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Abstract: This paper explores the challenges that arise when performing and interpreting leaf
gas exchange measurements in plants subjected to abiotic stress. It highlights how factors such
as cuticular fluxes, stomatal closure, and common assumptions about gas exchange can lead to
errors, especially under stress conditions. Key phenomena such as substomatal cavity
unsaturation and stomatal patchiness during water stress are discussed in detail, as they
significantly complicate the calculation of gas exchange parameters under stress. The paper also
addresses the importance of other factors, including steady-state conditions, the differences
between adaxial and abaxial surface responses, and boundary layer effects, all of which play
critical roles in influencing the accuracy of measurements. Important physiological indicators—
such as intrinsic water-use efficiency, minimum leaf conductance, substomatal CO;
concentration, and mesophyll conductance—are analysed in the context of how stress-induced
discrepancies in data often result from measurement artefacts rather than true physiological
differences. To address these challenges, the paper outlines practical approaches to improving
measurement accuracy, offering insights on standardising experimental conditions and
minimising errors. By recognising these issues, gaps in current knowledge are identified,
providing a comprehensive overview of the challenges in interpreting leaf gas exchange data
under stress conditions and suggesting areas for further study.

Keywords: plant stress; cuticular conductance; stomatal patchiness; unsaturation; abaxial,
adaxial; leaf gas exchange

1. Introduction

Leaf gas exchange measurements have been instrumental

physiological responses related to photosynthesis. Over time,
reliable models were developed to estimate internal leaf
conditions from external measurements, leading to the

in plant physiology research, underpinning critical aspects of
photosynthesis and transpiration (Long & Bernacchi, 2003;
Sharkey, 2016). Gas exchange involves the movement of
carbon dioxide (CO,), oxygen (O2), and water vapour (H20)
into and out of the leaf. A significant area of scientific interest
has been understanding the mechanisms governing the ratio of
CO, uptake to water loss (Cowan & Farquhar, 1977; Deans et
al., 2020), i.e., assimilation (A) and transpiration (E) rates.
Over the past century, these measurements have been used to
explore plant-environment interactions at the leaf level, with
methods evolving from early porometer techniques to today’s
sophisticated systems such as the L1-6800 (LI-COR, Lincoln,
NE, USA), Walz GFS-3000 (Walz, Effeltrich, Germany),
CIRAS-4 (PP Systems, Amesbury, MA, USA), among others.
From the early stages of using these techniques, one of the aims
was to estimate the internal leaf microenvironmental
conditions that would allow us to better scrutinise the plant's

license (https://creativecommons.org/licenses/by/4.0/).

definition of key physiological parameters that encapsulate
biological meaning (Gaastra, 1959; Moss & Rawlins, 1963;
von Caemmerer & Farquhar, 1981; M&quez, Stuart-Williams,
& Farquhar, 2021). Physiological parameters such as stomatal
conductance to water (gsw) and internal CO, concentration (c;)
have become standard and common language in plant sciences,
as they serve as the cornerstone for comparing trends, checking
for improvement, or evaluating performance in planta.
External measurements, combined with modelling, enable
us to explore in planta physiological responses to varying
environments, growth conditions, and broader ecophysiological
trends (Wong, Cowan, & Farquhar, 1979; Farquhar, von
Caemmerer, & Berry, 1980; Farquhar & Richards, 1984). These
approaches have provided a wealth of information linking
biochemical and biophysical knowledge in plant sciences with
leaf- and plant-scale phenomena. Thus, leaf gas exchange
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measurements have been pivotal in numerous areas of plant
science research (see, for example Wong, Cowan and Farquhar
(1979); von Caemmerer and Farquhar (1981) and Long and
Bernacchi (2003)) and are often the benchmark for assessing
treatment effects and evaluating genetically modified organisms
in planta (von Caemmerer, 2000; Long & Bernacchi, 2003; von
Caemmerer, 2013).

The physical principles—including diffusion theory,
Fick’s laws of diffusion, and mass conservation—underlying the
estimation of gas exchange parameters and the interpretation of
these calculated values are well-established and scientifically
sound. These principles are based on assumptions that have been
developed from studies conducted on healthy, well-watered
plants, which typically exhibit high assimilation rates and
stomatal conductances (Gaastra, 1959; Scholander et al., 1965;
von Caemmerer & Farquhar, 1981). While these assumptions
work reliably for unstressed plants, they were not initially
designed for application to stressed plants. As a result, when
transitioning to stress conditions, such as drought or extreme
temperatures, the robustness of these assumptions is called into
question (Turner, Schulze, & Gollan, 1984; Boyer, Wong, &
Farquhar, 1997; Boyer, 2015a; Yan, Zhong, & Shangguan,
2016; Cernusak et al., 2018; Buckley & Sack, 2019; Cernusak
etal., 2019). This raises important concerns about the reliability
of gas exchange data collected under stress conditions and
whether the interpretations drawn from these measurements
remain valid.

Some notable examples of these assumptions during gas
exchange measurements include the assumption that leaf
cuticle conductance to water (gew) is negligible. This
assumption is critical for calculating gsw, assuming that
transpiration passes only through the stomatal pores (von
Caemmerer & Farquhar, 1981). However, under water stress
conditions, the cuticle can become a more significant pathway
for water loss, invalidating this assumption and potentially
leading to errors in the estimation of gas exchange parameters
(Boyer, Wong, & Farquhar, 1997; Boyer, 2015a; Tominaga &
Kawamitsu, 2015; Maquez, Stuart-Williams, & Farquhar,
2021). Another key assumption is that the internal leaf gas
space is saturated with water vapour (Gaastra, 1959), which is
a crucial assumption for determining the driving force for
water vapour diffusion from the leaf to the atmosphere.
However, evidence suggests that the saturation assumption
may no longer hold under mild to severe water stress
conditions, resulting in inaccuracies in gas exchange
measurements and interpretations (Cernusak et al., 2018;
Wong et al., 2022; M&quez et al., 2024). Additionally, there
is the assumption that leaf surface properties, such as stomatal
aperture and stomatal conductance, are uniform across the leaf
(Moss & Rawlins, 1963). While this assumption may be valid
for unstressed plants, it does not always hold for stressed plants
(Laisk, 1983; Downton, Loveys, & Grant, 1988). Stressed
plants frequently exhibit substantial heterogeneity in stomatal
behaviour within a single leaf and among different leaves on
the same plant (Mott, Cardon, & Berry, 1993; Cardon, Mott,
& Berry, 1994; Mott & Buckley, 2000). These inconsistencies
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can introduce significant errors in gas exchange calculations
and complicate the interpretation of the data, potentially
undermining our calculations or even making them essentially
wrong.

"Lo que por sabido se calla, por callado se olvida"
— Spanish Proverb
(Translation: "What is assumed to be known and left
unspoken, by remaining unspoken, falls into oblivion.")

Over the past century, scientists have extensively
documented the weakening of fundamental assumptions in gas
exchange measurements when the conditions required to uphold
these assumptions are unmet. It has been noted that the
robustness of these assumptions is closely linked to the presence
of an unstressed plant during measurement. This is especially
important considering the increasing interest in assessing how
stressful conditions affect plant physiology, particularly in light
of the anticipated challenges posed by climate change
(Grossiord et al., 2020; Fu et al., 2024). Addressing these
uncertainties in a practical manner, rather than merely
theoretically, is essential, but they are often overlooked in many
studies. This mirrors the old Spanish proverb, “Lo que por
sabido se calla, por callado se olvida:" despite general
awareness of these uncertainties, they often remain implicit,
theoretical, and largely unspoken in the context of plant
physiology. However, we must critically examine and challenge
these underlying assumptions to fully capitalise on our
understanding of gas exchange in stressed plants. This requires
investigating when, why, and how these assumptions fail and
determining how we can account for or bypass these weaknesses
to improve the reliability of our measurements.

Importantly, we are not starting from scratch. Numerous
researchers have already explored the weakening of these
assumptions in stressed plants, offering potential solutions,
alternative methods, and strategies to address various aspects
of the problem. Building on this foundation, our aim here is to
identify the challenges encountered during gas exchange
measurements of stressed plants, discuss the causes of these
challenges, and highlight the remaining gaps that still need to
be addressed for a better understanding of leaf gas exchange
under stressed conditions. Additionally, when possible, we
seek to provide practical solutions to mitigate or avoid these
problems to ensure that results extracted from experiments
under stressed conditions are robust and reliable.

2. Gas Exchange Measurements

Let us briefly address the calculations involved in common
leaf gas exchange measurements. Gas exchange systems
typically include a chamber that encloses an area of leaf in an
open gas system, where a reference gas is introduced (Gaastra,
1959). The entering gas (reference) and the gas exiting the
chamber (sample) are analysed for water vapour and CO;
concentrations (Figure 1a). Additional measurements are taken
from the chamber and leaf, including leaf and air temperature,
flow rate into the chamber, and light intensity.
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The mass balance obtained from the flow rate, and the
reference and sample concentrations, permit to derive the
following expression for the transpiration rate (E):

E = HouWa — HoWo
S

M

where uoy is the flow rate exiting the chamber, wo is the flow
rate entering the chamber, wy is the water vapour mole fraction
entering the chamber, w, is the water vapour mole fraction
exiting the chamber, and s is the projected leaf surface area
within the chamber. The flow rate exiting the chamber is
approximated as 4, ~ 4, +SE , neglecting CO, uptake due to

its significantly lower magnitude compared to water release.
Consequently, the equations for E become:

_ Hy (Wa _WO)
== s(1-w,) @)

Analogous for CO; assimilation rate (A)

1-w,
A=%{CO —ca(l_WfJ H ®

where ¢q is the CO, mole fraction entering the chamber and ¢,
is the CO, mole fraction exiting the chamber.

These equations allow us to estimate A and E based on the
known leaf surface area within the chamber. While the degree of
control over gases entering or exiting the chamber, temperatures,
light intensity, and other factors varies across different
commercial and in-house developed gas exchange systems, the
fundamental objective remains the same. These systems aim to
estimate the same gas exchange parameters, the ease with which
water escapes the leaf and the CO, concentration within the leaf,
from the above mass flow balances.

Gas exchange parameters are defined using an analogy to
electrical resistances, with the boundary layer, stomata, and
cuticle acting as resistors for water vapour and CO; diffusion
(Figure 1b) or their inverses, conductances. The most recent
theory for estimating these parameters was presented by
Maquez, Stuart-Williams and Farquhar (2021), representing
water vapour diffusion from the leaf surface and substomatal
cavity to the atmosphere as:

fy= et r, = 1 {WS_Wa}
w bw T —_

i+i 1 " 1 E - Ew,

ow sw We — W W, — W

Ec Es_EsWs

and 4
_wWtw,
W, =

2
vT/b—W5+Wa

2

where rw, rew, 'sw, and row are the total, cuticular, stomatal, and
boundary layer resistances to water vapour diffusion,
respectively. E;, and Es are the cuticular and stomatal

transpiration rates such that E=E +E,, and we, ws, and w; are
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the cuticular, leaf surface, and substomatal cavity mole fractions
of water vapour, respectively. Parameters W, and W, are
associated with ternary corrections through the stomata and
boundary layer. The aim of water measurements is usually to
obtain rsw, which from Equation (4) is

r o= Wi — W
" E_Ew, (5)

To solve Equation (5) the values for row, Ws, rew, and Ec (
E, =E-E,) are needed.

Empirical values of ryy for the gas mixing system in the

chamber are typically embedded in the instrument's
calculations. Given rpw, Ws can be estimated as,
erE(l—Wajera
2
w, = 2 )

l+r —
bw2

There are independent methods that allow for the
estimation of rew, which should be conducted either before or
after the experiment at hand. These estimates assume rew
remains constant as long as the leaf is turgid, with w, generally
considered equal to w;, thereby allowing for the estimation of
Ec (from Equation (4): E, =(W —w,)/r, ). Details of the

available techniques and the assumption of constant re, will be
discussed later in the text.

The common assumption is that there are vapour water-
saturated conditions within the leaf (wi = wsa), S0 that w; can
be estimated from the dew point at leaf temperature:

17.502T,
240.97+T,
w, = 0.6111§1e ! @)

atm

where T is leaf temperature in Celsius, and Pam is atmospheric
pressure (kPa). Then, all the parameters to obtain rsy (Equation
(5)) are estimated.

Analogous to Equation (4), for CO; the resistance becomes:

S R ! {CS_Ca}
tt T be =
1,1 1,1 A+ET,
LS |:Ccut_cs:| |: G —C j|
A A +ET
and ©)
Q:Ci+cs
2
_ C, +C,
C, = 5

where ri, re, I'se, and ryc are the total, cuticular, stomatal, and
boundary layer resistances to CO, diffusion, respectively. Ac
and A are the cuticular and stomatal assimilation rates, and Ceu,
Cs, and ¢; are the cuticular, leaf surface, and substomatal. cavity
mole fractions of CO;, respectively. The aim of CO;
measurements is usually to obtain c;.
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Figure 1. Schematic of gas exchange system setup and illustration of H20 and CO2 gas exchange. (a) Diagram of a typical gas
exchange chamber system, illustrating the flow of the sample (blue lines) and reference (red lines) air through the chamber, which
houses the leaf. Infrared gas analysers (IRGA) measure water vapour and CO2 concentrations in the sample and reference flows to
estimate bulk transpiration (E) and assimilation (A) rates. The upper and lower cuvette fluxes are typically mixed in standard gas
exchange systems, resulting in bulk measurements of gas exchange parameters. (b) Detailed representation of H.O gas exchange
(left) and COz2 gas exchange (right) at the adaxial (upper) and abaxial (lower) leaf surfaces in an amphistomatous leaf. This panel
illustrates the separate gas exchange processes for each leaf surface, which can be measured individually if the upper and lower
cuvettes are analysed separately—though this setup is not common in commercial gas exchange systems. Stomatal, cuticle, and
boundary layer resistances are depicted for both surfaces, along with the mole fractions of water vapour and CO.. (c) Simplified
depiction of overall H20 and CO: gas exchange as in most commercial systems. A bulk measurement of transpiration (E) and CO2
assimilation (A) rate is obtained, representing the combined contributions of stomatal and cuticular components from adaxial and
abaxial surfaces alongside a bulk boundary layer conductance. Parameters: wi is the water vapour mole fraction in the substomatal
cavity, s is the water vapour mole fraction at the leaf surface, wa is water vapour mole fraction exiting the chamber (i.e., atmospheric),
Wo is the water vapour mole fraction in the reference gas, ci is the CO2 mole fraction in the substomatal cavity, cs is the CO2 mole fraction
at the leaf surface, ca is the CO2 mole fraction exiting the chamber (i.e., atmospheric), co is the CO2 mole fraction in the reference gas, rsw
is the stomatal resistance to water vapour, row is the boundary layer resistance to water vapour, rs is the stomatal resistance to COz, ruc is
the boundary layer resistance to COz, rew is the cuticular resistance to water vapour, rcc is the cuticular resistance to COz, uo is the flow
rate of the reference gas, ad and ab subscripts refer to the adaxial and abaxial leaf surfaces, respectively.
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Table 1. Summary of the key challenges in gas exchange measurements under stress conditions.

Category

Key Challenges

Small fluxes (Leaf cuticle)

Neglecting gew: Ignoring cuticular conductance when stomatal conductance is low can result in
significant overestimations of gsw and ci.

Variability in gew: Differences in gew across species and under stress conditions complicate the
universal application of a value for the parameter.

Unsaturation in the substomatal cavity

Saturation assumption (wi = Wsat): Assumption of water vapour saturation fails under moderate to
high VVPD, resulting in underestimation of gsw and ci.

Non-stomatal control of transpiration: Often overlooked, it introduces errors in physiological
interpretations, including gsw and ci.

Patchiness

Stomatal spatial and temporal heterogeneity: Uneven stomatal behaviour across the leaf surface
distorts gas exchange parameters such as ciand gsw.

Unpredictability: Limited understanding of the drivers of patchiness and lack of methods to
account for its effects in gas exchange measurements.

Adaxial and abaxial flux differences

Combining fluxes: Mixing fluxes from both leaf surfaces may obscure important stress responses
and result in misinterpretations.

Steady-state conditions

Complexity of defining: Fluctuations and transient responses under stress make it challenging to
define and evaluate steady states in gas exchange measurements.

Technical and calibration errors

Unreliable raw data: Sensor drift, condensation, lack of equipment maintenance, and unstable
environmental conditions can compromise the accuracy of gas exchange measurements (not
discussed in detail here, but a key challenge overall).

Flow rate adjustments

Signal-to-noise ratio: Balancing the signal-to-noise ratio with maintaining environmental
conditions is challenging, particularly for low gas exchange rates under stress.

Practical constraints in fieldwork

Complexity in measurements: Translating lab insights, such as the implementation of advanced
measurement techniques or specific conditions, to field settings is challenging due to environmental

variability and logistical constraints.

To obtain rs and ryc, the estimates of rsy and ruy are used
with the ratio of water over CO; diffusivity coefficients (
Dy 0./ Deo, ), which range around 1.58 + 0.04, (Massman,

1998), usually taken as 1.6. Then, r_ =16r, and from Cowan
(1972) r_=16*r, =137r,,. Then, cs can be estimated,

c, [rl—gj— A
_ be
Cs - 1 E (9)
7+7
L, 2

Unlike rcw, reliable techniques to estimate rec are scarce
due to the difficulty of obtaining accurate Ac measurements.
Currently, roy is used as a reference with a diffusion coefficient
ratio for CO, and water through the cuticle between 20 and 40
(Boyer, 2015b; Maquez, Stuart-Williams, & Farquhar, 2021).
Regardless, assuming Ac equals 0 and neglecting rec introduces
negligible error in gas exchange calculations (M&quez, Stuart-
Williams, & Farquhar, 2021).

Finally, ¢; can be estimated as,

(10)

From the equation presented above, it is evident that the
assumptions discussed earlier significantly influence our
estimations and propagate through subsequent calculations if
incorrectly applied (see Table 1). This highlights how errors in
parameter assumptions can undermine the reliability of

measurements under stress conditions, ultimately leading to
misinterpretations of physiological responses.

3. Risk of Misreading Physiological Trends in
Stressed Plants

It is essential to recognise that technical and calibration
issues are a significant source of error in gas exchange
measurements. Common problems include erroneous
calibrations leading to physically impossible values, such as
negative c;, and technical issues related to temperature
fluctuations, condensation, or measurements taken during
transition states. These errors can compromise the accuracy of
raw data, making proper instrument calibration and operation
critical before proceeding to parameter estimations. While
technical and calibration issues are fundamental and warrant
detailed exploration, they are not the focus of this manuscript.
Other publications, manuals and reviews, such as Flexas et al.
(2007a), Kitao, Harayama and Uemura (2017), LICOR (2020),
Garen et al. (2022), Busch et al. (2024) among others, have
addressed these topics comprehensively.

Leaving aside possible technical errors and calibration
issues that could arise from the instruments and sensors during gas
exchange measurements, the main source of error is usually the
erroneous estimation of rg, or its inverse stomatal conductance to
water (gsw = 1/rsw) (Laisk, 1983; Mott, 1995; Boyer, 2015a;
Maquez, Stuart-Williams, & Farquhar, 2021; Wong et al., 2022;
Maquez et al., 2023a; Hussain et al., 2024). This error can emerge
from neglecting some relevant fluxes, such as cuticular
transpiration, erroneously assigning values to parameters
indirectly estimated, such as w;, or a more general problem with
the used model, such as assuming even stomatal behaviour on the
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leaf surface (Table 1). Regardless of the source, any parameters
derived from rs and the physiological trends based on those
parameters will be compromised, with the likelihood of these
errors increasing when dealing with stressed plants.

In this section we explore the potential for misinterpretations
of commonly used parameters and physiological trends derived
from leaf gas exchange measurements in plant stress research.
These parameters are often employed to compare treatments in
experiments and to draw conclusions in studies. Thus,
misinterpretations can result in inaccurate assessments and
potentially flawed conclusions.

3.1. Intrinsic water-use efficiency interpretation

Intrinsic water-use efficiency (iIWUE = A/gsw) provides a
simple yet effective means for evaluating plant water-use
efficiency by combining the rate of carbon assimilation with
stomatal conductance to water into a single, easily comparable
ratio (Flexas et al., 2013; Leakey et al., 2019). This approach
is often preferred over direct flux measurements (A/E) as it
accounts for the influence of atmospheric vapour pressure
deficit (VPD), normalising the data in relation to atmospheric
demand. Such normalisation is particularly advantageous in
drought and stress research, where it is believed to assist in
identifying species or genotypes better adapted to water-
limited environments.

Moreover, iWUE, combined with techniques like carbon
isotope discrimination, enables comparative analyses across
plant species and environmental conditions. This makes it
valuable for breeding programs, ecological studies, and
agronomic research focused on optimising water use (Condon
et al., 2004). In this regard, recent studies have gone even
further by correlating long-term iWUE with nonphotosynthetic
12C/3C fractionation in carbon isotope discrimination data
from plant biomass. Yu et al. (2024) showed that correcting
iIWUE estimates for this fractionation helps to reconcile
discrepancies between isotope-based iWUE and those derived
from gas exchange measurements, giving a practical approach
for long-term iIWUE estimations.

It is important to note that the strengths of iIWUE can also
be a limitation. While iWUE is closely linked to stomatal
conductance, it provides a limited snapshot that may not fully
capture the plant’s overall water use strategy (Liang et al., 2023).
Factors such as VPD can influence stomatal conductance and
transpiration, creating feedback loops that complicate the
assumption of a steady-state relationship among these variables.
Additionally, other factors beyond stomatal behaviour can
influence transpiration at any given time, potentially leading to
incorrectly estimating gsw and biasing iIWUE analysis, for
instance, if factors such as patchiness or unsaturation in the
substomatal cavity are neglected.

In this regard, another important consideration beyond
the calculation of iWUE is its interpretation, which inherently
assumes that stomatal aperture is the sole regulator of plant
transpiration (Farquhar & Raschke, 1978). However, even if
Osw is accurately estimated while accounting for non-stomatal

Plant Ecophysiol. 2025, 1(1), 2
control of transpiration, the interpretation of iIWUE becomes
problematic. Non-stomatal control of transpiration allows for
reductions in transpiration rate without impacting carbon gain,
meaning transpiration can decrease without stomatal closure.
This decoupling makes the traditional definition of IWUE
(IWUE = A/gsw) less straightforward in conditions of
substomatal cavity unsaturation (Maquez et al., 2024). Further
research is necessary to fully understand the role of non-stomatal
factors in regulating transpiration and how these factors may
influence the interpretation of iWUE measurements.

3.2. Minimum leaf conductance

Minimum leaf conductance to water (Qwmin) IS @
measurement that reflects the lowest conductance to water loss
through the leaf surface, typically observed in the dark when
stomata are likely closed (Duursma et al., 2018). This
conductance is a composite value that reflects both cuticular
and minimum stomatal conductance and should not be
attributed as a proxy of either (M&quez et al., 2021). The
importance of studying gwmin lies in the fact that plants
continue to lose water at night without any corresponding
carbon gain, and nocturnal respiration further contributes to
carbon depletion (Caird, Richards, & Donovan, 2007; Resco
de Dios et al., 2019). In stressed plants, such as those under
soil moisture depletion, where water use efficiency becomes
even more critical, gw,min Can account for a significant portion of
total water use and influence the plant’s overall carbon balance.

Under stress conditions, minimum leaf conductance has
been observed to vary in response to environmental factors
such as low relative humidity and variation in temperature
(Duursma et al., 2018; Wang et al., 2024). This raises
important questions about the respective contributions of
stomatal and cuticular conductance under these conditions and
how each responds to environmental stress. Research has
shown that the proportion of water transpired through the
cuticle relative to that lost through the stomata can vary widely
among species and is likely influenced by growth conditions
(Caird, Richards, & Donovan, 2007; Magquez et al., 2021).
However, detailed information on these responses remains
limited and warrants further investigation.

Cuticular conductance can fluctuate when leaves lose
turgor (Boyer, 2015b), and there is speculation that it may also
change under extreme heat, based on isolated cuticle
temperature permeability evaluation (Burghardt & Riederer,
2006). However, existing in planta measurements (Maquez,
Stuart-Williams, & Farquhar, 2021) do not support this
proposition. It is important to note that these measurements
have not been extensively conducted across a broad range of
species and temperature ranges, highlighting the need for
further research on the topic. On the other hand, stomatal
conductance is known to vary even in the dark, but the
physiological significance of this response is not yet fully
understood (Caird, Richards, & Donovan, 2007; Resco de Dios
et al.,, 2019). The physiological role of minimum stomatal
conductance also requires more attention to fully understand

https://doi.org/10.53941/plantecophys.2025.100002
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its impact on plant water and carbon dynamics. Still, in this
context, cuticular conductance remains the most elusive and
least understood parameter for studying giw,min.

3.3. COz concentration in the substomatal cavity (ci)

The concentration of CO; within the leaf’s air spaces,
particularly in the substomatal cavity (c;), serves as a crucial
gateway for understanding the intricacies of photosynthesis
and CO; diffusion within the leaf (von Caemmerer & Farquhar,
1981; Long & Bernacchi, 2003). Accurately estimating c; is
paramount for plant stress research, as it directly influences the
interpretation of physiological responses and the calculation of
critical parameters such as photosynthetic capacity (Busch etal.,
2024) and mesophyll conductance (M&aquez & Busch, 2024).

One of the primary tools for assessing the photosynthesis
response under varying conditions is the A-ci curve, which
plots the rate of photosynthesis (A) against the intercellular
CO, concentration (cj). This curve is instrumental in
diagnosing limitations to photosynthesis, whether they are
biochemical (e.g., limitations in the Calvin cycle) or physical
(e.g., limitations due to stomatal conductance) (Farquhar, von
Caemmerer, & Berry, 1980; von Caemmerer & Farquhar,
1981; Farquhar & Sharkey, 1982; Busch & Sage, 2017).
Additionally, the ratio of c; to ambient CO, concentration (ca)
is frequently used to infer the efficiency of CO, uptake relative
to the external environment, providing a window into the
plant’s physiological state under stress conditions. Typically,
a Cilc, ratio of 0.6-0.7 for Cs plants and 0.3-0.4 for C,4 plants
is regarded as optimal or indicative of unstressed conditions
(Wong, Cowan, & Farquhar, 1979).

However, the accurate estimation of ¢; is fraught with
challenges, particularly under stress conditions. The standard
approach to estimating c; involves the calculation of gs and
assumes that this is the sole pathway for gas exchange. This
approach, however, overlooks other potential factors, such as
cuticular conductance to water (gew) or the uneven closure of
stomata across the leaf surface (stomatal patchiness) (von
Caemmerer & Farquhar, 1981). During stress conditions,
failing to account for gew or stomatal patchiness can lead to an
overestimation of ¢; (Mott, 1995; Boyer, 2015a). Conversely,
ci can be underestimated if the assumption of saturated water
vapour in the substomatal cavity, which is typically assumed
to be saturated at leaf temperature, does not hold. Under certain
stress conditions, such as high temperature or low humidity,
the water vapour in the substomatal cavity may not be fully
saturated, which can lead to an overestimation of the diffusion
gradient and, consequently, an underestimation of ¢i (Wong et
al., 2022; Cernusak et al., 2024).

Moreover, the internal CO, concentration is not uniform
throughout the leaf. Gradients of CO, are likely to form,
particularly in amphistomatous leaves, which have stomata on
both the adaxial (upper) and abaxial (lower) surfaces. In such
leaves, each surface may have a distinct ¢, influenced by
different rates of stomatal conductance and photosynthetic
activity (Wong, Cowan, & Farquhar, 1985c; Wong, Cowan, &

Plant Ecophysiol. 2025, 1(1), 2
Farquhar, 1985h; Parkhurst et al., 1988; Wall et al., 2022;
Maquez et al., 2023a). Most gas exchange measurements,
however, combine signals from both leaf surfaces, resulting in
a single, averaged c; value (Figure 1c). This average ¢; is a
weighted value, reflecting the relative contributions of the
adaxial and abaxial surfaces to the overall assimilation rate
(M&aquez et al., 2023a), which can obscure the underlying
physiological differences between the two surfaces.

Given the critical role of ¢ in understanding plant
physiology, particularly under stress conditions, it is
imperative to ensure that its estimation is accurate and precise.
Inaccuracies in c; estimation can lead to the misinterpretation
of physiological trends and erroneous conclusions about a
plant’s response to stress. Therefore, researchers must
carefully consider the potential sources of error, including the
effects of cuticular conductance, stomatal patchiness, and
unsaturation of water vapour in the substomatal cavity, when
interpreting c; data from experiments in plants under stress.

3.4. Mesophyll conductance

Mesophyll conductance (gm) refers to the ease with which
CO; moves from the substomatal cavity to the sites of
carboxylation in the chloroplasts (Evans et al., 1986). It plays
a crucial role in determining the efficiency of photosynthesis
and overall plant productivity. In studies of plants under stress,
Om has gained importance due to the suggested interaction
between mesophyll cell wall thickness and composition with
water stress tolerance and the potential trade-off that could
occur with a reduction in gm (Clemente-Moreno et al., 2019;
Roig-Oliver et al., 2020).

The common calculations of gm rely on ¢i measurements,
meaning that any errors in c; can lead to inaccurate gm values.
Even when c¢; is accurately estimated, measuring and
comparing gm under stress conditions presents additional
challenges. A key issue arises when measurements are
conducted under constant atmospheric CO; concentration (Ca)
rather than constant ¢; (Maquez & Busch, 2024). This
approach can introduce inconsistencies when comparing gm
across treatments, as gm is known to respond to variations of c;
(Flexas et al., 2007b; Vrébl et al., 2009; Maquez & Busch,
2024), potentially compromising the robustness of the analysis
and leading to misleading conclusions.

There is substantial evidence that CO. concentration
affects gm measurements, although the underlying mechanism
is still debated (Flexas et al., 2007b; Hassiotou et al., 2009;
Tazoe et al., 2011; Xiong et al., 2015; Busch et al., 2020;
Maquez & Busch, 2024). Typically, gm reaches a maximum at
specific ¢; levels and decreases with either increasing or
decreasing ci. This variability highlights the difficulty of
accurately correlating a single gm measurement with treatment
effects without additional data. Given the impact of CO;
concentration on gm estimations, the practice of using constant
Ca in experiments should be approached with caution, as it risks
leading to incorrect conclusions. Instead, methodologies that
account for varying c; should be employed to ensure more
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accurate and reliable assessments of gn variations associated
with specific treatments, especially under stress conditions.

4. Small Fluxes (Leaf Cuticle)

Accounting for small fluxes in leaf gas exchange
measurements is crucial for accurately calculating gas
exchange parameters such as c¢; and stomatal conductance
(Boyer, 2015a; Magquez et al., 2021). This accuracy becomes
particularly important under conditions of low stomatal
conductance, such as during drought or low light conditions
when stomata are mostly closed. The small fluxes in question
primarily refer to the fluxes of water vapour and CO; through
the cuticle of the leaf (Hanson, Stutz, & Boyer, 2016).
Although these fluxes are typically much smaller than those
through the stomata, they can become significant when
stomatal conductance is low. Neglecting these small fluxes can
lead to significant errors in gas exchange calculations, such as
miscalculation of stomatal water and CO; fluxes, thereby
leading to erroneous estimates of c¢; (Maquez, Stuart-
Williams, & Farquhar, 2021) (Figure 2). Figure 2 presents the
differences between two approaches for estimating ci—the
commonly used vCF theory (von Caemmerer & Farquhar,
1981), neglecting cuticular conductance, and the M&quez,
Stuart-Williams and Farquhar (MSF) theory (M&aquez, Stuart-
Williams, & Farquhar, 2021), which includes it. The data show
that in conditions of high total leaf surface conductance to
water (Qiw = gsw + Qew), dominated by stomatal conductance,
the vCF theory approaches the estimations provided by the
MSF theory. The larger the g, the closer the results from both
theories become, but the MSF theory continues to provide
more accurate estimations of c¢;, with differences still observed,
particularly at moderate g values.

The key issue with neglecting gew arises when gsy is not
largely dominating transpiration, specifically when cuticular
conductance represents 8% or more of the total conductance in
these calculations (Magquez, Stuart-Williams, & Farquhar,
2021; Hussain et al., 2024). In these cases (Figure 2), the vCF
theory fails to produce accurate ¢; values, with errors reaching
up to 100 pmol mol-. This discrepancy is significant enough to
interfere with measurements that rely on precise c; values, such
as A-ci curves and gm calculations. Studies have shown that
cuticular conductance can vary between species, generally
ranging from 5 to 20 mmol m-2 st (Holmgren, Jarvis, & Jarvis,
1965; Kerstiens, 1996; Boyer, Wong, & Farquhar, 1997;
Magquez et al., 2021; Slot et al., 2021). This means that
depending on the species, cuticular conductance can become a
critical factor when gy falls below 160 mmol m=2 s, and in
some cases, even when g is as high as 250 mmol m-2 s-1. Thus,
incorporating cuticular conductance into calculations is essential
for more accurate c¢; estimations, particularly in species with
lower stomatal conductance under natural (uncontrolled) or
stress conditions where the contribution of the cuticle to gas
exchange is substantial.

Additionally, there is the importance of gw,min and nighttime
transpiration leading to water loss without carbon gain (Coupel-
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Ledru etal., 2016; Resco de Dios etal., 2019; Yuetal., 2019). For
accurate analysis, it is essential to separate residual stomatal
conductance from cuticular conductance (Maquez et al., 2021),
especially in studies focused on plant water relations under stress
conditions such as drought. Distinguishing gsw and gew from giw,min
is crucial for understanding plant behaviour under varying
environmental conditions (Duursma et al., 2018). Also, it is
important to note that gw,min is neither equivalent to minimum
stomatal conductance nor cuticular conductance, and should not
be used as a proxy for either (M&aquez et al., 2021). This
distinction is critical for assessing how plants regulate water loss
by balancing cuticular permeability and stomatal closure,
particularly under stress conditions, and provides valuable
insights into their adaptive responses to environmental challenges.
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Figure 2. Estimation of substomatal CO2 concentration (ci) as a
function of total leaf surface conductance to water (giwv = stomatal
conductance + cuticular conductance). (a) Substomatal CO:
concentration (ci) plotted against changes in g, which follow the
leaf’s circadian rhythm. The comparison includes two models to
estimate ci: one that accounts for small fluxes (MFS, solid circles)
and one that does not (vCF, open circles). (b) The difference in ci
(Aci = vCF-MSF, solid triangles) between the two models is
plotted against giw. Measurements were conducted under constant
light, vapour pressure deficit, and ambient CO2 concentration. The
estimated cuticular conductance for this leaf is 10 mmol m=2 s,
Data sourced from Maquez, Stuart-Williams and Farquhar
(2021). Each point represents a single measurement, calculated
independently using the vCF and MFS models.
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4.1. Practical approaches

To account for small fluxes and avoid the issues discussed
earlier, it is essential to use a model that includes cuticular
conductance. The most updated approach is the MSF theory
(M&gquez, Stuart-Williams, & Farquhar, 2021), which applies
ternary corrections to stomatal and boundary layer fluxes while
recognising the independence of cuticular fluxes. Although the
MSF maodel is not yet integrated into most commercial gas
exchange systems, an add-on script is available for the LI-6800
system  (https://github.com/PlantPhysiologist/Add-on-MSF-
calculations-for-L16800 (accessed on 6 of January of 2025)),
allowing easy integration with a LI-6800 to obtain real-time
parameter recalculation. Additionally, a post-analysis tool
recently published (Tholen, 2024) includes the MSF model and
can be adapted to various instruments, enabling an analysis of
small fluxes from the raw data.

To effectively account for gew in models, it is essential to
accurately estimate it. This estimation is not straightforward;
however, a few techniques have been developed to facilitate
this measurement. A non-destructive method, the Red-Light
method (Magquez et al., 2021), offers a practical solution by
measuring gas exchange as the leaf transitions from darkness
to red light. This technique enables the estimation of gew 0N an
attached leaf, and it is particularly useful for continuous in
planta experiments, as it does not interfere with ongoing
measurements (Hussain et al., 2024). Alternatively, traditional
methods can be employed (Kerstiens, 1996), such as
measuring leaf transpiration in the dark after detaching the leaf
and estimating minimum leaf surface conductance (Qiw,min)-
However, these methods usually include residual stomatal and
cuticular conductance, so they should be used with caution and
only when no other options are available.

In field experiments, performing specific analyses, such
as the red-light method, can be challenging due to the
requirement for dark-acclimated leaves, which complicates
measurements when experiments are conducted outdoors
during the day. As a result, full quantification of gcw may not
always be feasible under field conditions. However, the
method introduced by Laisk (1983), which involves comparing
the behaviour of the A-ci curve under different conditions,
provides a practical alternative for detecting issues in gas
exchange measurements (hereafter referred to as the Laisk
method). This approach enables researchers to identify
problems such as excessively small fluxes, stomatal
patchiness, or general inconsistencies in measurements by
comparing observed A-c; curves based on previously measured
under non-stressful conditions to the relation of A and c¢;
observed during the experiments.

While the Laisk method is highlighted here and in the
following sections as a diagnostic tool tailored to field
conditions, it is important to note that, although effective in
detecting the presence of issues, it does not pinpoint or account
for the specific cause of the problem. Despite this limitation,
the Laisk approach has been successfully employed to verify
the reliability of gas exchange measurements under stressful
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field conditions. For example, Grassi and Magnani (2005) used
the method to ensure measurement reliability while identifying
various limitations to photosynthesis in field settings. Thus, the
Laisk method provides a valuable strategy for validating gas
exchange data in challenging experimental setups.

Finally, if direct measurements of cuticular conductance
are not feasible, a tentative correction or estimate of uncertainty
can be incorporated by assuming a value of 5 to 10 mmol m-2
s, which provides a reasonable estimate of uncertainty.
However, this should be used with caution, as gew can vary
significantly across species. While gew Seems to remain stable
under a range of conditions, including temperatures between 15
T to 30 T, gew May change if the leaf loses turgor or is exposed
to extreme temperatures (Schreiber, 2001; Boyer, 2015b). While
more research is needed to explore variability across species and
conditions further, this practical approach provides a reliable
means of accounting for small fluxes and enhancing the
accuracy of gas exchange measurements.

5. Unsaturation in the Substomatal Cavity

Unsaturation in the substomatal cavity is the consequence
of a recently recognised plant adaptation non-stomatal control
of transpiration (Wong et al., 2022), allowing for more
nuanced water regulation under high evaporative conditions.
Research has shown that non-stomatal control of transpiration
plays a vital role in maintaining a favourable microclimate
with higher CO, concentrations in the mesophyll air space,
supporting high carbon fixation under vapour pressure deficit
(VPD) stress (M&aquez et al., 2024). This mechanism,
previously overlooked, causes the water vapour concentration
of the substomatal cavity (w;) to decline below saturation (Wsa),
contrary to traditional assumptions used in gas exchange
measurements (Cernusak et al., 2024).

Traditionally, during gas exchange measurements, it is
assumed that the internal leaf air space remained fully saturated
with water vapour due to rapid evaporation from the mesophyll
surface, with stomatal conductance considered the main
regulator of water loss (Gaastra, 1959). This translated into the
leaf temperature used as a proxy to estimate wi, assuming w; =
Wsa. However, recent studies have shown that unsaturation is a
common phenomenon in plants (Cernusak et al., 2018; Wong et
al., 2022; Magquez et al., 2024), particularly under moderate to
high VPD. The assumption of full saturation has long been a
fundamental premise in plant physiology research, but it leads to
significant errors when unsaturation is not accounted for.

The error arises from assuming w; = Wsx When, in reality,
w; is below the saturation point. When this is an incorrect
assumption, it leads to an underestimation of the vapour
gradient that drives transpiration, which in turn results in an
underestimation of gsw and ¢; (Figure 3). The errors become
especially pronounced at higher VPD, where w; deviates
significantly from wsy. This discrepancy can result in
underestimating gsw by as much as 20% to 30% and c; by 50
pmol mol™ or more, being particularly significant in C4 plants
(M&gquez et al., 2024). Cotton is used as an example in Figure
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3, but studies have shown that substomatal cavity unsaturation
can vary between species, with the degree of unsaturation
typically increasing under moderate to severe VPD stress
(Cernusak et al., 2018; Wong et al., 2022; Maquez et al., 2024).

This variation underscores the importance of incorporating
a more reliable estimation w; into the gas exchange calculations,
particularly in water-stressed environments, where plants may
experience significant deviations from saturation. These
deviations can impact physiological interpretations, such as A-c;
curves, iWUE, and gm, among many other estimations, making
accurate accounting of w; essential for reliable results in the
contexts of stressed plants.

Further research is necessary to fully understand the non-
stomatal control of transpiration and the role of unsaturation.
Current gas exchange models do not account for this process,
leaving a gap in our ability to accurately predict or estimate the
effects of unsaturation during routine measurements.

5.1. Practical approaches

There are currently four methods to evaluate actual w;
during gas exchange measurements. Three of these methods
require a dual chamber setup, which enables independent
control and measurement of gas exchange on the upper and
lower surfaces of the leaf. (1) The dual chamber using the CO,
Gradient Method, which creates a CO; concentration
difference between the two leaf surfaces to assess unsaturation
(Wong et al., 2022); (2) the dual chamber using the cw
Correction Method, which focuses on the assimilation rate in
response to changes in the minimum CO; concentration (cw) in
the leaf airspace (Maquez et al., 2023a); (3) the Inert Gas
Method that uses inert gases like nitrous oxide or neon to refine
assessments of w; (Jarvis & Slatyer, 1970; Wong et al., 2022);
and (4) the Stable Isotope Method that leverages the
equilibrium reached by the exchange of 80 between CO; and
H20 in the liquid volume of mesophyll cells to infer w;
(Cernusak et al., 2018). Lastly, a fifth promising technique
worth mentioning is the AquaDust Method (Jain et al., 2021),
which offers a potential real-time measurement alternative
using a fluorescent reporter, making it independent of gas
exchange measurements. However, further validation of
external measurements with AquaDust is required to ensure
consistency compared to more direct techniques. Below is a
discussion of each method in more detail.

The dual chamber using the CO, Gradient Method leverages
reducing the CO, concentration on one side of the leaf until the
assimilation rate on that side of the leaf is zeroed, creating a CO>
gradient between the adaxial and abaxial substomatal cavities
under benign conditions (assuming saturation). This gradient
serves as a baseline to study unsaturation under stress conditions
to compute the expected CO;, gradient during increased stress or
to compute the expected resistance to CO, diffusion within the
leaf (Wong et al., 2022; Maquez et al., 2024). Even though this
CO; gradient is an artificial setup, it encourages stomatal opening,
allowing us an easier study of the non-stomatal control of
transpiration and the effects of unsaturation. This trade-off is
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valuable for studies aimed at isolating non-stomatal mechanisms,
but it may not be suitable for more standard measurements that
require natural conditions.
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Figure 3. Computation of stomatal conductance (gsw) and
substomatal CO2 concentration (ci) assuming saturation in the
substomatal cavity (wsa) and accounting for actual vapour
concentration (wi) as a function of atmospheric vapour pressure
deficit (VPD). (a) gsw plotted against VPD, comparing the
calculations for wsat (open circles) and wi (filled circles). The
triangles represent the difference (A) between these calculations.
(b) ci plotted against VPD, with the same model comparisons as
in panel (a). The percentages at the top of the triangles indicate
the relative humidity (RH) in the substomatal cavity calculated
as the ratio of wi/wsat. The species used in this example is cotton.
Data sourced from Wong et al. (2022).

The dual chamber using cw Correction Method monitors
the assimilation rate as it responds to changes in the minimum
CO; concentration (cw) within the leaf airspace. This approach
requires performing a CO; response curve under benign
conditions (assuming saturation), relating cw to the measured
assimilation rate, and then the rest of the measurements can be
taken under any desired atmospheric condition (Magquez et al.,
2023a). It does not require zeroing the assimilation rate on
either leaf side, allowing measurements to be conducted under
standard conditions (i.e., both cuvettes present the same
atmospheric conditions). This method also helps identify other
stress responses, such as patchy stomatal closure, which might
otherwise obscure the effects of unsaturation.
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The Inert Gas Method also employs dual chambers but
introduces inert gases such as neon (Ne) or nitrous oxide (N2O)
into one of the cuvettes and analyses its diffusion through the
leaf to the other cuvette of the system (Jarvis & Slatyer, 1970).
Then, in a similar approach as the CO, Gradient Method, the
apparent changes in inert gas diffusion in relation to vapour
diffusion are analysed, and the changes are used to compute w;
(Wong et al., 2022). These gases diffuse differently from
atmospheric gases, providing additional constraints that
improve the accuracy of w; estimations in the substomatal
cavity. Although this method can offer refined measurements,
it requires complex calibration and remains resource-intensive,
making it less practical for large-scale or routine studies.

The stable isotope method leverages the measurement of
stable oxygen isotope (*¥0) compositions in CO, and H,O
vapour entering and exiting the leaf gas exchange chamber.
This technique assumes isotopic equilibrium in the liquid
volume within mesophyll cells, such as in the cell wall or
chloroplasts, which are closely linked to transpiration and
assimilation processes (Cernusak et al., 2018). By using the
isotopic composition of transpired water and assimilated CO»,
we can independently assess the expected isotopic composition
of both gases. In practice, w; is adjusted in the calculation until
the measured isotopic compositions of CO, and H,O reach a
calculated equilibrium. This allows for precise estimation of
wi. A key advantage of this method is that, unlike the dual
chamber techniques, it does not rely on the estimation of gas
diffusion through the leaf. This opens the door to studying
hypostomatous species, where stomata are only present on one
side of the leaf, or species with challenging leaf shapes, such as
conifers (Cernusak et al., 2024). While the stable isotope method
requires specialised equipment and technical expertise, often
limiting its application to controlled laboratory environments, it
presents a valuable alternative for measuring species and leaf
types where other methods face practical limitations.

The AquaDust method offers a new approach to
monitoring leaf water potential in real time by injecting a
fluorescent reporter into the leaf mesophyll airspace and
measuring fluorescence from outside the leaf. AquaDust has
shown promising results in tracking changes in leaf water
potential using an external probe (Jain et al., 2021). In more
specialised setups involving confocal microscopy, it has been
able to detect changes in the water potential within the liquid
of mesophyll cell walls (Jain et al., 2023; Jain et al., 2024),
which can be translated into an estimation of wi. However,
there are important distinctions to consider. While confocal
microscopy setups show potential for directly measuring wi,
the need for such specialised equipment and the requirement to
remove the leaf from its gas exchange conditions make this
approach impractical for routine gas exchange measurements.
On the other hand, AquaDust’s external probe approach, which
measures the average water potential across a section of the
leaf, seems to be much more compatible with normal gas
exchange setups. It should be noted, however, that this method
does not specifically target the substomatal cavity and instead
provides a more generalised measurement of water potential
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across the mesophyll of the leaf. To make probe measurements
using AquaDust a reliable tool for estimating wi, further
validation is needed using more targeted techniques such as
dual-chamber methods or stable isotope analysis. This
validation may need to be species-specific, as differences in
leaf structure, such as stomatal density, could influence the
relationship between AquaDust’s averaged water potential
measurements and the actual w; in the substomatal cavity.
Consequently, a universal relationship between AquaDust
probe readings and w; may not apply across all plant species.

The techniques described above present varying levels of
difficulty for implementation under field conditions. In
practice, either new techniques or instrument adaptations, such
as an integrated double chamber, are required to meet these
demands. However, such techniques or easily integrated
solutions are not yet available. There is evidence that the Laisk
method may still be effective in C, plants for corroborating
whether data align with expected A-c; curves (Maquez et al.,
2024). However, Maquez et al. (2023a) tested this method in
Cs plants and found it inconsistent in detecting unsaturation.
The physiological reasons why the method appears reliable in
C4 plants but not in Cs plants remain to be analysed in detail.

If there is no direct way to quantify w; during gas exchange
measurements, it becomes essential to analyse the uncertainty
associated with the estimates by imposing ranges of w; within
known or measured values, such as assuming relative humidity
(RH) values between 100% and 80%. While this can offer a
useful perspective on the uncertainty involved, it is not sufficient
to draw definite conclusions. The need for a direct, simple
method to measure w; or a well-established mechanistic model
to estimate it remains a priority. Until such measurements
become standard for gas exchange measurements for plants
under stress, uncertainties in w; will limit the robustness of gas
exchange analyses when w; is not measured, making it difficult
to assess the physiological responses of plants under stress fully.

6. Patchiness

The phenomenon of patchiness in stomatal movements
refers to the spatial and temporal heterogeneity in the
behaviour of stomata across the leaf surface. Rather than acting
uniformly, stomata in discrete areas or “patches” may respond
differently to environmental stimuli than those in adjacent
regions. This can result in small, localised groups of stomata
exhibiting distinct patterns of opening and closing that are not
mirrored across the entire leaf.

Patchiness is particularly pronounced in plants under
stress, such as during water deficit conditions or fluctuations in
light intensity. Under such stresses, stomatal movements
become more erratic and less synchronised across the whole
leaf. For example, water stress can induce non-uniform stomatal
closure, leading to areas with significantly different gas
exchange capabilities within the same leaf (Downton, Loveys,
& Grant, 1988). It is speculated that this heterogeneity represents
an adaptive strategy, allowing parts of the leaf to maintain gas
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exchange and photosynthesis while other areas are conserving
water by closing their stomata (Mott, Cardon, & Berry, 1993).

In gas exchange measurements, it is typically assumed that
stomatal conductance is uniform across the leaf surface,
allowing a single parameter calculation to represent the leaf
surface, such as gsw, Ci, assimilation rate, etc. However, patchy
stomatal behaviour can significantly impact gas exchange
estimates. Non-uniform stomatal responses may introduce
artefacts in the data, complicating the accurate interpretation of
whole-leaf gas exchange measurements (Cardon, Mott, & Berry,
1994; Mott & Buckley, 2000). For instance, when patchiness is
present, the assumption of uniform conductance can lead to
misestimation of ¢; and IWUE (Laisk, 1983; Mott, 1995).
Figure 4 illustrates the distortion of the A-c; relationship caused
by patchy stomatal closure. Panel (a) shows time-lapse data
from flowering crabapple (Malus dolgo) after ABA treatment,
and panel (b) presents steady-state measurements in sunflower
(Helianthus annuus) under elevated VVPD, both highlighting the
effects of patchiness on gas exchange dynamics.

A significant challenge in understanding and modelling
patchy stomatal behaviour is that the drivers of patchiness are not
well understood, and the evidence explaining its occurrence
remains limited. Patchiness is highly variable, not only between
species and environmental conditions but also between different
leaves on the same plant (Kaiser & Kappen, 1997, 2000; Mott &
Buckley, 2000). While some models, such as those proposed by
Mott and Buckley (2000) and Cardon, Mott and Berry (1994),
suggest hydraulic interactions leading to coordinated stomatal
opening and closing within patches, this remains speculative. In
fact, much of the available evidence suggests a lack of consistent
coordination, particularly between the two leaf surfaces.

For example, studies such as Mott, Cardon and Berry
(1993) have shown that stomata on the adaxial and abaxial
surfaces can behave independently, responding asymmetrically
to environmental stimuli such as under stress conditions like low
humidity. However, they also found that stomata can respond
semi-symmetrically under certain conditions, such as when
humidity is decreased on one surface, suggesting some level of
communication between the two sides. This inconsistent
variability in stomatal responses complicates the modelling of
patches responses and raises important questions about how
these erratic behaviours can be accounted for in gas exchange
studies (Lawson, Weyers, & A'Brook, 1998; Grantz, Karr, &
Burkhardt, 2020).

There is even less evidence to support the idea of
coordination between stomatal patches. While patches might
independently respond to the same environmental cues,
potentially resulting in similar overall patterns, the behaviour
of one patch does not seem to significantly influence another
distant patch (Cardon, Mott, & Berry, 1994). Lawson, Weyers
and A'Brook (1998) observed erratic stomatal responses within
individual patches, both spatially and temporally, further
suggesting that the behaviour of one patch is largely
independent of others. This lack of coordination is likely due
to the spatial separation and the distinct micro-environments
that different patches experience. As Cardon, Mott and Berry
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(1994) and Kaiser and Kappen (2000) suggested, possibly the
physical distance between patches decreases the likelihood of
direct hydraulic or chemical signal transference, making it
highly unlikely that patches would act in a coordinated fashion.
Overall, the evidence points to more erratic and
independent behaviour of stomata both within and between
patches. This unpredictability poses a significant challenge for
modelling and interpreting gas exchange, as assumptions of
uniformity or coordination are unlikely to hold true (Downton,
Loveys, & Grant, 1988). Given this complexity, the most
reliable approach at present is to use the available techniques
that can directly measure patchiness or track its effects on gas
exchange, allowing us to detect its occurrence. More research
is necessary to better understand the mechanisms behind
patchiness, its variability across species, and its implications
for physiological measurements, especially in stressed plants.
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Figure 4. The effect of stomatal patchiness on the assimilation
rate (A) vs. CO2 concentration in the substomatal cavity (Ci)
relationship (A-ci). (a) Filled circles represent the A-ci curve under
steady-state and benign conditions. Open circles show how patchy
stomatal closure distorts this curve over time after ABA
application to induce patchiness in Malus dolgo. Time progression
in the open circles moves from right to left. Data from Mott
(1995). (b) Filled circles represent the A-ci curve under steady-
state and benign conditions, while open circles show steady-state
measurements at elevated VPDs to induce patchiness in
Helianthus annuus. Data sourced from Magquez et al. (2023a).
The VPD increase imposed for each open circle in panel (b) was
1, 1.2, 15, 2, and 2.5 kPa, progressing from right to left as
depicted in the figure.
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6.1. Practical approaches

Detecting patchiness in stomatal movements during gas
exchange measurements requires various sophisticated
techniques, each with strengths and limitations.

Chlorophyll fluorescence imaging visualises the spatial
distribution of photosynthesis, providing an indirect measure
of stomatal patchiness by highlighting areas of varying
photosynthetic activity (Mott, 1995). Although informative,
this method does not directly quantify the impact of patchiness
on gas exchange, limiting its ability to provide comprehensive
insights into gas exchange data. Microscopic observation
offers direct measurements of individual stomatal apertures,
revealing detailed variability in stomatal behaviour (Mott &
Buckley, 2000). However, it is labour-intensive, limited to
small areas of the leaf, and does not provide information about
whole-leaf gas exchange (Lawson, Weyers, & A'Brook, 1998).
It is, therefore, not ideal for large-scale measurements or for
capturing the full complexity of stomatal responses across the
leaf. Similarly, infrared thermography detects temperature
variations across the leaf surface, which can be indicative of
differences in transpiration rates and thus offer a broader view
of patchiness (Mott & Buckley, 2000). While useful for
detecting regional differences in water loss, it is sensitive to
external temperature fluctuations, which can compromise its
accuracy under varying environmental conditions.

Most common techniques, such as chlorophyll
fluorescence imaging and infrared thermography, provide
insights into the occurrence of patchiness but do not directly
inform gas exchange measurements unless specialised (often
custom-built) equipment is used to integrate these techniques
with gas exchange setups. Therefore, while some methods allow
researchers to track the effects of patchiness, others focus on
measuring its direct impact on gas exchange, highlighting the
need for more advanced and integrative approaches.

Real-time monitoring of stomatal movements using
microscope videos, as presented by Sun et al. (2021), provides
continuous, high-resolution data that detects dynamic changes
in stomatal behaviour. When combined with gas exchange, this
method allows for some degree of accounting for the effects of
patchiness. However, it requires sophisticated equipment and
advanced analytical tools, making it less accessible for routine
use.

Mauquez et al. (2023a) introduced a technique to evaluate
the effects of patchiness and unsaturation by comparing CO,
response curves under benign and stressful conditions (the
previously mentioned cw Correction Method). While this method
helps detect the occurrence of patchiness and account for
unsaturation in gas exchange, it does not quantify the level of
patchiness or directly observe the spatial behaviour of patches.

In general, current techniques allow us to detect the
occurrence of patchiness and quantify its degree in an area but
do not provide a way to account for this variability directly in
gas exchange measurements. To address patchiness effectively
with gas exchange measurements, a model that relates
effective surface area and conductances under gas exchange
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would be needed. One potential approach could involve
tracking the mismatch of the A-c; relation (Mott, 1995), using
the Laisk method, giving an apparent conductance reduction,
which would allow corrections but will not give information
about the patches.

It has been suggested that new models could account for
the variability of patches as independent sections of the leaf,
with multiple fluxes and resistances in parallel (Laisk, 1983;
Rockwell et al., 2022). This would allow for a more nuanced
representation of stomatal patchiness by treating different
patches as separate entities within the leaf. However, this
approach would not be directly compatible with current
systems and methods of gas exchange measurements. For now,
the best approach remains directly measuring patchiness or
tracking its effects on gas exchange, which in practice is
detection rather than fully accounting for it in gas exchange
measurements. Continued research into methods for more
effective modelling and compensating for patchiness will be
critical for improving the accuracy of gas exchange studies in
plants under stress.

7. Other Important Considerations
7.1. Standardising conditions for valid comparison

Ensuring that environmental conditions are standardised
across treatments is critical for valid comparisons in gas
exchange studies, particularly in stress conditions where the
target variable is often linked to multiple physiological effects.
Stomatal conductance, which governs gas exchange, is
sensitive to changes in temperature, light intensity, CO;
availability, and vapour pressure deficit (VPD), among other
factors (Cowan & Farquhar, 1977). In parallel, biochemical
processes involved in photosynthesis and respiration are
primarily influenced by temperature, light intensity, and CO»
availability but are not directly affected by VPD (Wong,
Cowan, & Farquhar, 1985a; Wong, Cowan, & Farquhar,
1985c¢; Wong, Cowan, & Farquhar, 1985b; Busch et al., 2013).
These distinctions are important because gas exchange
measurements integrate stomatal and biochemical responses.
As a result, isolating their individual effects on the net gas
exchange requires careful control of experimental conditions.

Since stomatal conductance and biochemical processes
respond to different environmental factors, controlling
interrelated variables becomes essential. Such is the case of
temperature, RH, and VVPD, which are closely interrelated, and
while gas exchange systems allow for their control, adjusting
one parameter often influences the others. Similarly, leaf
temperature, transpiration rate, and light intensity are
interdependent, particularly when stomatal conductance is
low. In such conditions, reduced transpiration cooling
increases the leaf-to-air temperature difference. As light
intensity increases, it can further raise leaf temperature, and if
stomatal conductance is low, this heat builds up and can
increase the leaf-to-air temperature gradient.

A prime example of these interactions is the relationship
between temperature and VPD. Stomatal conductance
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responds to both temperature and VPD, while the biochemical
processes in photosynthesis, particularly enzyme activity, are
primarily influenced by temperature. As temperature rises,
VPD typically increases, which can induce partial stomatal
closure and reduce CO; diffusion into the leaf. Without careful
control of these variables, the effect of temperature on gas
exchange can be misinterpreted, as changes in temperature
may also involve indirect effects from VPD. It is important to
note that maintaining constant RH does not ensure a constant
VPD, since VPD is a function of temperature and vapour
concentration, not the relative vapour concentration difference.
For example, increasing the temperature from 25 <C to 30 C
while holding RH constant at 70% causes the VPD to rise from
0.95 kPa to 1.27 kPa—a 34% increase, even though RH
remains unchanged.

Due to this interdependence, it is essential to standardise
environmental conditions in order to isolate the variable of
interest for the study at hand. Failure to account for the complex
interactions between temperature, VPD, RH, light intensity, and
CO; availability can obscure the physiological processes being
studied, potentially leading to misleading conclusions.

7.2. Steady-state conditions

Under stress conditions, fluctuations over time, irregular
behaviours, transient responses, and downward trends in gas
exchange parameters, such as stomatal conductance, assimilation
rate, and transpiration, become more common (Mott, Cardon, &
Berry, 1993; Cardon, Mott, & Berry, 1994; Wong et al., 2022). As
aresult, special care must be taken when defining what constitutes
a steady state under these circumstances or how researchers define
“steady state” in their work.

Finding a single, universal definition of gas exchange
steady-state conditions is challenging, as it often depends on
the specific objectives of the experiment and the physiological
response being studied. While many publications implicitly
assume a shared understanding of steady-state conditions—
usually described as “steady for this experiment”—this can be
problematic when working with stressed plants, where gas
exchange tends to fluctuate more erratically. In such cases, the
definition of steady-state needs to be clearly articulated to
ensure accurate interpretation of results, particularly when
analysing the complex dynamics of stressed plants.

It is essential to define how stability was determined in
the study clearly. This includes describing the acceptable range
within which the input and output gas concentrations (CO, and
H0) in the gas exchange chamber were allowed to fluctuate.
Also, the criteria for evaluating consistency in key
physiological parameters, such as stomatal conductance,
assimilation rate, and transpiration rate. A practical approach
would be to report the stability criteria in terms of:

1. Duration of the stability period: The length of time the
leaf remained stable to be considered a steady state.

2. Input/output gas concentration fluctuations: The
allowable variability of CO, and H,O concentrations

entering and exiting the chamber during the stability period.
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3. Variability in stomatal conductance: The peak-to-peak
variation in stomatal conductance (gsw) within the defined
stability period.
4. Variability in assimilation rate: The peak-to-peak
variation in the assimilation rate (A) over the same period.
5. Variability in transpiration rate: The peak-to-peak variation
in the transpiration rate (E) within the stability period.

By providing these specific criteria, researchers can
ensure that stability is clearly defined and reproducible across
experiments.

7.3. Adaxial and abaxial gas exchange

When analysing gas exchange in plants, it is
recommended to consider the adaxial (upper) and abaxial
(lower) surfaces independently, especially under stress
conditions. While it is common practice to combine adaxial
and abaxial fluxes due to the limitations of standard
commercial instruments, this approach may overlook
important details, particularly in stressed plants.

Under stress conditions, the stomatal responses of the
adaxial and abaxial surfaces often behave independently or
respond differently to the same stimuli. Studies have shown
that the two sides of the leaf can react in distinct ways to
environmental stressors, such as water deficit or changes in
light intensity (Wong, Cowan, & Farquhar, 1985c; Wong,
Cowan, & Farquhar, 1985b; Wall et al., 2022; M&aquez et al.,
2023a). By mixing fluxes from both surfaces, part of the
plant’s stress response can be missed, potentially leading to an
incomplete understanding of the physiological adaptations.

While combining fluxes might not necessarily result in
incorrect conclusions, it could mask the more subtle
differences in how each surface adapts to stress (see for
example M&quez et al. (2023a) and Collaviti et al. (2024)).
Therefore, for a more accurate and detailed analysis of gas
exchange, especially under stress conditions, it is
recommended to measure the adaxial and abaxial surfaces
independently to capture these independent responses.
Custom-built or adaptations of commercial instruments exist
in the literature to incorporate independent measurements of
leaves' adaxial and abaxial surfaces (e.g., M&quez et al.
(2023b) for LI-6800 or Wall et al. (2022) for LI-6400).

7.4. Incoming flow rate

Researchers may need to modify the chamber's flow rate
depending on their experimental objectives when studying
plants under stress, carefully balancing the signal-to-noise
ratio with the need to maintain specific environmental
conditions. Decreasing the flow rate can help detect smaller
changes in gas exchange, particularly when gas exchange rates
are low under stress conditions. A lower flow rate increases the
concentration differential between incoming and outgoing
gases, capturing subtle changes more effectively. However,
this also introduces certain limitations. Reducing the flow rate
increases the time required to stabilise conditions within the
chamber, with this delay being proportional to the chamber
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volume. Larger chambers and lower flow rates mean that it
takes longer to reach desired environmental conditions, which
may be a limiting factor (e.g., Farquhar, Griffani and Barbour
(2021)). For example, achieving low RH becomes challenging
when plant transpiration rate significantly affects humidity
levels within the chamber, making it difficult to lower RH at
reduced flow rates.

On the other hand, increasing the flow rate may be
necessary when the aim is to create conditions like low RH in
the chamber, particularly in stress experiments where
controlling humidity is critical. Higher flow rates flush the
chamber more quickly, preventing transpiration from raising
RH to levels that would interfere with the desired conditions.
While increasing the flow rate facilitates the creation of such
conditions, it can also reduce the signal-to-noise ratio, as
smaller changes in gas exchange become harder to detect due
to the smaller concentration differential between incoming and
outgoing gases.

Thus, researchers must carefully consider the objectives
of their experiments and how flow rate adjustments will
influence both the environmental conditions they wish to
achieve and the precision of gas exchange measurements.
Achieving accurate data collection while meeting the
experimental goals requires careful management of the
chamber’s flow rate settings.

7.5. Boundary layer

The mostly unexplored effect of boundary layer
conductance on stomatal behaviour adds further uncertainty to
the heterogeneity and erratic patterns sometimes observed in
stomatal responses, such as patchiness. Bridging insights from
laboratory-controlled settings to natural environments requires
addressing these interactions to mimic field conditions
accurately. In this regard, boundary layer conductance plays an
important role in gas exchange measurements, particularly
when studying plants under stress. In natural conditions, the
boundary layer surrounding a leaf is typically thicker than in
the chamber of a gas exchange system and may interact with
other stressors, such as water deficit. As a result, the leaf does
not directly experience the ambient relative humidity and CO-
concentrations, as the boundary layer acts as a buffer. This
interaction between the boundary layer and stressors can
influence how plants respond to their environment (Schuepp,
1993).

Researchers may wish to explore the effects of the
boundary layer in their experiments, particularly to understand
how a thicker boundary layer in natural settings influences
plant stress responses. Adjusting the mixing fan speed in gas
exchange chambers can modify boundary layer conductance.
Increasing fan speed typically enhances boundary layer
conductance, reducing noise in stomatal conductance
calculations. On the other hand, decreasing the fan speed or
modifying chamber conditions to simulate a thicker boundary
layer may help mimic natural conditions more accurately.

Plant Ecophysiol. 2025, 1(1), 2

It is crucial, however, to be cautious when making such
adjustments. Commercial gas exchange instruments are
calibrated to operate within specific boundaries, and
modifying the boundary layer too drastically—such as by
excessively reducing fan speed —can violate these
specifications. Doing so may lead to unintended consequences,
such as insufficient mixing, which can create unintended
gradients within the chamber and result in inaccurate readings.
To ensure data quality, researchers must either remain within
the specified conditions of the instrument or find a way to
account for the effect of altered boundary layer conductance
without compromising the integrity of the measurements.

In summary, while exploring the interaction between
boundary layer thickness and stress responses can provide
valuable insights, it is important to balance these adjustments
with the technical specifications of the instruments to maintain
the accuracy and reliability of the data.

7.6. Thermodiffusion and its impact on transpiration

Thermodiffusion refers to the movement of water vapour
driven by temperature gradients rather than solely by vapour
concentration gradients, making it particularly relevant when
there is a temperature difference between the leaf and the
surrounding air. A recent study by Griffani, Rognon and
Farquhar (2024) significantly advanced our understanding of
the effects of thermodiffusion on transpiration rates.
Thermodiffusion becomes particularly important when
stomatal conductance is low, such as during abiotic stress (e.g.,
drought) or in darkness, where transpiration is already reduced.
In extreme cases—such as when there is a significant
temperature difference between the leaf and the air, combined
with a small water vapour concentration difference across the
boundary layer—thermodiffusion can account for more than
30% of total transpiration. This is particularly relevant when
boundary layer conductance significantly exceeds stomatal
conductance, a common scenario in gas exchange chamber
experiments. While boundary layer conductance is typically
larger than stomatal conductance in these chambers, the issue
becomes problematic under specific, less common conditions,
such as when the stomata are nearly closed, and there is a
substantial temperature gradient between the leaf and the
surrounding air.

Thermodiffusion can also contribute to reverse
transpiration, where water vapour is absorbed by the leaf
instead of being lost. This phenomenon occurs when external
conditions, such as high humidity or cool temperatures, create
a reverse water vapour gradient. While this is not common
under normal conditions, it becomes relevant when there is a
combination of large temperature gradients and high external
humidity—conditions that may arise during extreme salt stress
or dark periods. Understanding and accounting for
thermodiffusion may be crucial in such cases to avoid
misinterpreting water loss or gain in the leaf, particularly in
experiments involving stressed plants where transpiration
dynamics are altered.
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8. Conclusions

Gas exchange measurements have long been a
cornerstone of plant physiology research, providing critical
insights into the interactions between plants and their
environment. Their strength lies in the simplicity of the
methodology and the flexibility of modern instruments, which
enable precise control over experimental conditions. However,
the ease with which these measurements are obtained can
sometimes lead to overlooking the fundamental assumptions
that underlie them—assumptions that often do not hold under
stress conditions.

This manuscript has discussed and provided practical
approaches to address these limitations, particularly under
stress, which is summarised in Table 2. By identifying areas
where traditional assumptions may falter, we offer strategies to
improve measurement accuracy in stress and non-stress
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scenarios. Our focus has been on incorporating often
overlooked elements such as small fluxes, cuticular
conductance, substomatal cavity unsaturation, and stomatal
patchiness—factors critical for accurate gas exchange data,
especially in stressed plants. These approaches aim to refine
the methods, ensuring more reliable results and a deeper
understanding of plant physiological responses across diverse
environmental conditions.

While this manuscript has addressed key challenges in
gas exchange measurements, further research is needed in
areas such as cuticular conductance and its relationship to leaf
surface composition, the variability and mechanisms behind
substomatal cavity unsaturation, and the complexities of non-
uniform stomatal behaviour, including patchiness. By
incorporating the methods and approaches discussed here, we
aim to facilitate addressing these gaps through further research

and thus advance our understanding of plant physiology.

Table 2. Overview of methods and techniques for addressing small fluxes, unsaturation, and patchiness in routine gas exchange
measurements of stressed plants.

Approach

Addresses  Consideration References

Accounting for

Pros: Accurately includes cuticular conductance (gew) for improved estimates of g

. . . Mé&gquez, Stuart-Williams and
Small Fluxes and c;. Cons: None. Additional needs: Requires previous measurement of ge,, (Some q

small fluxes . L L . Farquhar (2021
alternative methods for estimating ge.: Maquez et al. (2021) and Kerstiens (1996)). g ( )
Chlorohvil Pros: Visualises photosynthesis distribution. Cons: Indirect measure; requires Cardon, Mott and Berry (1994)
pny . integration with gas exchange setups for complete analysis. Additional needs: Lawson, Weyers and A'Brook
Fluorescence Patchiness ] L . -
Imagin Requires specialised or homemade setups to combine with gas exchange (1998)
ging measurements.
Pros: Broad detection of transpiration levels across the leaf. Cons: Indirect measure;
Infrared patchiness Sensitive to external temperature changes, limiting reliability in variable Downton, Loveys and Grant (1988)
Thermography environments. Additional needs: Integration with gas exchange systems is required Cardon, Mott and Berry (1994)
to link temperature with gas fluxes.
i - . Mott, Cardon and Berry (1993
. - Pros: Direct measurement of stomatal aperture variability. Cons: Limited to small y ( )
Microscopic . . . . . . Lawson, Weyers and A'Brook
. Patchiness  leaf areas and labour-intensive. Additional needs: Can inform patchiness but lacks
Observation direct gas exchange data integration (1998)
9 9 9 ) Mott and Buckley (2000)
Real-time Pros: It allows for high-resolution dynamic observation of stomatal movements.
- . . . g . Y . . Mott, Cardon and Berry (1993)
Monitoring via Patchiness  Cons: It requires advanced equipment and data analysis tools. Additional needs: It Sunetal. (2021)
Microscopy can be combined with a gas exchange for detailed patchiness tracking. '

Dual-chamber CO,

Gradient Method

Pros: Effective in assessing unsaturation by measuring CO, difference between leaf
surfaces. Cons: Imposes low CO, concentration during the measurements.
Additional needs: Requires dual-chamber setup and careful calibration.

Unsaturation Wong et al. (2022)

Inert Gas Method

Pros: It provides an unbiased analysis of gas flux through the leaf. Cons: It requires

complex calibration and is resource-intensive. Additional needs: It requires a double Jarvis and Slatyer (1970)
chamber and instruments capable of measuring the concentration of the inert gas Wong et al. (2022)
precisely, and it is not easily adaptable for large-scale use.

Unsaturation

Stable Isotope
Method

Pros: it can be applied to any shape or leaf structure. Cons: it requires specialised and
costly laboratory equipment. Additional needs: it requires instruments to measure the
isotopic composition of 0 in CO, and H,0, and integration with gas exchange
systems requires calibration.

Unsaturation Cernusak et al. (2018)

AguaDust Method

Pros: Real-time, non-invasive tracking of leaf water potential via fluorescence. Cons:
Provides an averaged water potential, which may not target the substomatal cavity
specifically. Additional needs: Further validation is needed, especially correlating it
with more targeted techniques like gas exchange systems or isotope analysis.

Unsaturation Jain et al. (2021)

Dual-chamber cy

Correction Method

Unsaturation and

Pros: It is able to account for unsaturation and detect patchiness using the same setup
and measurements. Cons: It does not directly quantify patchiness and lacks direct
spatial analysis of patchiness. Additional needs: A double chamber is required.

Ma 1. (202
Patchiness aquez et al. (2023a)

Laisk Method for
Field Conditions

reliability of gas
exchange data

Pros: Allows for evaluation of data reliability in field conditions in a relatively easy
and practical way. Cons: Does not provide corrections, accountability, or
identification of the source of unreliable data if found. Additional needs: Requires
performing an A-c; curve under a baseline condition to use as a reference.

Checking the
Laisk (1983)
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