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Summary

� Stomatal conductance models are essential components of crop and land surface models,

but collecting data to calibrate them remains challenging due to large leaf-to-leaf variability,

slow stomatal kinetics, and a lack of consistent measurement protocols, leading to unknown

reliability and representativeness of calibrated model parameter estimates.
� We combined field measurements, 3D biophysical simulations, and statistical power ana-

lyses to quantify parameter calibration discrepancies with different instruments under differ-

ent conditions to provide recommendations for protocol development.
� Leaf-to-leaf physiological variability in measured steady-state stomatal conductance

exceeded threefold under identical conditions, calling into question the use of few

steady-state response curves to represent a canopy. Stomatal kinetics introduce systematic

error in parameter calibration, and slower stomatal response times necessitated larger survey

sample sizes to recover known stomatal model parameters of simulated data.
� Primary recommendations are as follows: survey measurements (c. 100 samples) are

needed to sample leaf-to-leaf variability and can be supplemented by steady-state measure-

ments to better represent environmental responses, survey measurements should maximize

the range of leaf-level environmental conditions while minimizing transient effects, and

steady-state measurements with controlled environmental conditions should maintain con-

stant conditions for 15–45min before measurement to allow for true stomatal steady state

and not just instrument equilibrium.

Introduction

To supply CO2 for photosynthesis, plant leaves have microscopic
pores in their protective outer epidermal layer called stomata that
readily enable gas exchange with the ambient environment. Sto-
matal pores open to acquire carbon dioxide and, in exchange,
expose moist internal cells to the comparatively dry atmosphere,
leading to rapid water loss. In order to manage this water loss and
avoid desiccation, the aperture of stomatal pores is passively and
actively regulated in response to a range of environmental stimuli,
primarily absorbed light and leaf water status. This stomatal regu-
lation influences plant productivity, water use efficiency, and glo-
bal carbon and water cycles, thereby impacting agriculture,
ecosystem health, and plant-based climate change mitigation
(Willmer & Fricker, 1996; Jones, 1998; Hetherington & Wood-
ward, 2003; Bertolino et al., 2019; Faralli et al., 2019; Gray &
Dunn, 2024).

The degree to which stomata allow the diffusion of water
vapor out of the leaf is most commonly quantified in terms
of stomatal conductance (or its reciprocal, stomatal resistance).

The total conductance to water vapor is defined mathematically
as the ratio of the leaf evaporative water vapor flux (transpiration)
to the difference in water vapor mole fraction between the leaf
interior air spaces and the air immediately outside of the leaf
boundary layer. Stomatal conductance is one of three conduc-
tances that are typically accounted for in the total conductance
between a leaf’s internal air space and the atmosphere, along with
cuticular and boundary-layer conductances (Farquhar & Shar-
key, 1982). Cuticular conductance is generally assumed to be
negligible, in which case stomatal conductance is then computed
as the reciprocal of the difference of total resistance and
boundary-layer resistance (Buckley et al., 1999).

Several decades ago, commercially available instrumentation
facilitating rapid measurement of stomatal conductance became
widely available, which transformed our ability to quantify and
understand stomatal responses across species and environmental
regimes. This began with the advent of the porometer (Weather-
ley, 1966; Shimshi, 1977; Rebetzke et al., 2000), which estimates
stomatal conductance under the instantaneous environmental
conditions experienced by the leaf at the time of measurement.
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Later, portable gas exchange systems were developed (Parkinson
et al., 1980; Field et al., 1982; Atkinson et al., 1986), which can
estimate stomatal conductance under natural environmental con-
ditions, as well as instrument-regulated artificial environmental
conditions generated insidethe measurement chamber. Each of
these instruments and approaches has trade-offs in terms of sto-
matal conductance measurement, which will be discussed in
detail throughout this article.

Despite the wide availability of instrumentation for measuring
stomatal conductance, these measurements are still relatively
tedious and provide only a limited representation over time and
space. In order to interpolate and extrapolate available measure-
ments, numerous mathematical models of stomatal conductance
have been developed to predict stomatal behavior based on speci-
fied environmental conditions (Damour et al., 2010; Buck-
ley, 2017). While there are a wide range of approaches for
modeling stomatal conductance, ranging from cellular to ecosys-
tem scales, this work focuses on steady-state leaf-level models that
predict stomatal conductance on a leaf surface area basis as a
function of local microclimatic conditions, which can then be
upscaled using various types of canopy transfer models (e.g.
Wang & Jarvis, 1990; Leuning et al., 1998; Oleson et al., 2010).
This class of stomatal conductance model is a critical component
of land surface models (Oleson et al., 2010), crop models (Jones
et al., 2003), and basic physiological research seeking to under-
stand mechanisms underpinning stomatal function (Buckley
et al., 2003).

In order for stomatal conductance models to be applied within
the context of a specific plant system, model parameters must be
calibrated based on measurements in that system. While the
instrumentation for measuring leaf-level stomatal conductance
(model output) along with relevant environmental conditions
(model inputs) exists, reliably estimating these parameters based
on in situ gas exchange measurements is complicated by a num-
ber of factors. Stomatal conductance and associated leaf-level
environmental inputs are highly variable – they vary across the
subleaf through whole-plant spatial scales and across subminute
through seasonal temporal scales (Mott & Buckley, 1998).
Furthermore, stomata can be relatively slow to respond to
changes in environmental conditions, with typical lags of
15–60 min or more (Vialet-Chabrand et al., 2017). Thus, sto-
mata are often not in equilibrium with their environment at the
time of measurement, making it difficult to use such measure-
ments to calibrate a steady-state model without significant wait
time.

Despite these known issues in stomatal conductance measure-
ment for steady-state model calibration, they are often not con-
sidered or discussed in the literature reporting or using stomatal
conductance model parameter values. Additionally, associated
errors in estimated parameter calibrations are not generally
well-understood or quantified, prohibiting the development of
efficient measurement protocols that maximize model perfor-
mance. With these gaps in mind, this work sought to evaluate
various approaches for stomatal conductance measurement at the
leaf level for canopy-averaged model parameter calibration in
order to better quantify their differences and ultimately develop

generalized recommendations (Fig. 1). Multiple instrument types
were evaluated, along with sampling strategies across a range of
spatiotemporal scales. In order to supplement limited field mea-
surements, a leaf-resolving 3D biophysical model was used to
simulate measurements and disentangle the variability in stomatal
conductance due to environmental fluctuations from the variabil-
ity caused by differences in the underlying physiological para-
meters that govern stomata.

Specifically, we aimed to answer the following questions:
(1) Spatial and temporal variability: Which spatial and temporal
sampling strategies lead to derived stomatal conductance para-
meters that are representative of average whole-plant and canopy
behavior?
(2) Nonsteady-state effects: How do variable stomatal response
kinetics affect the calibration of popular steady-state stomatal
conductance models? And how can their effects be mitigated in
nonsteady-state survey measurements?
(3) Instrument trade-offs: What are the practical implications of
using porometers vs portable gas exchange systems for stomatal
conductance model calibration with regard to cost, efficiency,
and reliability?

Stomatal physiology

External and internal stimuli Stomata function as evolutiona-
rily optimized feedback controllers that govern a leaf’s carbon
and water exchange. Thus, any environmental variable that causes
a change in the leaf’s carbon and water balance is likely to induce
a stomatal response. The variables that explain the bulk of stoma-
tal response to environmental perturbations (and thus typically
the primary input variables in stomatal conductance models) are
light (photosynthetic photon flux density; PPFD) (Sharkey &
Raschke, 1981; Shimazaki et al., 2007) and evaporative demand
(leaf-to-air vapor pressure difference; VPD) (Buckley, 2005,
2019; Zhou et al., 2013; Grossiord et al., 2020). These quantities
are commonly obtained with nondestructive measurements in
direct coordination with stomatal conductance measurement on
the same instrument (Fig. 2), as with the LI-600 porometer and
LI-6800 portable gas exchange system (LI-COR Biosciences, Lin-
coln, NE, USA), CIRAS-4 (PP Systems, Amesbury, MA, USA),
and LCpro T (ADC BioScientific Ltd, Hoddesdon, Hertford-
shire, UK). Instruments that provide stand-alone stomatal con-
ductance measurement such as the SC-1 (Meter Group,
Pullman, WA, USA) and AP4 (Delta-T Devices, Burwell, Cam-
bridgeshire, UK), porometers can be coupled with independent
photosynthetically active radiation sensors, psychrometers, and
thermocouples for similar data collection.

Several other variables, including those internal to the leaf, also
govern the stomatal response (Lawson & Matthews, 2020) but
require destructive measurements or are difficult to obtain as
independent model inputs, so are often inferred from data using
inversion techniques or estimated from noncoincidental measure-
ments. These include guard cell turgor pressure, epidermal turgor
pressure, osmotic potential, total water potential (Buckley
et al., 2003), intercellular hormone concentrations, particularly
abscisic acid (Acharya & Assmann, 2009; Mansfield, 2012;
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McAdam & Brodribb, 2015), transmembrane ion fluxes (Fan
et al., 2004; Nilson & Assmann, 2007), intercellular CO2 con-
centration (Mott, 1988), and differential light quality (Matthews
et al., 2020; Bernardo et al., 2023).

Stomatal response kinetics Stomata are relatively slow to
respond to changes in external environmental conditions,
with characteristic response timescales of 15–60 min or more
(Iino et al., 1985; Lawson et al., 2011; Drake et al., 2013;

McAusland et al., 2016). The characteristic shape of the time
response is that of an exponential or sigmoidal function
(Vialet-Chabrand et al., 2017). Significant variation in the time
to reach steady state exists between species (Zhang et al., 2022)
and within species (Vialet-Chabrand & Lawson, 2019). Fig. 3
illustrates typical gas exchange time series data logged during the
acquisition of steady-state stomatal response curves and demon-
strates that the time to reach steady state under the same condi-
tions can vary twofold between species, here c. 15 and 30 min.

Fig. 1 Calibrating stomatal conductance (gsw) models often has the goal of characteristically representing different species or broad plant functional types
via the speed, shape, and scale of their responses to environmental stimuli. Two common instruments for data collection to be fed into models include
portable gas exchange systems and porometers, which exhibit key trade-offs. In addition to limited instrumentation, several biological factors complicate
the data collection of stomatal conductance including, but not limited to, variable stomatal kinetics, intracanopy variation, seasonal effects, and
endogenous dynamics such as hormonal cycles, nutrition, or aging that are difficult to represent in stomatal conductance models. Note that graphical
depiction of instruments were chosen based on commonly used and recognizable models but are not meant to promote any one model over another.
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Fig. 2 Typical steady-state and nonsteady-state stomatal measurements and their correlations with environmental variables (red lines). All data (gray
points) are a collection of many tree species, native and cultivated. In the steady-state light and vapor pressure deficit (VPD) response plots (a) and (b), a
single species is highlighted (black points). In (e), the maximum stomatal conductance (gsw) for a given stem water potential (ψstem) is highlighted (black
points). Data were collected over many years using methods similar to the steady-state, nonsteady-state, and pressure chamber methods described in the
Materials and Methods section.
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The response times to different environmental stimuli such as
light and VPD appear to be similar in angiosperms (Fig. 3;
Grantz & Zeiger, 1986). Slow and species-specific stomatal
kinetics complicate the calibration of stomatal conductance mod-
els with steady-state and nonsteady-state measurements because
of the burdens of time and uncertainty that it adds. Beyond slow
but monotonic stomatal kinetics, additional complexities exist
such as oscillatory behavior (Cowan, 1972; Cardon et al., 1994;
Marenco et al., 2006; Steppe et al., 2006), circadian rhythms that
appear to inhibit typical environmental responses (Hennessey
et al., 1993; Dodd et al., 2005; Harmer, 2009; de Resco Dios
et al., 2013, 2016, 2020; Sun et al., 2023), asymmetric time con-
stants of stomatal opening and closing (Kirschbaum et al., 1988;
Ooba & Takahashi, 2003; McAusland et al., 2016), and the
so-called wrong-way response to an increase in transpiration
resulting from an initial loss of water and turgor pressure from
epidermal cells causing a temporary relief of pressure exerted on
and further opening of the stomatal guard cells (Cowan, 1972;
Kappen et al., 1987; Buckley, 2005).

Spatiotemporal variability Plant canopies are made up of a con-
sortia of leaves, each leaf with an individual, three-dimensional
location and orientation that absorbs, reflects, and transmits
incoming radiation. Individual leaf and subleaf fluxes exhibit
much more variation than their canopy-scale equivalents. For
example, due to the shading among leaves and the scattering of
light, the fluxes of light on leaf surfaces often follow chaotic tra-
jectories with abrupt changes (sunflecks and shadeflecks;

Chazdon & Pearcy, 1991), compared with a smoother
whole-canopy light interception trajectory (Fig. 4). Stomatal con-
ductance at the leaf or subleaf scale is a function of the incident
PPFD on individual leaves or subleaf patches and thus varies
widely in both time and space due to sunfleck dynamics. This
rapidly varying leaf-level environmental forcing, combined with
the slow response kinetics described previously, means that sto-
mata are often not in steady-state equilibrium with their environ-
ment at any instant (Kirschbaum et al., 1988; Rayment
et al., 2000; Ozeki et al., 2022).

Physiological variability The underlying stomatal characteris-
tics that give rise to the speed, shape, and scale of stomatal
responses to environmental cues vary across the population of
leaves in a canopy (Vialet-Chabrand & Lawson, 2019), as is
observed with other hydraulic parameters (Anderegg, 2015;
Browne et al., 2023). Leaf age, developmental history, microcli-
matic acclimation, seasonality, and other unaccounted-for phy-
siological differences affect stomatal conductance (Frank, 1981;
Vos & Oyarzun, 1987; Hiyama et al., 2005; Matsumoto
et al., 2005; Maruyama & Kuwagata, 2008; Crous et al., 2025)
and lead to a distribution of stomatal characteristics within a
canopy. Gas exchange measurement protocols for model para-
meter estimation could consider each parameter as a distribution
and attempt to estimate this distribution (and perhaps its rela-
tionship to age and microenvironmental conditions within the
canopy), but time and instrument expense often prohibit this
scale of measurement from being feasible in practice.
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Fig. 3 Typical stomatal conductance (gsw) response time series using the LI-COR LI-6800 portable gas exchange system. Light responses are shown in (a),
(b), (c) and relative humidity (therefore, leaf to air vapor pressure difference) responses are shown in (d), (e), (f). Responses of English walnut (Juglans
regia) are shown in (a), (d), of western redbud (Cercis occidentalis) in (b), (e), and of cowpea (Vigna unguiculata) in (c), (f). Note the difference in
timescales on the x-axis between the three species. The measurement methodology used to collect this data is described in the Materials and Methods
section. PPFD, photosynthetic photon flux density; RH, relative humidity.
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Leaf gas exchange instrumentation

Porometer measurements Porometers use measurements of the
change in water vapor in a chamber (cuvette) due to the presence
of a transpiring leaf to estimate the associated stomatal conduc-
tance (McDermitt, 1990). They notably do not estimate CO2

fluxes and thus do not give a measurement of photosynthetic
assimilation. Different instrument manufacturers use different
approaches for porometer design, but they are usually based on
relatively inexpensive temperature and relative humidity sensors.
In addition to being relatively inexpensive, contemporary porom-
eters can also utilize a small air volume in the leaf chamber lead-
ing to rapid measurement stabilization, facilitating high
measurement rates (100+ measurements per hour). A drawback
of porometer instruments is that they typically do not have envir-
onmental control. This means that stomata are roughly at their
natural state at the time of measurement, which is often not in
equilibrium with environmental conditions given that the
leaf-level environment (light, leaf temperature, air temperature,
humidity, etc.) can change much faster than stomata can
respond, such as when a shadow passes over the leaf. While most
instruments have sensors that simultaneously record environmen-
tal variables (PPFD, air temperature, air humidity, and leaf tem-
perature) at the time of measurement, this may not be
representative of the effective steady-state environment that maps
to the measured stomatal conductance value. This is problematic
for steady-state model calibration because this process necessitates
knowledge of the input environmental conditions corresponding
to the output stomatal conductance value. An additional minor
drawback to porometer-based measurements is that they usually
only give the conductance for one side of the leaf per measure-
ment, which means that multiple measurements per leaf may be
necessary for amphistomatous species (Mott & O’Leary, 1984).

IRGA-based gas exchange measurements Portable gas exchange
systems estimate stomatal conductance based on measurements
of air water vapor concentration using infrared gas analyzers

(IRGAs). By measuring the water vapor added to a cuvette cham-
ber containing a leaf (along with other supporting measure-
ments), stomatal conductance can be inferred, along with
estimates of CO2 fluxes and photosynthetic carbon assimilation.
IRGAs are a relatively accurate means of measuring air water
vapor concentration and thus an accurate means of measuring
the transpiration flux into the cuvette, but they are quite expen-
sive, bulky, require substantial expertise to operate, and have a
number of warm-up tests and recommended best practices that
make their usage time-consuming (Busch et al., 2024). The main
advantage of this type of instrument for measuring stomatal con-
ductance is that it generally allows for precise environmental con-
trol inside the cuvette. Contemporary instruments allow for
control of light, air temperature, air humidity, carbon dioxide
concentration, and to a limited degree, boundary-layer conduc-
tance inside the leaf chamber. Thus, assuming that sufficient time
has passed to allow for stomata to be in equilibrium with the
chamber environment, a mapping can be recovered between
input environmental conditions and output stomatal conduc-
tance, which is ideal for stomatal conductance model calibration.

There are several timescales associated with leaf gas exchange
measurement that users should be aware of. After the environ-
mental parameters have been set and the cuvette chamber has
been closed on the leaf, the instrument and plant do not respond
instantaneously. First, the instrument must adjust the environ-
mental conditions to achieve the set points specified by the user,
which may include adjusting the light flux (which is virtually
instantaneous) or adjusting the air temperature or humidity,
which can take several minutes. Once the instrument environ-
mental set points have been achieved, there is an additional per-
iod required for the chamber water vapor flux to come to
equilibrium, which may take 1–3 min or longer in some cases. At
this point, the measurement is sufficiently stable to record the
stomatal conductance based on the conditions the leaf experi-
enced before the start of measurement (approximately). How-
ever, importantly, the stomata are most likely not at steady state
with the environmental conditions of the chamber at this point,
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Fig. 4 Trajectories of modeled stomatal conductance (gsw), incident photosynthetic photon flux density (PPFD) and leaf-to-air vapor pressure difference
(VPD) of 50 random leaves (gray), three highlighted leaves (black), and the canopy average (bold black) within a virtual 3D canopy using a calibrated
eastern redbud (Cercis canadensis) stomatal conductance model in the biophysical plant simulation library Helios.
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which often requires much more time to achieve. It may take an
additional 15–60 min or more for the stomata to reach steady
state in response to new environmental conditions, even if the
measurement appears ‘stable’ across a timescale of minutes
(Fig. 5). In some cases, such as species with high hydraulic capaci-
tance, stomatal conductance may oscillate for hours before reach-
ing steady state (Cardon et al., 1994; Marenco et al., 2006;
Steppe et al., 2006).

Survey vs steady-state measurements Leaf gas exchange instru-
ments can be applied using a nonsteady-state or ‘survey’ sam-
pling strategy, or at steady state with known, controlled
environmental conditions. For the purposes of steady-state
model parameter calibration, it is ideal to have the plant in
approximate equilibrium with its environment, such that the set
of environmental variables can be mapped to a unique stomatal
conductance state. If such equilibrium conditions do not exist,
the set of measured environmental variables does not necessarily
uniquely map to the current stomatal conductance state at the
time of measurement.

The environmental control associated with IRGA-based leaf
gas exchange instruments allows for stomatal measurement at

approximate steady state, thus providing an ideal measurement
for stomatal conductance model parameter calibration. The user
can set the desired environmental variable set, and after waiting
for stomatal steady state, record the stomatal conductance value
based on equilibrium with that environment. By performing
repeated steady-state measurements on the same leaf, users can
systematically vary specified environmental conditions and gener-
ate smooth response curves that commonly result in excellent
model fits (Fig. 6).

As introduced previously, each steady-state measurement is
time-consuming (c. 15–60 min each) and thus limits leaf-to-leaf
measurement coverage. In a single day of measurement, it may
only be possible to collect steady-state response curves for a few
leaves. Results are thus prone to sampling bias, as resulting model
parameters may be highly dependent on which leaves happened
to be sampled.

On the other hand, survey measurements are relatively fast and
enable efficient spatial sampling of leaves in the canopy. Porom-
eter measurements can be taken in a few seconds to a minute,
depending on the instrument used. IRGA-based gas exchange
instruments, which generally have a larger cuvette volume, still
require 30–60 s for each survey measurement but are fastest when
the device is set to target reference, not sample (chamber) condi-
tions, and provided the ratio of flow rate to chamber volume is
high enough to quickly reach chamber equilibrium (but notably,
not stomatal steady state). Thus, hundreds of survey measure-
ments can be collected in a single sampling session, allowing for
characterization of leaf-level variability across the canopy.

For survey measurements, variability is largely driven by leaf-
level differences in microenvironmental conditions. Since the
environmental conditions experienced by the leaf are not speci-
fied by the user, onboard sensor measurements of incoming
PPFD, air temperature, air humidity, and leaf temperature can
be used to provide inputs needed for model fitting. The draw-
back of the survey approach is that stomatal conductance as a
function of environmental variables is very noisy with two com-
ponents that are difficult to disentangle: variability in leaf-to-leaf
microenvironmental conditions and variability in leaf-to-leaf
underlying physiological parameters. The transient stomatal
conductance state can exhibit dramatic mismatches with its
environmental conditions such as when a leaf has moved from
sunlight to shade just before the measurement is collected and
stomata are still wide open. That measurement will erroneously
associate low light with high stomatal conductance. It remains
unclear what the balance looks like between the increased sam-
ple number afforded by survey measurements and the uncer-
tainty introduced by nonsteady-state stomatal kinetics, and how
many survey measurements are sufficient to come within an
acceptable error tolerance with the underlying steady-state sto-
matal parameters.

Stomatal conductance models

The goal of stomatal conductance models is to both describe
understood stomatal phenomena in observed data (interpolation)
and generalize beyond observed data to predict stomatal
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Fig. 5 Demonstration of the three timescales apparent in ‘steady-state’
stomatal conductance (gsw) data collection. A single leaf of Texas red oak
(Quercus buckleyi) was clamped into a LI-COR LI-6800 chamber from
11:00 to 17:00 PST with a constant photosynthetic photon flux density
(PPFD) of 1600 μmol m�2 s�1, Tair of 22°C and relative humidity (RH) of
35%. First, ‘chamber equilibrium’ is reached on the order of minutes and a
stable measurement can be taken. Importantly, however, stomata have
not reached ‘stomatal steady-state’ in response to chamber conditions,
which took c. 25 min. Finally, underlying ‘diurnal variation’ occurred, likely
due to changes in whole-plant water status, circadian rhythm, or other
effects leading to stomatal closure despite constant PPFD and vapor
pressure deficit over the next 6 h, reducing stomatal conductance by 50%.
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conductance in new scenarios (extrapolation). Models of stomatal
conductance have been developed and deployed in different
scientific disciplines for different purposes. Plant physiologists
and biologists have tended to develop models to support theories
and test hypotheses of underlying mechanisms of stomata (Buck-
ley, 2005; Nguyen et al., 2023; Peak et al., 2023), while agricul-
tural scientists, ecohydrologists, and meteorologists have
employed simplified models (Bassiouni & Vico, 2021; Grisafi
et al., 2022; Sabot et al., 2022) for incorporation into crop mod-
els, land surface models, and large earth system models such as
the Community Earth System Model (Kay et al., 2015). Reviews
of stomatal conductance models can be found in Damour
et al. (2010) and Buckley (2017). We focus on single-equation,
analytically solvable, steady-state models that can be empirically
calibrated from field gas exchange data. Each model has a set of
parameters with values likely varying across species, time, and
space that must be accurately estimated in order to use the model
in a given application.

Below, we highlight some of the most commonly used semi-
empirical, steady-state stomatal conductance models used in agri-
cultural and earth system applications.

Ball–Woodrow–Berry Model (1987) The Ball–Woodrow–
Berry (BWB) or ‘Ball–Berry’ model (Ball et al., 1987) of stomatal
conductance is among the most widely used because of its per-
ceived simplicity, particularly when using coincidental gas

exchange measurements of net photosynthesis and stomatal con-
ductance g sw. The BWB model is typically written as

g sw = g 0 þ g 1
Ah

C a
Eqn 1

where A is net photosynthesis (μmol m�2 s�1), h is the relative
humidity at the leaf surface (unitless), and C a is the ambient air
CO2 concentration (μmol mol�1). The parameters of this model
are g 0 (mol m�2 s�1) and g 1 (unitless).

Ball–Berry–Leuning Model (1995) Leuning (1995) replaced
the linear humidity dependence in the BWB model with the

term 1þ VPD
VPD0

� ��1

, which has a nonlinear dependence on the

vapor pressure deficit, VPD (kPa), and augmented the CO2

response with an offset, the CO2 compensation point, Γ
(μmol mol�1). The Ball–Berry–Leuning model takes the form

g sw = g 0 þ g 1

A 1þ VPD
VPD0

� ��1

C a�Γ
Eqn 2

Medlyn et al.’s optimality model (2011) The Medlyn
et al.’s (2011) model, which sought to reconcile empirical and
optimality-derived stomatal conductance models, has the form

Fig. 6 Stomatal conductance (gsw) measurements and
model fits of eastern redbud (Cercis canadensis) under
steady-state and nonsteady-state. Steady-state
measurements were made on a single leaf using the LI-
COR LI-6800, with a full stomatal response time of c.
45 min. Nonsteady-state measurements were made on
hundreds of leaves at random of the same tree over a
whole day using the LI-COR LI-600 porometer. The
model surface in each case is the best-fit Buckley,
Turnbull, Adams (BTA; 2012) model to the measured data
in each case. Simulated data were generated from a 3D
virtual canopy of hundreds of leaves with realistic ray-
traced light fluxes (Q) and computed water vapor mole
fraction differences (D). The steady-state simulation uses
the BTA stomatal conductance model to generate gsw
fromQ and D values while the nonsteady-state simulation
adds to that a stomatal time-constant-limited approach to
steady-state (time lag) and leaf thermal capacitance (heat
storage).
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g sw = g 0 þ 1:6 1þ g 1ffiffiffiffiffiffiffiffiffiffi
VPD

p
� �

A

C a
Eqn 3

This expression is derived from theory formalized by Cowan
& Farquhar (1977), which postulates that stomata optimize car-
bon assimilation given a fixed water budget. It is a linearized ana-
lytical approximation to a constrained optimization problem that
otherwise requires numerical iteration to solve completely. The
assumptions used to reduce a complex numerical solution into a
simple analytical one include a negligible boundary layer conduc-
tance, only RuBP-regeneration-limited photosynthesis (nonsatur-
ating light conditions), and a decoupling of leaf temperature and
stomatal conductance (Arneth et al., 2002).

Buckley, Turnbull, Adams Model (2012) The Buckley, Turn-
bull, Adams (BTA) model presented in Buckley et al. (2012)
sought to simplify a more explicit biohydromechanical model
representing active and passive stomatal control (Buckley
et al., 2003). The simplified model lumps groups of physiolo-
gical variables into semi-empirical parameters that can be
readily determined from field data. Environmental inputs to
the model are Q , the leaf absorbed PPFD (μmol m�2 s�1),
and D, the leaf water vapor mole fraction difference
(mmol mol�1; VPD divided by Patm, the ambient pressure),
and takes the form

g sw =
Em Q þ i0ð Þ

k þ bQ þ Q þ i0ð ÞD Eqn 4

The parameters Em, k, b, and i0 are treated as empirically
fitted parameters in practice but do retain some intended physio-
logical meaning. Em represents the maximum transpiration rate
as D approaches infinity and equals K l ψ soil þ πeð Þ, where K l is
the leaf specific hydraulic conductance (mol m�2 s�1 MPa�1),
ψ soil is the soil water potential (MPa), and πe is the epidermal
osmotic pressure (MPa). i0 determines the stomatal conductance
in the dark at a given VPD. k primarily affects the shape of the
light response and equals K l

χφ, where χ is the guard cell turgor to
conductance scalar (mol m�2 s�1 MPa�1), and φ is the initial
slope of the guard cell advantage light response (μmol m�2 s�1).
b primarily shifts the VPD response by shifting the D at
which g sw is half its maximum as Q approaches infinity and
equals K l

χαm
, where αm is the guard cell advantage at saturating irra-

diance.

Stomatal conductance modeled as a function of assimilation
Many models, including three of the four we highlight here,
calculate stomatal conductance as a function of photosynthetic
assimilation rate, A (Damour et al., 2010). This has proven
historically successful in capturing this tightly coupled empiri-
cal relationship (Berry, 2012; Buckley, 2017). In most
forward-modeling applications, A is not a measured input, but
rather a modeled quantity alongside g sw. A is most commonly
modeled using the Farquhar–von Caemmerer–Berry model of

photosynthesis (Farquhar et al., 1980), which is a function of
light, temperature, and the internal CO2 concentration, C i,
and has between 10 and 20 free parameters that require their
own separate calibration (Gu et al., 2010; Wang et al., 2014;
Lei et al., 2025). C i is also not a measured quantity in appli-
cations of crop and land surface models, and so it too needs
to be computed, and as a function of g sw. This creates a set of
coupled equations for A, g sw, and C i (e.g. Kim & Lieth, 2003;
Jefferson et al., 2017), which requires iteration to solve as well
as photosynthetic parameters unique to the species being
modeled. This greatly increases the total parameter count to
model g sw from 2–4 to ≳ 10 (stomatal and photosynthetic
parameters) (Bernacchi et al., 2001; Supporting
InformationTable S1) and is especially inefficient in scenarios
in which g sw, temperatures, and transpiration are relevant but
not photosynthetic assimilation (e.g. Krayenhoff et al., 2020;
Ponce de León & Bailey, 2021; Mayanja et al., 2025). Models
requiring A are also not amenable to calibration via a
porometer alone, as porometers do not provide measurements
of A. Approximations of A can be made with the porometer
alone, particularly when equipped with additional instrumenta-
tion for performing fluorescence measurements but first require
calibration using a portable gas exchange system (Kimura
et al., 2025). We demonstrate an approach to this approxima-
tion in Notes S1.

Materials and Methods

Stomatal conductance measurement

Several stomatal conductance data collection campaigns across 18
species (Table S2) were performed in the field (as described later)
to illustrate issues and considerations relevant to performing mea-
surements for stomatal conductance model fitting. The porom-
eter used for survey measurements was the LI-COR LI-600
Porometer/Fluorometer (LI-COR Biosciences, Lincoln, NE,
USA). Survey and steady-state measurements were conducted
using the LI-COR LI-6800 Portable Photosynthesis System with
the small light source chamber head (6800-02).

LI-6800 common settings For all measurements of stomatal
conductance using the LI-COR LI-6800, some common settings
were used across multiple campaigns. The chamber leaf area aper-
ture was 2 × 3 cm2, the flow rate was 500 μmol s�1, the chamber
pressure differential was 0.1 kPa, and the fan speed was
10 000 rpm. Additional settings that differ between experiments
are indicated where relevant.

Stomatal response kinetics For the measurement of stomatal
response kinetics, two healthy, sunlit, fully expanded leaves of
each of two mature tree species, English walnut (Juglans regia)
and western redbud (Cercis occidentalis), were measured using a
LI-COR LI-6800 in Davis, CA, USA, on 27 September 2024
and 12 October 2024, respectively, between 11:00 and 16:00
PST. Two step changes in light intensity were performed on one
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leaf of each species, and two step changes in VPD were per-
formed on the other leaf of each species. Leaves in the light
responses were left to reach steady-state stomatal conductance at
chamber conditions of 50% relative humidity, 25°C air tempera-
ture, and 100 μmol m�2 s�1 PPFD. Step changes to 600, and to
2000 μmol m�2 s�1 PPFD were then made. Leaves in the VPD
responses were left to reach steady-state stomatal conductance at
chamber conditions of 25°C, 2000 μmol m�2 s�1 PPFD, and
50% relative humidity. Step changes to 35% and to 15% relative
humidity were then made.

Intracanopy steady-state variation Six leaves across two neigh-
boring English walnut trees in a research orchard in Davis, CA,
USA, were measured for their steady-state stomatal conductances
from 10:00 to 16:00 PST on 27 September 2024. Leaves labeled
as 1, 2, and 5 were on Tree 1, and Leaves 3, 4, and 6 were on
Tree 2. Two LI-COR LI-6800s were used such that leaf pairs
(1,2), (3,4), and (5,6) were measured parallel in time. Each leaf
was subject to a steady-state stomatal light response followed by a
steady-state stomatal VPD response. The sequence of chamber
conditions for all leaves was (100, 600, 2000, 2000, 2000)
μmol m�2 s�1 PAR, (50, 50, 50, 35, 15)% relative humidity,
and (30, 30, 30, 30, 30)°C air temperature.

Spatiotemporal sampling A random sample of 25 sunlit
leaves and 25 shaded leaves was measured every 2 h from
06:00 to 18:00 PST using a LI-COR LI-600 porometer on a
single eastern redbud tree in Davis, CA, USA, on 3 June 2024
and again on 4 June 2024. Different slices of the hourly data
were used to calibrate a stomatal conductance model, and their
differences in fitted parameter values and modeled outcomes
were evaluated.

Time in chamber test A leaf of a large Texas red oak (Quercus
buckleyi) tree in Davis, CA, USA, was measured on 30 November
2023 from 11:00 to 17:00 PST and subjected to constant LI-
6800 chamber conditions with a PPFD of 1600 μmol m�2 s�1,
Tair of 22°C, and RH of 35% (equating to a VPD of
17 mmol mol�1). A mix of neighboring sunlit and shaded leaves
were periodically measured in their ambient light over the same
time period using an LI-600 porometer to compare of trends of
diurnal g sw inside and out of the chamber.

Stem water potential Stem water potentials, where reported,
were measured with a Scholander pressure chamber from the
average of two shaded, basally located leaves per tree per hour
bagged with a Mylar bag for 30 min before excision and chamber
measurement. Hourly measurements of each tree were made, and
interpolated (Akima, 1970) for a continuous time series. From
this time series, an average stem water potential ψ stem(MPa) was
recorded for leaves during their time in the LI-6800 chamber by
averaging over the time range corresponding to the respective leaf
in the chamber. Midday stem water potential ψ12:00

stem (MPa) of
individual trees was also estimated from these interpolations and
reported where relevant.

Psychrometric correction of porometer stomatal
conductance

Stomatal conductance as measured by porometers has been docu-
mented to diverge from the higher precision measurements made
by portable gas exchange systems (Turner, 1991), particularly
under high chamber relative humidity (McDermitt, 1990), large
gradients in leaf to air temperature (Tyree & Wilmot, 1990), and
large gradients in leaf to sensor housing temperature (Ver-
hoef, 1997). All in all, this can lead to a 50–100% positive bias
seen in porometer g sw over IRGA-based g sw (Lamoureux
et al., 2017; Toro et al., 2019). We also observed this bias and
have attempted to correct for it using a first principles approach,
the details of which can be found in Rizzo & Bailey (2025b). All
of the porometer data used for analysis in this work has had the
correction applied to it, which, on average, reduces values by a
factor of 1.5 but deviates from this average at very high and very
low measured stomatal conductances.

Model fitting

Parameters of the BTA stomatal conductance model (Eqn 4) for
each data group in question were fit using stochastic gradient des-
cent implemented in a plant physiological model fitting library,
PhoTorch (Lei et al., 2025). In addition to minimizing the
mean-squared error between observations and model predictions,
the library adds a few constraints to the formulation to promote
biologically reasonable results in particularly sparse datasets,
namely a positive light response ð∂g sw

∂Q > 0Þ with negative curva-
ture ð∂2g sw

∂Q 2 < 0Þ, a negative VPD response ð∂g sw
∂D < 0Þ, and non-

negative stomatal conductances (g sw > 0). Fitting of all four
models and their comparisons can be found in the Supplemen-
tary Information (Notes S2; Fig. S1; Tables S3–S6).

Simulated data generation

In order to better quantify and understand spatiotemporal varia-
bility in stomatal conductance, a three-dimensional (3D) biophy-
sical plant model was used to simulate leaf-level variability in
stomatal conductance. A virtual canopy allows for realistic sub-
hourly fluctuations in leaf light interception and temperature due
to sunflecks and shadeflecks resulting from other leaves in the
canopy and sun’s angle in the sky. The resulting stomatal con-
ductances are then produced from exactly known steady-state
parameters and environmental conditions, something not achiev-
able at scale in reality. The model, Helios (Bailey, 2019), discre-
tizes the 3D plant geometry into a mesh of rectangular or
triangular planar elements that fully resolves the plant down to
the subleaf scale. These primitive elements serve as the computa-
tional basis for model calculations, for which absorbed radiative
fluxes in the PAR, NIR, and longwave bands are calculated, along
with the element energy fluxes, surface temperature, leaf-to-
atmosphere vapor pressure deficit, and ultimately stomatal con-
ductance. A more complete description of the model is given in
Notes S3; Fig. S2. Example modeled time-series trajectories of
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stomatal conductance, PPFD, and VPD for individual leaves are
shown in Fig. 4.

The simulations were run for 4 June 2024 using weather
inputs from the CIMIS station (Brainard et al., 1996) located in
Davis, CA, USA. For the geometry, a 3D eastern redbud tree
model was synthetically generated with the parametric,
phytomer-based plant architecture framework available in Helios.
Steady-state stomatal conductance was simulated using the BTA
model described previously applied at the subleaf element level,
with coefficients Em = 21.88 (mmol m�2 s�1), i0 = 11.47
(μmol m�2 s�1), k = 138 700 (μmol m�2 s�1 mmol mol�1), b
= 0 (mmol mol�1), obtained from fitting to steady-state stomatal
response measurements. Nonsteady-state stomatal conductance
was simulated using a time-lagged exponential approach to the
steady-state value:

g tþ1
sw = g tsw þ g tþ1

sw,ss�g tsw
� � Δt

τg sw
Eqn 5

where superscripts denote time indices, g sw,ss is the steady-state
BTA model stomatal conductance, g sw is the non-steady-state
realized stomatal conductance, Δt is the timestep (s), and τg sw is
the stomatal time constant (s), which is the time taken to reach
1�1=e , or ≈63%, of the steady-state value.

Model performance metric

Comparisons of measured and modeled time series of average
canopy values were performed using the refined index of agree-
ment (d r, unitless) proposed by Willmott et al. (2012), com-
puted as

d r =
1� a

b
, a ≤ b,

b

a
�1, a> b,

8>><
>>: Eqn 6

a= ∑
n

i = 1

j Pi�Oi j , Eqn 7

b= 2 ∑
n

i = 1

j Oi�O
↼ j , Eqn 8

where Oi are the observed values, Pi are the model predicted
values, and O

↼
is the mean of the observed values. This metric has

the properties of being bounded by �1 and 1, with 1 being a
model that perfectly fits the observations, and �1 being a model
that poorly fits the observations or a scenario in which the obser-
vations themselves do not vary about their mean.

Statistical analysis

A statistical power analysis was used to quantify the rate of suc-
cessfully extracting model parameters within some threshold

error of reference or ‘true’ parameters as a function of sample size
(N ). Simulated data of N max = 86 140 leaf patches were sub-
sampled based on a sample size of N across a range of sample
counts and each fit to BTA to determine its model parameters.
For each subsample, a grid of stomatal conductance values was
computed across a range of light and VPD inputs using the
subsampled-derived extracted parameter set. Each grid was then
compared with the grid generated from parameters derived from
the full dataset using percent relative error (RE) computed as

RE=
1

p
∑
p

i = 1

j g sw,s i�g sw,S i
j

g sw,S i

� 100 Eqn 9

where g sw,S i is the BTA-modeled stomatal conductance for (flat-
tened) grid location i calculated based on parameters fit from the
full dataset S with sample size N max, and g sw,s i is generated from
parameters fitted from a subset of the data s with sample size N .
Thus, when the sample size is equal to N max, RE= 0.

The grids were compared across the domain of Q : ð0, 2000Þ
and D : ð1, 50Þ with p= 502 total points. For each threshold (T)
RE across a range from 0 to 100%, 1000 iterations (I ) were per-
formed, the number of RE below the threshold RE was tallied
(), and success rates (ST) were calculated as

ST =
1

I
∑
I

i�1

 REi <RETð Þ � 100 Eqn 10

Results

Intracanopy steady-state variation

Steady-state stomatal conductance was measured across a range
of PPFDs and VPDs of fully expanded, healthy, sunlit leaves on
the same trees, on the same day, to assess the degree to which the
mapping from PPFD and VPD to steady-state stomatal conduc-
tance is conserved across leaves in a canopy. Measurements
showed up to threefold differences in steady-state conductance
under the same conditions, with some leaves reaching light-
saturated, minimally VPD-stressed stomatal conductances of
0.05 mol m�2 s�1 and others 0.14 mol m�2 s�1 (Fig. 7).

This high leaf-to-leaf variation led to high variability in result-
ing g sw model parameters, and the resulting simulated time
course of modeled g sw (Fig. 7) based on simplified input PPFD
and VPD time courses. For some leaves, the fitted VPD responses
were relatively weak, whereas for others, there was up to a 50%
change in g sw across a range in D of 20 to 50 mmol mol�1.
In the example simulated daily time course of g sw shown in
Fig. 7(c), some leaves exhibited a large midday depression in g sw
while others exhibited none. For estimation of downstream pro-
cesses dependent on g sw such as leaf temperature, transpiration,
and photosynthetic assimilation, this variability would signifi-
cantly influence their magnitude and diurnal pattern. This
demonstrates the limitations of basing stomatal conductance
model parameter estimates on a single or even a few leaves from a
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given species or genotype to characterize its stomatal conduc-
tance. Given the extreme throughput limitations of these steady-
state measurements, it is unlikely that this type of measurement
alone will be able to sufficiently capture both stomatal responses
and leaf-to-leaf variability.

Representativeness of model parameters derived from
varying sampling periods

The goal of gas exchange measurement for g sw model calibration
is often to use measurements from a limited number of points in
time to determine model parameter values that allow for model
prediction across a wide time period (temporal extrapolation).
The representativeness of model parameters derived from select
subsets of the gas exchange measurements was examined by deter-
mining the degree to which they could predict the measured
diurnal trend in g sw across multiple days.

Utilizing all data from a given day (seven measurement peri-
ods) to determine model parameters and repredict g sw for that
day resulted in good agreement. The index of agreement (d r) for
the first day was 0.82 (Fig. S3a) and was 0.77 for the second day
(Fig. S3b). Using the data for a given day to derive model para-
meters and predict the other day (interday extrapolation) signifi-
cantly decreased performance in one case (d r of 0.82–0.47;
Fig. S3c) while minimally altering performance in the other case
(d r of 0.77–0.73; Fig. S3d). It appears the day with higher con-
ductances could better predict the day with lower conductances
but not vice versa.

Performance of whole-day prediction based on parameters
derived from one hour’s worth of data had mixed results
(Fig. S3e,f). For one day, parameters derived from data collected
between 10:00 and 11:00 were sufficient to predict the whole day
with an equivalent agreement score (d r = 0:82). However, in

every other case, using data from only 1 h lowered performance.
For one day, the 10:00–11:00 data were better at predicting the
whole day than 18:00–19:00 data, but this was the opposite for
the other day. Limiting leaf types to only the sunlit or shaded
groups of 1 h resulted in complete loss of predictive performance
(Fig. S3g,h), demonstrating the importance of sampling a variety
of leaves across the PPFD and VPD ranges.

Impacts of nonsteady-state stomatal kinetics

Simulated g sw data incorporating variable stomatal response time
constants were generated to examine the impact of stomatal
nonequilibrium on the ability to sample underlying stomatal
parameters. When stomata respond instantaneously to the envir-
onment (τg sw = 0), every simulated leaf measurement falls exactly
on the underlying model surface (Fig. S4a,e). Increasing the sto-
matal time constant increases scatter about the underlying model
surface due to simulated ‘measurement’ of leaves that are not in
equilibrium with their external environment. For example, at a τ
of 900 s, the probability of sampling stomatal conductance
within 5% of steady state is 33%, while at a τ of 3600 s, that
dropped to 22% (Fig. 8).

Real measurements (Fig. S4d,h) contain the superposed
impact of stomatal nonequilibrium and leaf-to-leaf variability in
underlying physiology (see the ‘Underlying stomatal conductance
parameters show considerable variability in time and space’ sec-
tion), whereas the simulated dataset only contained nonequili-
brium effects. The scatter in the real measured data relative to the
fitted model surface is much higher than that of the simulated
measurements with similar stomatal time constant (d r = 0:65),
which suggests that leaf-to-leaf variability in steady-state stomatal
physiology may contribute more to overall scatter in survey mea-
surements than stomatal nonequilibrium.

Fig. 7 Steady-state stomatal conductance (gsw) response curves of six leaves (labeled ‘L’ 1–6) and one canopy (‘C’) of three neighboring English walnut
(Juglans regia) trees over the course of one day. Leaves with ‘L’ were measured at steady state using the LI-6800, while the canopy ‘C’ was measured
hourly at 50 leaves per hour with the LI-600 porometer. Extracted model parameters for each surface are listed in Table 1, where the canopy shown here is
the Late Season parameter set. Data from each sampled leaf were used to fit the Buckley, Turnbull, Adams (2012) model of stomatal conductance. These
data are plotted along single axes of light (asQ, the absorbed photosynthetic photon flux density (PPFD)) in (a) and vapor pressure deficit (VPD) (as D, the
water vapor mole fraction difference) in (b) for comparison between leaves. In subplot (c), extracted best-fit model parameters for each leaf are used to
show the modeled gsw under a typical, simplified daily regime of PPFD and VPD, the two environmental inputs, exemplifying how leaf choice can
significantly affect resulting calibrated model output, in magnitude and diurnal shape.
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Impacts of time in the chamber and diurnal effects

To examine the impact of the extended time in the measurement
chamber needed to collect steady-state measurements, a leaf was
placed in the LI-6800 instrument and kept under constant cham-
ber environment conditions for nearly 6 h. The leaf reached sto-
matal steady state in c. 25 min, but subsequent logarithmic
decline in the measured g sw was observed over the next 6 h that
reduced stomatal conductance by over half, from c. 0.1 to
0.05 mol m�2 s�1 (Fig. 5). Based on this single leaf measurement
alone, it is difficult to determine whether this decline was due to
chamber effects or whether the leaf was responding to overall
diurnal variation in the tree it was attached to. Performing survey
measurements on neighboring leaves throughout the day revealed
a similar logarithmic decline in measured g sw (Fig. 9). (The over-
all magnitude of g sw, presumably due to leaf-to-leaf variability,
was larger than that of the leaf that happened to be chosen for the
LI-6800 measurement.) This suggests that the observed long-
term variation in measured g sw was more likely to be due to diur-
nal variation in tree water status than from the leaf being sub-
jected to an extended period inside the measurement chamber.

Sample size

A key uncertainty when taking survey measurements is how many
samples are needed to sufficiently fit a stomatal conductance
model and extract parameters close to the true underlying para-
meters. We leveraged simulated data with known true parameters
and a statistical power analysis to determine the relationship
between success rate, acceptable RE threshold, and sample size
(Fig. 10).

Success rate, that is the probability of achieving an acceptable
fitting error at a given sample size, declines hyperbolically as the
error threshold declines (becomes more stringent; Fig. 10a,c).
Similarly, success rate increases along an asymptotic hyperbolic
curve as sample size increases (Fig. 10b,d). Below roughly 150
samples, the success rate was approximately linear with sample
size, above which there was marginal improvement in success
rate. For an RE threshold of 20%, a sample size of above 150
yielded a success rate between 70% and 80%. These results were
relatively consistent between the real and simulated data (Fig. 10)
and were found at a stomatal time constant of c. 1800 s. As the
time constant was changed in simulation, the success rate for a
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Fig. 9 Test of diurnal effects on stomatal
conductance (gsw) in static chamber conditions.
A single leaf of Texas red oak (Quercus
buckleyi) was clamped into a LI-COR LI-6800
chamber from 11:00 to 17:00 PST with a
constant photosynthetic photon flux density (Q,
black) of 1600 μmol m�2 s�1, Tair of 22°C and
relative humidity (RH) of 35%, which equates
to a water vapor mole fraction difference (D,
gray) of 17mmolmol�1. Neighboring leaves
were measured over the same time period using
a LI-COR LI-600 porometer. Note the y-axis
magnitude differences in the top panels.
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Fig. 8 Stomatal kinetics creates significant
deviation from steady state when random survey
sampling is used. Simulated data of a 3D redbud
tree canopy made of 86 140 leaf patches with
known steady-state stomatal parameters was
used within a nonsteady-state simulation with
realistic variable light fluxes and leaf temperatures
to quantify the deviation from steady state of
random survey sampling. Results demonstrate
that deviation from steady-state increases with an
increasing stomatal time constant (τ).
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given number of samples changed inversely (Fig. S5). Thus,
slower stomata would need higher sampling rates than slower sto-
mata to maintain the same level of confidence in parameter esti-
mation.

Discussion

Underlying stomatal conductance parameters show
considerable variability in time and space

In addition to high expected temporal variability in stomatal
conductance itself, results illustrated that the underlying para-
meters that control stomatal responses also vary considerably
over time and space. Likely due to the labor-intensive nature
of stomatal conductance data collection, robust datasets of sto-
matal conductance parameters are sparse and existing evidence
of the variability of intraspecific parameters across space and
time remains mixed with contradictory results (Miner &
Bauerle, 2017). In the illustrative study presented in this work,
steady-state stomatal conductance of six fully expanded,
healthy leaves of the same species exposed to the same envir-
onmental conditions varied up to about threefold (e.g. 0.05–-
0.14 mol m�2 s�1 at saturating light and low VPD), with
associated high leaf-to-leaf variability in extracted model para-
meters (Fig. 7; Table 1). While this steady-state leaf-level data
produced smooth response curves that facilitated reliable model
parameter estimation, choosing only one or a few leaves is
unlikely to produce parameters that are representative of the
entire plant or canopy. The use of ‘survey’ measurements is a

means of better sampling the spatial variability in stomatal
conductance parameters, but the resulting data are noisy and
results in increased uncertainty in the extracted model para-
meters. To mitigate these issues, survey and steady-state mea-
surements could be used in tandem to obtain a robust
representation of the shape of response curves, which could be
scaled appropriately based on survey data averages (Notes S4;
Fig. S6).

In addition to spatial variability in stomatal conductance
model parameters, results showed substantial variation in stoma-
tal conductance and its parameters over timescales ranging from
hours to months. In some cases, the parameters determined from
measurements collected during a given time period could be used
to predict stomatal conductance beyond that time period (extra-
polation), but in other cases, this failed (Fig. S3). In general,
extrapolation appeared most successful when calibration mea-
surements were collected during a period of maximal range in
stomatal conductance (Fig. S3). The model appeared unable to
make extrapolated predictions where g sw values were generally
higher than that of the calibration dataset.

Stomatal conductance is slow to respond to its rapidly
varying microenvironment

Stomatal conductance takes significantly more time to reach
steady-state than a measurement cuvette takes to reach ‘chamber
equilibrium’ (Fig. 5). In order to associate a measured g sw with a
measured PPFD or VPD in a functional manner, tens of minutes
or up to an hour is required for stomata to reach steady state.
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Fig. 10 Statistical power analysis demonstrating
the needed sample size for different success rate
and error thresholds. The percent relative error
(RE), defined as jbx�xj

x � 100, was used as the
discrepancy metric between the ‘true model’
values x and the ‘estimate model’ values bx. The
rate of successfully recovering parameters within
a given error threshold declines hyperbolically as
success threshold is lowered (a, c). Similarly, the
rate of successfully recovering parameters within
a given error threshold increases with sample size
along an asymptotic hyperbolic curve (b, d). Real
nonsteady-state gas exchange data from redbud
with a total sample size of 700 leaf patches was
used for (a, b), and simulated gas exchange data
with a total sample (and population) size of
86 140 leaf patches was used for (c, d). In both
cases, the ‘true’ model parameters are extracted
from each case’s maximum sample count.

New Phytologist (2026) 250: 672–690
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

Research Methods
New
Phytologist684

 14698137, 2026, 1, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.70949 by T

hom
as B

uckley , W
iley O

nline L
ibrary on [05/06/2026]. 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



Many studies associating measured g sw with measured chamber
conditions do not wait long enough, and thus, the resulting mea-
sured g sw is somewhere between the unknown initial ambient
state stumbled upon and the final stomatal steady state in
response to chamber set points. This can lead to unreliable
extracted stomatal conductance model parameters and potentially
erroneous experimental results.

For nonsteady-state measurements, this lagged response gener-
ates deviation from the underlying relationship of g sw and envir-
onmental variables (Figs 6, 8, S4). Using simulations, where the
underlying relationship (steady-state BTA model parameters) was
known, varying stomatal lag time (quantified by the time con-
stant τg sw) could reproduce deviation about the true relationship,
and the deviation increased with increasing τ. Real data showed
significantly more deviation about the best-fit model (Fig. S4).
One explanation is that leaves in the real data exhibit variation in
their underlying stomatal parameters (this is corroborated by
findings discussed above). Another possibility is that the simple
time constant approach that implicitly captures the underlying
nonsteady-state physics does not accurately represent the time
variation in g sw that an explicit, highly resolved biohydromecha-
nical model might in a realistic microenvironment with chaotic
trajectories of ambient conditions. We know that this is at least
partially true given the ‘wrong-way response’ (Kappen
et al., 1987; Buckley, 2005; Kaiser & Paoletti, 2014). In either
case, this deviation leads to difficulties in underlying parameter
estimation, but the nonsteady-state deviations can be mitigated
by careful sampling considerations.

Protocol modifications for different environments

Our protocols were meant to highlight specific challenges in sto-
matal conductance measurement and were developed in a Medi-
terranean climate for plant canopies with accessible leaves.
Adaptations for different ecosystems will be needed. For exam-
ple:
� Tropical forests: High humidities (> 80%) can cause large
measurement bias in stomatal conductance using porometers
(McDermitt, 1990). IRGA-based systems may be preferred, but

VPD ranges attempted in the instrument may need to be
reduced.
� Tall canopies: Leaf accessibility will further constrain sampling
in tall canopies. Tower platforms, cranes, and lifts can be used to
access leaves but dramatically increase sampling costs.
� Arctic/alpine locations: Low ambient temperatures will prohi-
bit portable gas exchange instruments from reaching ideal mea-
surement temperatures described in this study.

Recommendations

Adequate sampling of the spatial variability in underlying leaf-
level stomatal parameters is critical in deriving representative
canopy-average stomatal conductance model parameters. Thus,
survey measurements are needed to sample leaf-to-leaf variabil-
ity, which is not feasible with steady-state measurements. Mea-
surements of only one to a few leaves, which is characteristic of
steady-state measurements, are likely to result in unrepresenta-
tive model parameters. Confidence in extracted model para-
meters increases sharply with sample size at first until beginning
to level off. A statistical power analysis on field data and realistic
simulated data with known underlying parameters suggested
that c. 150 random samples in our case was the beginning of
diminishing marginal returns of the rate of successfully extract-
ing model parameters (Fig. 10). Depending on the application
and the desired throughput speed, different sample sizes may be
considered, but below these apparent ‘inflection’ points confi-
dence in the extracted parameters drops precipitately. Based on
presented findings, we recommend a minimum survey sample
size on the order of 100 to balance throughput and perfor-
mance. However, this scales up with increased stomatal time
constants (Fig. S5). Our datasets primarily consisted of peren-
nials with moderate stomatal response times. Species that exhi-
bit faster stomatal response times (e.g. prominent annual crops
Oryza sativa and Zea mays; McAusland et al., 2016) would
require fewer samples to achieve the same confidence in para-
meter extraction, all else equal.

In order to maximize representativeness of derived stomatal
parameters, survey measurements should be collected during

Table 1 Fitted parameters of the Buckley–Turnbull–Adams stomatal conductance model (Eqn 4) of healthy, fully expanded English walnut (Juglans regia)
leaves across three colocated trees in Davis, CA, USA, over a season measured in two modes, steady-state and nonsteady-state are reported alongside their
coefficient of determination, R2.

Species Season State Device Leaf Tree ψ stem Em i0 k b R2

Walnut Late Steady IRGA 1 1 �1.32 10.6 772 2.88× 105 46.1 0.985
Walnut Late Steady IRGA 2 1 �1.30 4.18 244 2.99× 104 11.0 0.982
Walnut Late Steady IRGA 3 1 �1.45 4.96 228 6.19× 104 16.0 0.978
Walnut Late Steady IRGA 4 2 �1.08 3.07 77.7 9.90× 103 2.03 0.982
Walnut Late Steady IRGA 5 2 �1.08 3.81 1.22 7.53× 103 0.51 0.990
Walnut Late Steady IRGA 6 2 �1.11 3.24 159 4.02× 104 1.23 0.951
Walnut Late Non-steady Porometer – 3 �1.30 11.9 121 8.49× 104 14.9 0.493
Walnut Early Non-steady Porometer – 3 �0.54 10.8 702 9.86× 104 0.84 0.612

Results exemplify the intraspecific (physiological) and intracanopy (spatiotemporal) variation. The time-averaged stem water potential during the sampling
period, ψ stem, is given in MPa. BTA parameters Em, i0, k, and b are given in units of mmol m�2 s�1, μmol m�2 s�1, μmol m�2 s�1 mmol mol�1, and mmol
mol�1, respectively.
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periods containing maximum stomatal conductance, which are
periods of simultaneously high light, low VPD, high soil moist-
ure, and low overall stress. This tends to occur late morning when
light is near its maximum, but air temperature and humidity are
still several hours away from reaching their respective maximum
and minimum. Choose healthy, fully expanded leaves and avoid
periods of stress due to heat, drought, disease, or pests. Note that
stomata of some species exhibit strong circadian rhythms and
may be unresponsive to environmental conditions and instead
driven primarily by internal signals; unless included in a model
in a parameterizable way, times of day strongly influenced by cir-
cadian patterns should be avoided. This is typically the early
morning and late evening.

When sampling leaves for survey measurements, it is critical to
choose leaves with as wide a range of light and VPD combina-
tions as possible, while also limiting measurements to leaves that
do not appear to have recently changed their light level. The wide
range of light and VPD combinations is necessary to explore the
model surface and thus reliably describe environmental responses.
Choosing leaves that have maintained a similar light level for a
prolonged period maximizes the chances that stomata are close to
equilibrium with the environment. Each survey measurement
should be performed as quickly as possible to avoid significant
stomatal responses to the instrument chamber environment
before measurement.

Steady-state response curve data can be used in tandem with
survey measurements to more accurately represent the shapes of
stomatal response curves and the parameters that describe them
(but should generally not be used on their own for calibration if
sparse in number). It is critical when collecting stomatal response
curve data to wait until stomatal steady state is reached at each
light and VPD set point before recording the measurement,
which bears a significant time cost. This limits the amount of
leaf-to-leaf variation that is able to be captured and hinders the
representativeness of the calibrated parameters beyond the sample
of leaves measured. One compromise is to collect a few response
curves, but then scale them using the variation observed in many
survey measurements. This is easily achieved by dividing by their
maximum and multiplying by some derived statistic from the
survey data, such as the mean, maximum, 95th percentile, or a
random sample from a distribution (Fig. S6). We demonstrate
this process in Notes S4.

Canopy-average stomatal conductance model parameters can
exhibit significant seasonal changes. It may be necessary to derive
separate parameter sets based on plant growth stages (e.g. vegeta-
tive growth, reproductive growth, and senescence) in order to
facilitate reliable model predictions over seasonal timescales.
Furthermore, if parameterizing more resolute models that assign
individual leaves unique parameters based on additional measure-
ments of leaf age, position in the canopy, integrated light history,
temperature acclimation, diurnal effects, etc. (e.g. Matthews
et al., 2018; Oliver et al., 2022), then the number of samples may
need to grow exponentially with the number of additional para-
meters included in the model due to the exponentially expanding
dimensional volume of the parameter space.

Three sample protocols for measurements and model calibra-
tion are given in Rizzo & Bailey (2025a) with different scenarios
depending on available time and instrumentation. The protocols
were developed in a temperate climate but are meant to serve as
examples to be easily adjusted for alternative environmental con-
ditions. Software for robust calibration of select stomatal conduc-
tance models has been incorporated into the PhoTorch Python
package for plant physiological model fitting (https://www.
github.com/GEMINI-Breeding/photorch).
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Fig. S4 Simulated and measured stomatal conductance responses
to absorbed light and vapor pressure deficit, illustrating the influ-
ence of stomatal time constants on deviations from steady state.

Fig. S5 Statistical power analysis demonstrating the increased
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