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ABSTRACT
The direct response of stomata to temperature (DRST, the response with the leaf‐to‐air vapor gradient, Δw, held constant) is 
poorly studied due to the difficulty of keeping Δw constant while changing leaf temperature. Most published data suggest a 
positive response, though the mechanisms behind such a response are unknown. We propose that a hydraulic mechanism 
should contribute to the DRST, wherein temperature decreases the viscosity of water, increasing hydraulic conductance and 
thereby increasing leaf water potential, which in turn drives stomatal opening. Because the sensitivity of leaf water potential to 
changes in hydraulic conductance should be proportional to transpiration rate and hence to Δw, this mechanism predicts a 
stronger positive DRST at higher Δw than at lower Δw. We tested this prediction by measuring the DRST at two different values 
of Δw, in six diverse angiosperm species. Our results are consistent with the hypothesis that a hydraulic mechanism contributes 
to the DRST, though the response varies widely across species, and in three of six species the effect of Δw was far stronger than 
predicted from theory, suggesting a role for other mechanisms in enhancing the effect of Δw on the DRST.

1 | Introduction 

Stomata are the gateways between the leaf and the atmosphere, 
acting as valves to control the amount of water vapor transpired 
from the plant (Brodribb and McAdam 2011). These pores allow 
the entrance of CO2 into the leaf for photosynthesis, but with the 
tradeoff that water vapor from the leaf interior diffuses out into 
the typically undersaturated atmosphere. Stomata are known to 
open in response to a number of environmental variables 
including light (Cowan 1977; Morison 1987) and low CO2 

(Messinger et al. 2006; Liang et al. 2023), and to close in response 
to other variables including high evaporative demand (Δw; the 
difference in water vapor mole fraction between the leaf 
airspaces and the atmosphere; equivalent to leaf‐to‐air vapor 
pressure difference [VPDL] divided by atmospheric pressure) 

(López et al. 2021), which, assuming saturation of the leaf inte
rior (Gaastra 1959), directly varies with both temperature and 
atmospheric water vapor mole fraction (wa).

Stomata may also respond to temperature per se, even if Δw is 
held constant by adjusting ambient humidity. This “direct 
response of stomata to temperature” (DRST) is not well‐studied, 
yet is integral to our understanding of stomatal behavior. The 
available data (Schulze et al. 1973; Schulze et al. 1974; Hall 
et al. 1975; Hall and Kaufmann 1975; Osonubi and Davies 1980; 
Teskey et al. 1986; Ball et al. 1987; Aphalo and Jarvis 1991; Lu 
and Zeiger 1994; Fredeen and Sage 1999; Day 2000; Eamus 
et al. 2008; Mott and Peak 2010; Urban et al. 2017; Diao 
et al. 2024) (reviewed by Mills et al. (2024)) suggest wide vari
ation in the DRST, but with most species displaying a positive 
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response. Understanding the DRST is important because leaf 
temperature and wa vary somewhat independently in nature, 
such that shifts in temperature are not always accompanied by 
commensurate shifts in Δw (e.g., Supporting Information 
Figure S1 in Mills et al. 2024). When a change in Δw is driven 
by a change in temperature, two distinct physiological 
responses may thus occur: a response to the effects of Δw on 
leaf water status via transpiration rate (Buckley 2005, 2019; 
McAdam and Brodribb 2016) and a distinct response to tem
perature per se. Most research on the physiology of stomatal 
responses to Δw has not attempted to disentangle the effects of 
Δw and temperature. An analysis by Mills et al. (2024) sug
gested that the DRST may contribute significantly to fluctua
tions in transpiration rate in nature.

There are several candidate mechanisms for the DRST (Mills 
et al. 2024). First, temperature‐dependent changes in the binary 
diffusivity of water vapor in air and the molar volume of air 
should cause stomatal conductance to scale with the 0.81 power 
of absolute temperature (about 0.27% per degree C), indepen
dently of stomatal aperture. However, most available data sug
gest a much stronger response (averaging ~2% per degree C; Mills 
et al. 2024). Potential biological mechanisms include changes in 
photosynthetic biochemistry (Farquhar and Wong 1984; Buckley 
et al. 2003; Sibbernsen and Mott 2010; Busch 2014) or abscisic 
acid metabolism (Baron et al. 2012), or guard cell‐endogenous 
processes (Rogers et al. 1979; Rogers et al. 1980; Ilan et al. 1995; 
Kostaki et al. 2020). Another likely mechanism is temperature‐ 
induced changes in plant hydraulic conductance. The viscosity of 
water has a strong temperature dependence – decreasing nearly 
50% between 10°C and 40°C – which should cause xylem 
hydraulic conductance to increase by the same proportion. This 
increase in hydraulic conductance should increase leaf water 
potential (ψleaf), which in turn should cause stomatal opening, 
due to the well‐established stomatal response to leaf water status 
(Buckley 2005, 2019; McAdam and Brodribb 2016). Temperature 
may also affect non‐xylem components of plant hydraulic con
ductance by altering aquaporin function (Murai‐Hatano 
et al. 2008b; Iglesias‐Acosta et al. 2010; Ionenko et al. 2010; 
Zhao et al. 2019) and vapor transport proximal to stomata within 
leaves (Buckley et al. 2017).

Hydraulically‐mediated effects of temperature on stomata should 
depend on the magnitude of Δw. For example, if Δw = 0, there is 
no transpiration and hence no steady‐state water flow through 
the plant, in which case changes in hydraulic conductance 
should have no influence on leaf water potential, and nor, 
therefore, on stomatal conductance. This leads to a testable 
prediction: namely, the increase in water potential, and hence 
stomatal conductance, caused by a warming‐induced increase in 
plant hydraulic conductance should be greater if Δw is large, 
than if Δw is small. Hence, the DRST should be more positive 
(or, if the response is negative, it should be less negative) at high 
Δw, compared to low Δw. To test this prediction, we measured 
the response of steady‐state stomatal conductance to an increase 
in temperature of ~9°C in leaves of six angiosperm species, and 
repeated these experiments at two values of Δw (~13 and 
22 mmol mol−1). We compared our observations to theoretical 
predictions based on the known effect of temperature on vis
cosity and on literature reports for effects of temperature on 
other components of plant hydraulic conductance, in the context 
of a generic process‐based model of stomatal responses to Δw.

2 | Materials and Methods 

2.1 | Plant Material 

Individuals of six species (Vitis vinifera cv. Pinot noir, V. riparia, 
Hordeum vulgare, Zea mays, Eucalyptus polyanthemos, and 
Phaseolus vulgaris) were grown in a greenhouse in Davis, CA 
during the spring and summer of 2024 and spring 2025. These 
species were selected for their diversity in habit and physiology 
(woody lianas, both cultivated [V. vinifera] and wild [V. riparia]; 
tree [Eucalyptus]; C3 forb [Phaseolus]; C3 grass [Hordeum]; C4 
grass [Zea]). H. vulgare, Z. mays, and P. vulgaris were grown 
from seed in 7.6 L pots of soil (UC Agronomy mix), and ferti
gated with UNI‐Old solution, a modified version of a Hoagland 
Solution (150:50:200 ppm N:P:K).

Vitis were grown from cuttings taken during June 2023 from the 
UC Davis teaching vineyard (38.530971 N, 121.754604 W) and 
the Hopkins vineyard (38.528811 N, 121.798641 W), rooted in 
vermiculite under a misting bench, and then planted in soil. 
The grapevines were moved to a greenhouse for the summer 
and fall and then to a lathhouse to allow leaf drop and dor
mancy over the winter. The following spring, they were re
potted in 7.6 L pots and placed in a greenhouse with drip 
fertigation using the same solution as above.

Potted plants were brought into the lab the evening before 
measurements to allow the plants to acclimate to the lab en
vironment. They were placed in trays with deionized water to 
keep the soil moist, and the laboratory lights were turned off 
overnight. E. polyanthemos measurements were performed on 
branches with juvenile foliage, excised from a single tree in the 
UC Davis Arboretum the evening before experiments and recut 
underwater in the lab. Each morning, plants were allowed to 
acclimate to light in the lab (PPFD ≈ 800–1600 μmol m−2 s−1) 
for 1 to 2 h to facilitate photosynthetic induction and stomatal 
opening, before enclosing a leaf in a gas exchange cuvette as 
described below.

2.2 | Responses to Temperature and Δw 

We measured steady‐state stomatal conductance with a LI‐COR 
LI‐6800 (LI‐COR, Lincoln, NE) in one leaf of each of 3–6 plants 
per species, at each of four conditions per leaf: low and high Δw 
(approx 13 and 22 mmol mol−1) × low and high leaf temperature 
(approx 23°C and 32°C). These values were selected to maximize 
the Δw and Tleaf ranges that could be safely achieved without 
risking condensation, and without needing to use either ex
cessively low or high chamber flow rates that would compromise 
the precision of gas exchange calculations. The order of condi
tions was randomized each day using a random number gener
ator (RANDOM.ORG). Ambient CO2 was kept at 421 ± 1 μmol 
mol−1 and flow rate was adjusted as needed to maintain the 
required Δw (typically 300–900 μmol s−1). PPFD was measured 
using a GaAsp photodiode (Hamamatsu G1118, Hamamatsu, 
Tokyo, Japan) calibrated to the LI‐6800s quantum sensor. PPFD 
at leaf level was kept constant throughout the experiment at 
~671–1151 μmol m−2 s−1, in most cases between 915 and 
1151 μmol m−2 s−1. After adjusting environmental conditions in 
the leaf cuvette at each point, stomata were allowed to acclimate 
until stomatal conductance was stable (defined as less than 5% 
change over 16 min; or if gs was oscillating, less than 5% change 
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in the mean of the oscillation). Plant pots were kept in a tray of 
deionized water throughout the experiment to minimize soil 
drying, except for excised branches of E. polyanthemos, for which 
the branch base was kept in water.

To improve leaf temperature control, we used custom leaf 
cuvettes in which water from a recirculating temperature‐ 
controlled water bath (Fisher Scientific Isotemp, Fisher Scien
tific, Hampton, NH, USA) circulated through channels in the 
aluminum cuvette body and chamber air was circulated with 
blowers to improve heat exchange and increase leaf boundary 
layer conductance. The cuvette interior was nickel plated to 
minimize water vapor adsorption. The upper leaf surface was 
illuminated with an LED light source (FECiDA Zinqolay) 
through a propafilm or glass window. The leaf cuvettes are 
further described in Supporting Information: Methods S1.

To prevent water vapor condensation in tubing downstream of the 
leaf cuvette, we controlled the temperature of the entire gas ex
change system and plant by enclosing them in a larger ‘outer 
chamber’ (~1.04 × 0.55 × 1.04 m) constructed of polycarbonate 
twinwall and acrylic panels and containing a large circulation fan 
(JETFAN 6 inline fan, JETFAN, Hydrofarm, Shoemakersville, PA, 
USA), an air conditioner and space heater connected to a ther
mostat, and a baffle to ensure full circulation of air. This outer 
chamber is described further in Supporting Information: Meth
ods S1 and a picture of both chambers is shown in Supporting 
Information: Figure S1. The thermostat was set to keep the tem
perature in the outer chamber close to that of the leaf cuvette; in 
most cases, the outer chamber temperature was within 2°C of the 
leaf temperature.

2.3 | Theoretical Predictions of the Effect of Δw 
on Hydraulically‐Mediated Stomatal Responses to 
Temperature 

The rationale for these experiments was that temperature‐ 
induced changes in plant hydraulic conductance (K) should 
lead to larger changes in leaf water potential (ψleaf) – and thus 
stronger stomatal responses – if Δw is large, because the sen
sitivity of water potential to K should scale with Δw. To see this, 
note that when transpiration rate (E) is in steady state with 
water flow through the plant, it follows that E = K(ψsoil – ψleaf), 
where ψsoil is soil water potential, and hence ψleaf = ψsoil – E/K, 
so that the sensitivity of ψleaf to K is proportional to E, and 
therefore to Δw. In this section, we derive formal predictions of 
the strength of the resulting modulation of the stomatal 
response to temperature by Δw, with the aid of a process‐based 
model of stomatal responses.

The relative sensitivity of stomatal conductance (gs) to tem
perature (T), or dlngs/dT = (1/gs)·dgs/dT, is

d g
dT

g
T

g
K

d K
dT

ln
=

ln
+

ln
ln

· ln .s s s (1) 

(The logarithm expresses stomatal sensitivity to T in relative 
rather than absolute terms, which allows comparison across 
leaves and species with widely varying absolute magnitudes of 
stomatal conductance.) The first term on the right hand side of 
Equation 1 (∂lngs/∂T) encompasses all non‐hydraulic contribu
tions to the DRST, while the second accounts for the effect of 

temperature‐dependent changes in K with T. The rationale for 
positing that gs is sensitive to K arises from the well‐established 
fact that angiosperm stomata regulate their apertures in response 
to some measure of leaf water status (Buckley 2005, 2019; 
McAdam and Brodribb 2016), which in turn is influenced by 
K. That response is well‐described by the model of Buckley 
et al. (2003), and by adaptations thereof (Buckley et al. 2012; 
Rodriguez‐Dominguez et al. 2016), which have the form

g
g
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where gsmax is the value of gs in the limit of zero Δw, and b is an 
empirical coefficient determined mainly by light intensity, all 
else being equal. Differentiating this model with respect to K to 
obtain an expression for dlngs/dlnK to apply to Equation 1 gives
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so ∂lngs/∂lnK is Δw/(K/b + Δw). Applied to Equation 1, this gives
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Assuming that the non‐hydraulic component of the DRST 
(∂lngs/∂T) is also not influenced by Δw, the difference in the 
strength of the DRST between experiments at two values of Δw 
(Δwlow and Δwhigh) is then
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Since the quantity in parentheses is positive, the response 
should be stronger at high Δw than at low Δw, and the size of 
this effect will depend on the relative magnitudes of Δw and 
K/b; namely, a small value of K/b represents a high stomatal 
sensitivity, making the quantity in parentheses larger. As shown 
in Figure 1, dlngs/dT is largest when stomatal sensitivity and 
dlnK/dT are large; moreover, it increases as Δw becomes larger, 
so that the difference in dlngs/dT between high and low Δw (the 
quantity given by Equation 5) is positive. The vertical distance 
between the red symbols in Figure 1 represents the prediction 
from Equation 5, assuming medium stomatal sensitivity and 
medium sensitivity of K to T.

We used bootstrap resampling of literature‐based estimates of 
K/b and dlnK/dT to generate distributions of theoretical pre
dictions. Oren et al. (1999) surveyed the sensitivity of gs to Δw 
across species, and Buckley et al. (2012) later showed that K/b 
could be calculated from parameters in Oren's empirical model 
for gs. We thus computed K/b from data in Table 1 in Oren et al. 
(1999). The resulting distribution of K/b is shown in Figure 2a. 
For dlnK/dT, the sensitivity of K to T is often reported in the 
literature as Q10, which is the number that, if raised to the 
power of δT/10 (a difference in temperature divided by 10°C), 
gives the proportional increase in K due to an increase in 

3 Plant, Cell & Environment, 2025

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.70347 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [16/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



temperature of δT; i.e., K(Tlow + δT)/K(Tlow) = Q10
δT/10. For ex

ample, if Q10 = 1.5, then 10°C of warming would cause K to 
increase by a factor of 1.5, or 50%. The Q10 for stem water 
transport is thought to be ~1.24, which corresponds to the effect 
of temperature on the viscosity of water for the temperature 
ranges used in this experiment. We extracted values for Q10 for 
root and leaf hydraulic conductance from the literature. In 
many cases, Q10 was given, or data were available from which 
we could calculate Q10, for several different temperature steps 

or ranges; where possible, we chose the step or steps that most 
closely coincided with the temperature step used in our ex
periment (roughly 23°C–32°C). The resulting values of Q10 are 
listed in Table 1, and the corresponding distributions are shown 
in Figure 2b.

We generated predictions separately using distributions of Q10 

for each organ (roots, leaves, and stems). In each case, we 
randomly sampled, with replacement, 10,000 pairs of values of 

FIGURE 1 | Predictions from a process‐based model of stomatal responses to water status, for the stomatal response to temperature at a given 
evaporative demand (Δw). “Sensitivity” refers to the stomatal sensitivity to Δw, gauged by the parameter “K/b” (low, medium and high sensitivity: K/b = 12.6, 
6.7 and 3.3 mmol mol−1, respectively); Q10 is the assumed temperature sensitivity of whole‐plant hydraulic conductance (K), expressed as the natural 
logarithm of the ratio of K at 30°C to its value at 20°C. The ranges for K/b and Q10 are based on literature data: the K/b values are the 90th, 50th and 10th 
percentiles, respectively, calculated from data of Oren et al. (1999), and the Q10 values are the value for stems (1.24 [purple lines], representing the effect of 
temperature on viscosity) or the means of the distributions of published values for leaves (1.55 [green lines]) and roots (1.62 [blue lines]) listed in Table 1 and 
shown in Figure 2. The vertical shaded lines represent the Δw values used in this study (~13 [low] and 22 [high] mmol mol‐1); the red symbols are values for 
medium sensitivity and Q10 = 1.55 at those Δw values. Our hypothesis is that the response should be stronger at high Δw than that at low Δw, as illustrated 
here by the red point at high Δw being above that at low Δw. [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 2 | Distributions of (a) the parameter describing stomatal sensitivity to Δw (K/b), and (b) Q10 values for leaf (green) and root (blue) 
hydraulic conductances found in the literature. [Color figure can be viewed at wileyonlinelibrary.com] 
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K/b and Q10, from their respective distributions (in the case of 
stems, we simply set Q10 to 1.24, but still sampled K/b). We then 
applied the resulting values to Equation 5 using the mean 
experimental values of Δwhigh and Δwlow for each species. 
This generated 18 distributions of theoretical predictions: three 
per species (for root‐, leaf‐, and stem‐Q10‐based estimates of 
dlnK/dT) × six species.

2.4 | Data Analysis 

We calculated the average stomatal conductance, leaf tem
perature, and Δw during the last 16 min at each condition, 
when stomatal conductance had achieved steady state. To 
compare our results to the theoretical predictions from 
Equation 5, for each Δw value, we calculated the relative 
change in stomatal conductance with respect to temperature 
by dividing the difference in gs between Thigh and Tlow by the 
value of gs at Tlow, and then dividing that quantity by the 
difference in T (dlngs/dT ≈ δlngs/δT ≈ {[gs(Thigh) – gs(Tlow)]/ 
[gs(Tlow)]}/{Thigh – Tlow}). Results are presented below as 
means ± standard errors (SE) of this quantity within each 
species. To test whether δlngs/δT differed significantly 
between low and high Δw and between species, we used 
analysis of variance in linear models, using method lm in R. To 
test whether δlngs/δT differed significantly between low and 
high Δw overall (i.e., without concern for differences across 
species), we used a mixed‐model analysis treating species as a 
random effect, using method lmer in R.

3 | Results 

Stomatal conductance responded positively in most leaves to an 
increase in temperature from 23 ± 0.2°C to 32.2 ± 0.3°C 
(Figure 3). The overall average response was equivalent to an 
increase in gs of 50.0 ± 8.3% for 10°C of warming; that is, the 
average Q10 for stomatal conductance was 1.50. We found the 
strongest positive responses to temperature in P. vulgaris at high 
Δw (126 ± 31% per 10°C, or Q10 = 2.26; Figure 3c), and the 
smallest in V. riparia at low Δw (12 ± 24% per 10°C, or 
Q10 = 1.12; Figure 3d).

Consistent with our hypothesis, the average stomatal response 
to temperature was stronger when measured at high Δw than 
when measured at low Δw, in all species (cf. red and blue lines 
in Figure 3); that is, dlngs/dT was larger at high Δw than it was 
at low Δw, as predicted by Equation 5. The effect of Δw on 
temperature responses was strongest in P. vulgaris and weakest 
in V. riparia (Figure 3). However, although the mean difference 
in dlngs/dT between high and low Δw was greater than zero in 
all species, these differences were not statistically significant; 
this result held whether species was included as a fixed effect in 
the statistical model (p value = 0.17508 for the effect of Δw on 
dlngs/dT), or if instead species was treated as a random effect in 
a mixed‐model analysis (p = 0.17515).

For the three woody species (V. vinifera, V. riparia and E. poly
anthemos), the observed mean effect of Δw on in the % response 
of gs to T was within the distributions of theoretical predictions 
based on published Q10 values for root and leaf hydraulic con
ductance (blue and green distributions, respectively, in Figure 4), 
but was much greater than predictions based on stem Q10 (purple 
distributions in Figure 4). For the three herbaceous species (H. 
vulgare, Z. mays and P. vulgaris), the mean observations exceeded 
the 95th percentiles of distributions of theoretical predictions, 
regardless of whether root‐, leaf‐, or stem‐based Q10 values were 
used to generate those predictions.

On average, intercellular CO2 concentration (ci) increased in the 
steady‐state following leaf warming (Figure 5), and this increase 
was substantially greater in experiments performed at high Δw 
(17.6 ± 6.8 μmol mol‐1) than at low Δw (5.9 ± 7.0 μmol mol‐1).

TABLE 1 | Values of the temperature response coefficient (Q10) for 
leaf and root hydraulic conductances extracted from the literature and 
used in this study to constrain theoretical predictions. “T range” refers 
to the temperature range or shift (°C) for which Q10 was measured or 
calculated, or the range of such shifts over which we averaged Q10.

Organ Species T range Q10 Ref

Leaf Oryza sativa17 23–32 1.65 1

Leaf Phaseolus vulgaris18 20–35 1.64 2

Leaf Juglans regia 15–35 1.51 3

Leaf Panicum antidotale 20–35 1.30 4

Leaf Panicum bisulcatum 20–35 1.25 4

Leaf Tilia cordata 20–35 2.07 5

Leaf Quercus rubra 15–25 1.59 6

Leaf Acer saccharum 15–25 1.41 6

Root Oryza sativa19 > 15 1.45 7

Root Secale cereale 10–20 1.8 8

Root Hordeum vulgare 10–20 2.15 8

Root Phaseolus vulgaris > 18 1.32 9

Root Cucumis sativus 23–32 1.36 10

Root Cucumis ficifolia 23–32 3.01 10

Root Quercus robur 22–32 1.26 11

Root Populus tremuloides 15–20 1.94 12

Root Pinus halapensis 20–30 1.25 13

Root Pinus pinea 20–30 1.15 13

Root Pinus pinaster 20–30 1.18 13

Root Pinus nigra 20–30 1.34 13

Root Pinus uncinata 20–30 1.25 13

Root Pinus sylvestris 20–30 1.46 13

Root Gossypium hirsutum 20–30 2.24 14

Root Ulmus americana 15–20 1.25 15

Root Pinus spp.20 18–23 2.08 16

1Yang et al. (2020). 
2Matzner and Comstock (2001). 
3Cochard et al. (2007). 
4Sonawane et al. (2021). 
5Sellin and Kupper (2007). 
6Sack et al. (2004). 
7Murai‐Hatano et al. (2008a). 
8Clarkson (1976). 
9Kuiper (1964). 
10Yoshida and Eguchi (1990). 
11Cochard et al. (2000). 
12Wan et al. (2001). 
13Zuccarini et al. (2015). 
14Bolger et al. (1992). 
15Muhsin and Zwiazek (2002). 
16Sayer et al. (2005). 
17cultivar Shanyou 63. 
18average of cultivars G4523 and Othello. 
19cv. Akitakomachi. 
20Average of Pinus achinata, P. palustris and P. taeda.
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4 | Discussion 

A meager but growing body of data suggest that stomata respond 
to temperature even when the leaf to air evaporative gradient (Δw) 
is held constant (Mills et al. 2024), and that in most cases the 
response is positive. However, the mechanism for this response is 
unknown. Based on a hypothesized hydraulic mechanism, we 
predicted that the stomatal response to temperature would be 
larger if Δw were held constant at a high value as temperature was 
varied, than if Δw were held constant at a low value. Our obser
vations supported this prediction, qualitatively: in all six species 
examined, the average % change in stomatal conductance in 
response to a roughly 10°C increase in temperature was greater 
(more positive) at high Δw (~22 mmol mol‐1) than at lower Δw 
(~13 mmol mol‐1). For three of the six species that we examined, 
the mean observed magnitude of this effect exceeded the 95th 
percentile of our theoretical predictions, which we had generated 
by applying a process‐based model of stomatal conductance to 
published data for the sensitivities of stomata to Δw, and of 
hydraulic conductance to temperature. Thus, our results support 
the hypothesis that temperature‐induced changes in hydraulic 
conductance contribute to stomatal responses to temperature, but 
they also suggest that additional mechanisms likely enhance the 
effect of Δw on that response, at least in some species.

The rationale for our hypothesis was simple: warming should 
increase hydraulic conductance (due to the effect of tempera
ture on viscosity, as well as biological effects such as enhancing 
aquaporin function), leading to higher leaf water potential, and 
stomata should respond positively to that increase in water 
potential. It is well established that stomata respond in the short 
term to changes in leaf water status by sensing rapid changes in 

abscisic acid concentration within leaves, and that those 
responses are similar whether water status is altered by shifts in 
evaporative demand, hydraulic conductance, or soil moisture 
(Buckley 2005, 2019; McAdam and Brodribb 2016; Sack 
et al. 2018). Thus, a straightforward and experimentally proven 
causal chain links temperature to stomatal conductance by way 
of hydraulic conductance. Moreover, the hydraulically mediated 
effect of temperature on stomata should depend on the magni
tude of evaporative demand (Δw), because the sensitivity of leaf 
water potential to changes in hydraulic conductance is propor
tional to transpiration rate, and hence to Δw itself. For example, 
if Δw were zero, no steady‐state water flow would occur through 
the plant, making leaf water potential and thus stomatal con
ductance independent of hydraulic conductance. Consistent with 
this notion, an earlier study by Mott and Peak (2010) found that 
the stomatal response to temperature disappeared in Trades
cantia pallida when Δw was set to zero. However, the strength of 
this Δw effect should likewise depend on how sensitively 
stomatal conductance responds to water status. For example, if 
that response were very weak, then changes in hydraulic con
ductance or Δw would have little effect on stomata.

One might wonder why we did not directly test for changes in 
water potential (WP) with temperature, given that these chan
ges are the putative driver of hydraulically mediated stomatal 
responses to temperature. There are several reasons. First, no 
current method can make repeated measurements of WP in a 
transpiring region of a leaf, so changes in leaf WP cannot be 
conclusively attributed to changes in temperature. In situ psy
chrometers prevent transpiration from the measured region, 
so the value they report is roughly in equilibrium with nearby 

FIGURE 3 | Percent change in stomatal conductance (gs) with increasing temperature across species (a–f). Symbols and error bars are means ± SE 
for the increase in gs from low to high temperature in each species; lines simply connect the points for each Δw value (low Δw ≈ 13 mmol mol−1 and 
high Δw ≈ 22 mmol mol−1). [Color figure can be viewed at wileyonlinelibrary.com] 
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FIGURE 4 | Predictions (in color) and observations (in black and grey) for the percent difference in the relative stomatal response to temperature 
(% increase in stomatal conductance for a 10°C increase in temperature) between high and low Δw ( ≈ 22 and 13 mmol mol−1, respectively). Solid 
black lines are means of observations; bounds of shaded area = ± SE. Colored violin plots are distributions of theoretical predictions using bootstrap 
resampling (n = 10,000) of stomatal sensitivity to Δw from data of Oren et al. (1999) and of Q10 for plant hydraulic conductance estimated based on 
published data for leaves (green) or roots (blue) (for stems [blue], Q10 was set to 1.24, based on the temperature response of viscosity). Solid and 
dashed colored lines are means and medians, respectively, of the distributions of theoretical predictions. [Color figure can be viewed at 
wileyonlinelibrary.com] 

FIGURE 5 | Intercellular CO2 concentration (ci) increased in response to leaf warming of approximately 9°C, on average across species, and this 
increase was greater in experiments performed at high Δw (blue shading and lines) than at low Δw (red shading and lines). Solid vertical lines 
indicate mean values; dashed lines indicate medians. [Color figure can be viewed at wileyonlinelibrary.com] 
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xylem water, not the transpiring bulk leaf tissue. Optical 
dendrometers based on leaf width (e.g., Tonet et al. 2023) may 
not work reliably for a leaf enclosed in a gas exchange cuvette, 
which might mechanically constrain the leaf from expanding 
and contracting with WP. Second, changes in WP that drive 
stomatal responses may not manifest as measurable changes in 
bulk leaf WP at steady‐state, both because the negative feedback 
response of stomata tends to mute any net change in WP at 
steady‐state (Buckley 2005), and because the relevant change in 
WP could be highly localized, for example in guard or epi
dermal cells (Bauer et al. 2013; Kuromori et al. 2014; 
Buckley 2019; Scoffoni et al. 2023). Moreover, the decline in gs 

in response to reduced WP is caused by production and/or 
release of abscisic acid (ABA) (Bauer et al. 2013; McAdam and 
Brodribb 2016; Sussmilch et al. 2017), but slow ABA catabolism 
can cause gs to remain depressed for a time even after water 
status recovers (McAdam and Brodribb 2015); thus, there may 
not be a unique relationship between ABA levels (and hence gs) 
and WP. Thus, measurements of bulk‐leaf WP in relation to 
temperature could not conclusively test our hypothesis. That is 
precisely the dilemma that led us to examine the effect of Δw on 
the response as an alternative test.

To put reasonable constraints on the interacting influences of 
Δw and stomatal sensitivity on the experimental implications of 
our hypothesis, and to extend Mott and Peak's experiment to 
variation in Δw among nonzero values, we adapted a theoretical 
model of stomatal conductance (Buckley et al. 2003, 2012; 
Rodriguez‐Dominguez et al. 2016). This model allows for a wide 
range of stomatal sensitivities of Δw and sensitivities of K to 
temperature. We constrained both parameters using data from 
the literature. The model predicted that the % increase in 
stomatal conductance in response to a 10°C increase in leaf 
temperature should be stronger when Δw = 22 mmol mol−1 

than when Δw = 13 mmol mol−1 – by about 1.6%, 3.8%, or 4.2%, 
basing the Q10 for whole‐plant hydraulic conductance on 
available data for stems, leaves, or roots, respectively.

In practice, we found mean enhancements ranging from 3.9% 
(V. riparia) to 29.3% (P. vulgaris) – exceeding the range of the
oretical predictions in three of six species (H. vulgare, Z. mays 
and P. vulgaris), though the observed range of enhancement 
nonetheless overlapped with predictions. The finding of larger 
effects in herbaceous than in woody species is consistent with 
the fact that leaves and roots likely contribute a greater fraction 
of whole‐plant resistance in herbs, given that Q10 is typically 
higher for roots and leaves than for stems. (On the other hand, 
thermal buffering by moist soil would likely have damped the 
temperature shifts actually experienced by the roots, making 
root Q10 less important in practice). However, our predictions 
accounted for those differences, and yet our observations 
nevertheless exceeded predictions for herbaceous species 
(Figure 4). The reasons for this divergence are not immediately 
obvious. One possibility is that our estimates of Q10 were too 
low, though this seems unlikely, given that the upper range of 
our theoretical estimates arose from root‐based Q10 values, 
which have been measured for many species, including some of 
those used in this study. For example, for Phaseolus vulgaris, 
root and leaf Q10 have been reported in the literature as 1.32 and 
1.64, respectively (Kuiper 1964; Matzner and Comstock 2001), 
and for Hordeum vulgare, Clarkson (1976) reported a root Q10 

of 2.15. Those values are not atypical among published 

observations (Table 1). Notably, Kuiper (1964) did report 
Q10 = 4 for roots at temperatures below 18°C; we excluded that 
value from our distributions, because it applied well below the 
temperature ranges of our measurements. We also excluded 
other high values of Q10 that applied at lower temperatures 
(e.g., Q10 = 3.8 for 16°C–18°C in Gossypium hirsutum roots, 
Bolger et al. (1992); 2.9 for Cucumis ficifolia roots at 8°C–12°C, 
Yoshida and Eguchi (1990); 3.0 for Juglans regia leaves at 
5°C–15°C, Cochard et al. (2007); 6.5 for Tilia cordata leaves at 
16°C–17°C, Sellin and Kupper (2007)). These data show that 
Q10 can be large enough to produce as large an effect of Δw on 
the DRST as we observed in three species, though typically only 
at lower temperatures than we used here.

As discussed earlier, stomatal responses to WP may be driven 
by changes in water content of a small group of cells that are 
not representative of the whole leaf; if so, then Q10 values for 
whole‐leaf hydraulic conductance (which are operationally 
based on bulk leaf WP measurements) would not be appropriate 
for our predictions. For example, if stomatal responses were 
primarily driven by WP changes in epidermal or guard cells, 
and if the resistance for water transport from the mesophyll to 
the epidermis were more temperature‐sensitive than for the leaf 
as a whole, that could explain our results. Notably, simulations 
by Buckley et al. (2017) predicted that water transport from the 
mesophyll to the epidermis could be dominated by vapor 
transport, and the Q10 for vapor‐phase hydraulic conductivity 
between 23°C and 32°C is about 1.79, which exceeds nearly all 
leaf‐Q10 values we found in the literature (cf. Table 1). The 
possible role of vapor transport in stomatal function remains 
speculative (Buckley 2019).

Another possible explanation for the divergence between our 
predictions and observations is our assumption that the sensi
tivity of the non‐hydraulic component of the DRST (∂lngs/∂T in 
Equation 5) would not be influenced by Δw itself. One way that 
this assumption could fail involves photosynthetic processes. It 
is well established that the stomatal responses to light and CO2 

are partly mediated by photosynthetic processes (Messinger 
et al. 2006; Mott 2009; Lawson et al. 2018), which in turn are 
affected by temperature, so temperature could influence gs via 
changes in photosynthetic processes. The effect of photo
synthesis on gs is indirect: stomata do not “sense” the rate of 
photosynthesis itself (von Caemmerer et al. 2004), but rather, 
some measure of the balance between the supply of energy from 
the light reactions and its demand by the Calvin cycle 
(Dewar 2002; Messinger et al. 2006; Mott 2009; Busch 2014; 
Lawson et al. 2018). Stomata open when that balance shifts in 
favor of energy supply (e.g., when light intensity increases), and 
close when it shifts in favor of demand (e.g., when intercellular 
CO2 concentration, ci, increases). Suggested sensors linking 
photosynthetic energy balance to gs include mesophyll ATP 
concentration (Farquhar and Wong 1984) and the redox state of 
plastoquinone (PQ) in the photosynthetic electron transport 
chain (Busch 2014). Light intensity was constant in our ex
periments, but ci was not. Thus, if warming the leaf caused ci to 
decrease more (or increase less) at high Δw than at low Δw, that 
would amplify the hydraulically‐mediated enhancement of the 
DRST by high Δw, helping to explain our observations. How
ever, we found the opposite: ci increased in response to 
warming, on average, and that increase was greater at high Δw 
than at low Δw (Figure 5). This suggests photosynthetic 
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processes cannot explain the divergence between our predic
tions and observations.

Yet another factor to consider is that we could not hold Δw 
constant for the rest of the plant (in the “outer chamber”) when 
measuring the DRST for the leaf in the gas exchange cuvette. 
Although most of the rest of the plant was in relative darkness, 
it would nonetheless have been transpiring, due to residual 
stomatal opening and cuticular conductance. Warming would 
have increased Δw and hence transpiration in the outer 
chamber, reducing water potential for the leaf enclosed in the 
cuvette and potentially damping the DRST. The question, 
however, is whether that effect would differ between high and 
low cuvette‐Δw; our analysis (Supporting Information: Meth
ods S2) suggests that it would do so, but with negligible effect 
on our results.

4.1 | Implications of a Hydraulically‐ 
Mediated DRST 

The evolutionary and ecological implications of the DRST – for 
example, enhancement of evaporative cooling to prevent heat 
damage (Schymanski et al. 2013; Huang et al. 2022; Moran 
et al. 2023) – may depend somewhat on its mechanism. Our 
novel evidence that the DRST is partly mediated by hydraulics 
suggests that the response may differ across species, in relation to 
differences in hydraulic function. For instance, theory predicts 
that a decline in hydraulic conductance – e.g., due to progressive 
drought – should make the DRST stronger (cf. Equation 4), so in 
species with high hydraulic vulnerability, the combination of 
warming and drought may exacerbate that vulnerability. We 
would tentatively predict this effect to be most important for leaf 
hydraulic conductance, because leaves likely experience stronger 
shifts in temperature than stems or roots, due to the high heat 
capacitance of stem and soil moisture. Conversely, species in 
which stomata are weakly sensitive or insensitive to leaf water 
status would have a weaker DRST. Validation of these predic
tions awaits better experimental knowledge about the phenom
enology of the DRST, which remains poorly explored in 
comparison to most stomatal responses (Mills et al. 2024).

5 | Conclusion 

The response of stomata to temperature with Δw held constant, 
and its potential mechanisms, have been long overlooked. We 
hypothesized that the positive effect of warming on plant 
hydraulic conductance should contribute to the stomatal 
response to temperature, and more specifically that this mecha
nism should be enhanced by high Δw, given the role of tran
spiration rate in mediating effects of hydraulic conductance on 
stomata via water potential. Our results were qualitatively con
sistent with the hypothesis, in that the relative sensitivity of 
stomatal conductance to temperature was greater at high Δw 
than at lower Δw in all species examined, though these differ
ences were not statistically significant. Moreover, the magnitude 
of the difference greatly exceeded our theoretical predictions in 
two of six species. We recommend that future work should focus 
on quantifying the non‐hydraulic component of the temperature 
response, as well as the temperature response of whole‐plant 
hydraulic conductance, to better constrain the expected effect of 
temperature on stomata via hydraulic conductance.
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Supporting Information section. 
Methods S1: Description of custom cuvettes and outer chamber. 
Methods S2: Analysis of influence of changes in transpiration of leaves 
outside the cuvette. Figure S1: Photos of cuvette and outer chamber. 
Figure S2: Resistance diagram used in Methods S2. Figure S3: Dis
tribution of plausible effect of outside‐cuvette transpiration on results.
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