 A A R
| g.+1.6 n 1.6 n -1.6g, ——dak _
VPD,,, Jo gl\/VPDleafC JVP D, ( Jo gl\/VPD,eafC
2 A, A RH A RH R, . RH
1.6 n 1.6-2 -1.6qg,—dak "~
RH g0+ gl C02 COZ gO gl C02
3 A, 1 A A, | 9o
- | g.+1.6 g 1.6 g
VPD,, 9o gl\/VPD,eafC VVP D, (
4 A, A RH A RH g
1.6 g 1.6-4 0
RH g0+ gl Cno2 C02
5 A2 A2 A2
o | L |g+16g, s |16 g | 9o
VP D, VVPD,,,,C VVP D,
6 A? A*RH A*RH Jdo
g 1.6 g 1.6—2
RH g0+ gl C02 (jo2

We compared different functions to represent the effect of the photosynthesis rate A on gsw

(f(A)) and the effect of the evaporative demand f{VPD). A, represents the net photosynthesis

rate, and A, the gross photosynthesis rate. RH represents the air relative humidity in percent,

VPD,.; represents the air to leaf vapor pressure deficit in kPa, and CO, represents the CO,

concentration at the leaf surface (ppm). On the right-hand side of the g, equations, a change in

RH impacts VPD,.,; and a change in T, impacts A, and A, as well as VPD,,.. All these models

are linear models (g, = go + g:X) where g, and g, are the intercept and slope, respectively, and X

1s a composite variable representing the regressor.
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823 Table 3. Temperature dependence parameters of the dark respiration (Ry.)

824  function (Equation 4).

825
826
827
828
829
830

89
90

using a Peak

Species Riuios E, H, AIC Arrhenius | AIC Peak
C 0.75+0.10 |59.6+53 | 1589+13 |-10.3 -13.5
candidissimum

C. cainito 0.69+0.07 |67.3+£64 |156.8+1.1 |-21.8 -28.1

C. triplinerve 0.69+0.04 |61.0£52 |156.7+£0.7 |-22.3 -40.2

D. morototoni 0.50+0.06 |859+9.0 |1562+1.0 |93 -8.3

L. seemannii 1.13+0.05 |56.7+28 | 159.1+0.7 |-19.9 -32.7

Raurios is the dark-adapted leaf respiration at 25 °C in umol m? s, E, and H, are the energy of

activation and the enthalpy of deactivation of the reaction in kJ mol™, respectively, and AIC

Arrhenius and AIC Peak represents the Akaike Information Criterion for the Arrhenius equation

(Equation 3) and the Peak function (Equation 4), respectively. Since the Peak function always

better represented the Ry, temperature dependence (lowest AIC Peak), we only show the

parameters for this equation.

30



91

831
832
A
15 1
‘o 10
a@
£
©
£
3. 54
=
<
0 -
2 ' 6 2 4 6
VPD|eaf kPa
Cc D
15 1 0.3 1
Tw 101 Tm
o o 0.2
= =
© ©
£ £
3 5 =
< & 01
0 -
0.0 1
2 4 6 2 4 6
VPD,e4 kPa VPD,e4 kPa
—=— C. cainifto —— C. candidissimum —+— C. triplinerve —=— D.morototoni —=— L. seemannii
833

834 Figure 1. Photosynthesis (A,) and conductance (g,,) response of five tropical species to changes
835 in leaf-to-air water vapor pressure difference (VPD,.). VPD,., Wwas modified by increasing the
836 leaf temperature at constant relative humidity (constant at 55 to 60 % during each curve, A and
837 B) or by decreasing the relative humidity at constant leaf temperature (constant at 25 to 30 °C
838 during each curve, C and D). In all the panels, the points represent one measurement made on
839 one leaf, the lines represent each leaf, and the color represents the five different species that we

840 measured.
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Figure 2. Relationships between leaf conductance (g,,,) and the regressor of six stomatal models

differing in their representation of the evaporative demand and photosynthesis. The evaporative
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844 demand is represented on the left panels by leaf-to-air water vapor pressure difference (VPD\.,),
845 and on the right panels by the relative humidity (RH). Photosynthesis is modeled by: (A,B) net
846 photosynthetic rate (A,); (C,D) gross photosynthetic rate (A,); (E,F) squared gross
847 photosynthetic rate (Af]). Each point corresponds to a gas exchange measurement, and each
848 color a tropical tree species. Each line corresponds to the mean effect of the species estimated by
849 a linear regression between g, and the regressor with a leaf random effect on the relationship.
850 The leaf conductance was varied by modifying the relative humidity and leaf temperature under
851 constant CO, and light conditions. AIC is the Akaike Information Criterion, an and Ri are the
852 conditional and marginal coefficient of determination of the mixed model, respectively, and o is

853 the standard deviation of the residuals.
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Figure 3. Quick change in conductance (4g,,) two minutes after an increase in leaf temperature
(panel A) or a decrease in relative humidity (panel B) for the five species (x axis), in the dark and
in the light (400 umol m™ s™). A Ag,, above zero corresponds to a wrong-way response as an
increase in the vapor pressure difference when the temperature increases or the humidity

decreases is expected to decrease g.
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Figure 4. Effect of the leaf conductance (g, ) on the intensity of the wrong-way response (Ag.,,)
produced by a change in relative humidity. Each line corresponds to the mean effect of the
species estimated by a linear regression between Ag,, and g, with a fixed zero intercept and a
leaf random effect on the relationship. The slope of the regression was significantly different

from zero for all the species except for C. cainito.
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Figure 5. Dark-adapted leaf conductance (g, .4.1) response to leaf temperature (7., A) and

relative humidity (RH, B). Each point represents a measurement, and the lines represent the

species mean g4k response as modeled by the best model fit of linear, quadratic and

exponential regressions (Table S5). The shaded areas represent the confidence interval of the

mean. The gy 4. response to Ty, was conducted at an average RH of 52.8 £ 1.9 % and the

Zswaak TESPONSe to RH was conducted at a constant 7., of 26.6 + 1.1 °C.
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Figure 6. Simulation of leaf conductance (g,,) and photosynthesis (A,) response to leaf
temperature (7,s) and air relative humidity (RH) made by coupling the g, models with the
Farquhar et al. (1980) photosynthesis model. Three g, models are compared: USO (Medlyn et
al., 2011, Equation 1), BWB (Ball et al., 1987, Equation 2), and the best fit model from this
study. For the three g, models, the parameters g, and g, were set to the average value measured
in this study. The parameters used for the Farquhar et al. (1980) model were Vi maxas, Jmaxas, and
Rauos measured on the same species (46, 83, and 0.75 pmol m™ s, respectively). The
temperature dependence of Vx5 and Jy.os was modeled using Kumarathunge et al. (2019)
equations for plant growing at 26°C, and the Ry.,s temperature dependence was modeled using
the average parameters from this study (Table 3). The input variables CO, and irradiance were

set constant at 400 ppm, and 400 umol m™ s™', respectively. RH was set to 55% in panels A and
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886 C,and T\, was set to 28°C in panels B and D. In both panels, a second X axis with the leaf-to-air

887  vapor pressure difference (VPD,,r) was added at the top of the plot.
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