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Summary

� The relative humidity in the intercellular airspaces of leaves (h) has long been thought to be

saturating, but several recent studies have questioned this assumption. We present and

develop a method to estimate h, describe practical considerations for its application, and

demonstrate it on eight species (Gossypium hirsutum, Helianthus annuus, Heteromeles arbu-

tifolia, Laurus nobilis, Liriodendron tulipifera,Magnolia grandiflora,Oryza sativa, and Pyrro-

sia hastata).
� N2/O2 (nitox) is replaced with He/O2 (helox), which speeds stomatal diffusion, but ambient

humidity is simultaneously increased to keep transpiration rate unchanged. This allows the expres-

sions for transpiration in nitox and helox to be set equal to one another, leading to a solution for h.
� We were able to rapidly switch to helox and simultaneously change humidity such that

transpiration rate remained unchanged to within �2.5% (< 0.54% in most cases). We found

h ranging between 71 and 94% of saturation.
� Whereas other methods to estimate h either require special analytical tools (isotopic gas

analysis, spectroscopically resolved fluorescence measurements with proprietary fluorophores)

or special conditions (amphistomatous broad leaves with zero CO2 exchange at one leaf sur-

face), our method requires only water vapor concentration measurements and can be per-

formed on any leaf under nearly any conditions.

Introduction

Leaf photosynthesis and transpiration are strongly governed by
the diffusive conductance between the leaf’s intercellular airspaces
and the ambient environment (total conductance to water vapor,
gtw). gtw is operationally defined in relation to transpiration rate
(E; symbols defined in Table 1) and the water vapor mole frac-
tions in the ambient air (wa) and the intercellular airspaces
(wi= hws, where ws is the saturated value and h is intercellular
relative humidity):

E =
g tw hws�wað Þ

1� 1
2 hws þ wað Þ : Eqn 1

Because wi cannot be measured directly, gtw is traditionally
estimated by assuming the intercellular airspaces are saturated,
that is wi= ws (equivalently, h= 1), based on early experiments
consistent with this assumption (Gaastra, 1959; Farquhar &
Raschke, 1978). Stomatal conductance to water vapor (gsw) is
then estimated from gtw using estimates for boundary layer and
cuticular conductances to water vapor (Caemmerer & Farqu-
har, 1981). Thus, nearly all experimental measurements of

stomatal conductance and its responses to the environment for
the past half-century are laden with the assumption that h= 1.
Moreover, because intercellular CO2 mole fraction (ci) is esti-
mated from gsw, it follows that nearly all experimental measure-
ments that depend on ci – including parameters of
photosynthetic models fitted to paired measurements of CO2

assimilation rate (A) and ci, and many estimates of mesophyll dif-
fusional conductance to CO2 – are also laden with the assump-
tion that h= 1.

Several recent studies (Cernusak et al., 2018; Wong
et al., 2022; Jain et al., 2025) have presented compelling experi-
mental evidence that challenges the assumption of saturation.
Each of those studies used one of three clever experimental
approaches to arrive at their conclusions: (1) The Cernusak
method applies paired measurements of gas exchange and stable
oxygen isotopic composition (δ18O) to a theoretical model, lead-
ing to two independent estimates of δ18O for CO2 at the evapor-
ating sites, of which one depends on h; an estimate for h is then
adjusted until the two δ18O estimates agree. (2) The Wong
method measures gas exchange independently at each surface of
an amphistomatous leaf, and reduces ambient CO2 concentra-
tion (ca) at one surface until A= 0 at that surface, ensuring ca= ci
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at that surface; with ci known, one can infer gsw and thus wi. (3)
The Jain method embeds water in the mesophyll apoplast with a
FRET reporter (‘Aquadust’; Jain et al., 2021) whose fluorescence
depends on local water potential; spectroscopically resolved fluor-
escence measurements then provide an estimate of the water
potential of the mesophyll apoplast, and hence of the relative
humidity of water vapor adjacent to the apoplastic evaporating
site. Each of these methods has technical limitations that limit its
application: method #1 requires costly instrumentation to mea-
sure δ18O and relies on assumptions about fractionation con-
stants; method #2 only works on amphistomatous broad leaves,
requires low ca and A= 0 at one surface, and requires two inde-
pendent gas exchange systems; and method #3 requires spectro-
scopically resolved fluorometry and access to a proprietary

substance, Aquadust. Thus, while these methods have made pro-
found scientific contributions in demonstrating the occurrence of
unsaturated conditions in leaf intercellular airspaces, a method
with fewer such technical restrictions would have great value.
Moreover, there is also intrinsic value in providing further valida-
tion of the findings from those methods using another, indepen-
dent approach.

Egorov and Karpushkin (1988; EK) proposed an alternative
method, in which the nitrogen in air (nitox, 79% N2/21% O2) is
replaced with helium, making helox (79% He/21% O2). This
should cause the transpiration rate to increase because vapor dif-
fuses much faster in helox than in nitox. However, in the EK
experiment, ambient humidity is increased at the same time nitox
is replaced with helox, which reduces the vapor gradient and pre-
vents the transpiration rate from changing. Since E has not chan-
ged, the expression for E (Eqn 1) can be set equal for nitox and
helox, leading to a result in which h is the only unknown:

E 0 = E ! η hw 0
s�w 0

a

� �
1� 1

2 hw 0
s þ w 0

a

� � =
hws�wa

1� 1
2 hws þ wað Þ : Eqn 2

In Eqn 2, primes denote values in helox, and η ≡ gtw
0/gtw is the

proportion by which helox increases gtw. To a first approxima-
tion, η ≈ 2.33, the ratio of the binary diffusivities for water vapor
in helox and nitox. Eqn 2 can be solved for h, given known values
of ws and ws

0 (calculated from leaf temperature), and of wa and
wa

0 (which are measured directly). Several other studies have also
used helox to study leaf gas exchange, albeit for different purposes
(Parkhurst & Mott, 1990; Mott & Parkhurst, 1991; Mott
et al., 1993; Shope et al., 2008; Šantrůček et al., 2014).

Eqn 2 assumes that h does not change when nitrogen is
replaced with helium. In the limit of small distances from the site
of evaporation, vapor is in equilibrium with liquid water in the
apoplast (Nobel, 2020), which implies that h≈ exp(ψ apo/y),
where ψapo is the apoplastic water potential and y ≡ RT/Vw (R is
the gas constant, T the absolute temperature, and Vw the molar
volume of water). In turn, ψ apo is determined by the total flow
through liquid-phase pathways proximal to the evaporating sites,
and by the resistance of those pathways. Therefore, if E does not
change in helox, then neither should ψ apo, nor h.

The objective of this paper was to develop this method further,
both theoretically and experimentally, and to demonstrate its
application in several species, including some hypostomatous spe-
cies, which cannot be examined by the Wong method. In particu-
lar, we relax the assumption that η= 2.33 to account for
different effects of helox on boundary layer and cuticular trans-
port, and we explore how to interpret results in the context of a
model in which large vapor gradients may occur within the leaf.

Materials and Methods

Theory

To apply Eqn 2 to real experimental data, it is necessary to
account for the fact that E in helox (E0) will never be quite exactly
equal to E in nitox. Allowing for E/E0 = ε, where ε is a number

Table 1 List of mathematical parameters used in the main text, with
symbols and units.

Parameter Symbol Units

Net CO2 assimilation rate A μmol m�2 s�1

2nd-order quadratic coefficient in solution for h a Unitless
1st-order quadratic coefficient in solution for h b Unitless
0th-order quadratic coefficient in solution for h c Unitless
Ambient CO2 mole fraction ca μmol mol�1

Intercellular CO2 mole fraction ci μmol mol�1

18O discrimination δ18O Per mille
Leaf-to-air water vapor mole fraction
difference

Δw mol mol�1

Transpiration rate in nitox E mol m�2 s�1

Transpiration rate in helox E’ mol m�2 s�1

Ratio of transpiration rate in helox to nitox ε Unitless
Ratio of gcw to gsw in nitox φ Unitless
Ratio of gcw to gsw in helox φ0 Unitless
Abaxial leaf boundary layer conductance to
water vapor

gbw mol m�2 s�1

Abaxial leaf cuticular conductance to water
vapor

gcw mol m�2 s�1

Abaxial stomatal conductance to water vapor gsw mol m�2 s�1

Leaf total conductance to water vapor gtw mol m�2 s�1

Ratio of gsw to gbw in nitox γ Unitless
Ratio of gsw to gbw in helox γ0 Unitless
Intercellular relative humidity h Unitless
Rough estimate of h bh Unitless
h at distal evaporating site in 2-point leaf
model

hd Unitless

h at proximal evaporating site in 2-point leaf
model

hp Unitless

Ratio of gtw in helox to nitox η Unitless
Gas constant R Pa

m3mol�1 K�1

Ratio of adaxial to abaxial stomatal
conductance

s Unitless

Temperature T K
Molar volume of water Vw m3mol�1

Ambient water vapor mole fraction in nitox wa mol mol�1

Ambient water vapor mole fraction in helox wa
0 mol mol�1

Intercellular water vapor mole fraction wi mol mol�1

Saturated water vapor mole fraction in nitox ws mol mol�1

Saturated water vapor mole fraction in helox ws
0 mol mol�1

Composite parameter (RT/Vw) y MPa
Water potential of apoplastic water ψapo MPa
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very close to 1 but determined experimentally as the ratio of mea-
sured E and E0, Eqn 2 is modified to

E 0 = E ! ϵη hw 0
s�w 0

a

� �
1� 1

2 hw 0
s þ w 0

a

� � =
hws�wa

1� 1
2 hws þ wað Þ : Eqn 3

(Supporting Information Methods S1 evaluates the potential
effect of any bias caused by ε≠ 0, and finds it negligible.) Solving
Eqn 3 for h gives:

ϵη�1ð Þw 0
sws

� �
h2 þ 2 ws�ϵηw 0

s

� �þ ϵηþ 1ð Þ w 0
swa�wsw

0
a

� �� �
h

þ 2 ϵηw 0
a�wa

� �� ϵη�1ð Þwaw
0
a

� �
¼ 0,

Eqn 4

which is quadratic in h, so h can be computed as follows:

h=
1

2a
�b�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2�4ac

ph i
, Eqn 5

where

a= ϵη�1ð Þw 0
sws, 5a

b= 2 ws�ϵηw 0
s

� �þ ϵηþ 1ð Þ w 0
swa�wsw

0
a

� �
, 5b

c = 2 ϵηw 0
a�wa

� �� ϵη�1ð Þwaw
0
a: 5c

To calculate h from Eqn 5, one requires values for ws
0, ws, wa

0,
wa and η. The first four of these are either directly measured (wa,
wa

0) or calculated from measured leaf temperature (ws, ws
0). Esti-

mation of η (to be described later) requires knowledge of the
ratios of stomatal, cuticular and boundary layer conductance, yet
to know stomatal conductance, one must know h; thus, in prac-
tice, estimation of h requires iterative numerical solution, despite
the apparent analytical solution given by Eqn 5.

Estimating η Helox increases the diffusivity of water vapor by a
factor 2.33 (Egorov & Karpushkin, 1988), so to a first approxi-
mation, η= 2.33. However, there are two important caveats.
First, this tacitly assumes that the only change in gtw is that due
directly to helox – that is stomatal apertures do not change. We
suggest that this is a safe assumption, given that, by design,
E does not change, and as shown by Mott & Parkhurst (1991;
also using helox), stomata sense something closely tied to E; other
work in the intervening years has concluded that stomata sense
the bulk symplastic water status of the leaf (Buckley, 2005,
2019), probably via some property closely tied to the volumes of
mesophyll cells (McAdam & Brodribb, 2018; Sack et al., 2018).
Thus, if E is unchanged, it is likely the case that symplastic water
status and hence stomatal aperture are also unchanged.

Second, η would not generally be exactly 2.33, because trans-
port through the boundary layer (Monteith & Unsworth, 1990)
and probably through the cuticle (Becker et al., 1986) do not
occur purely by gas-phase diffusion. gtw is the sum of

conductances at each surface:

g tw =
g sw þ g cw
� �

g bw
g sw þ g cw þ g bw

þ sg sw þ g cw
� �

g bw
sg sw þ g cw þ g bw

Eqn 6

where gcw, gsw, and gbw are the abaxial cuticular, stomatal, and
boundary layer conductances to water vapor, respectively, and s is
the ratio of stomatal conductances between the adaxial and abax-
ial surfaces. Eqn 6 assumes neither cuticular nor boundary layer
conductance differs between the two leaf surfaces. Rearrangement
gives

g tw ¼
g sw 1þ g cw

g sw

� �
g sw
g bw

1þ g cw
g sw

� �
þ 1

þ
g sw s þ g cw

g sw

� �
g sw
g bw

s þ g cw
g sw

� �
þ 1

¼ g sw
1þ ϕ

γ 1þ ϕð Þ þ 1
þ s þ ϕ

γ s þ ϕð Þ þ 1

	 

Eqn 7

where φ≡ gcw/gsw and γ≡ gsw/gbw. Thus,

η≡
g 0tw
g tw

=
g 0sw
g sw

�
1þφ φ0

φ

� �
γ γ0

γ

� �
1þφ φ0

φ

� �� �
þ1

þ sþφ φ0
φ

� �
γ γ0

γ

� �
sþφ φ0

φ

� �� �
þ1

	 


1þφ
γ 1þφð Þþ1 þ sþφ

γ sþφð Þþ1

h i Eqn 8

where primes denote values in helox. The ratio gsw
0/gsw is 2.33,

because transport through the stomatal pore is strictly diffusive.
Calculating η also requires estimates of γ, φ, [γ0/γ] and [φ0/φ].
Below, we discuss the latter two ratios first, and then, we describe
how we estimated φ and γ themselves.

[γ0/γ]. In laminar flow, the Pohlhousen equation
(Schuepp, 1993) predicts gbw

0/gbw= 2.332/3≈ 1.76, reflecting
the fact that laminar boundary layer transport is partly diffusive
and partly advective. Under turbulent conditions, transport is
entirely advective and gbw

0/gbw should be close to unity (Monteith
& Unsworth, 1990). Thus, gbw

0/gbw should be between 1 and
1.76. In practice, we estimated gbw

0/gbw experimentally by
measuring the total conductance of a wet filter paper (a model of
a leaf with zero stomatal and cuticular resistance) in nitox and
helox, and found gbw

0/gbw= 1.58; thus, in our experimental
system, γ0/γ= (gsw

0/gbw0)/(gsw/gbw)= (gsw
0/gsw)/(gbw0/gbw)= 2.33/

1.58= 1.47.

[φ0/φ]. Although the transport mode for water movement
across the cuticle is not known with certainty, we are not aware
of any experimental evidence that it occurs by gas-phase diffu-
sion. Becker et al. (1986) suggest cuticular transport occurs by
diffusion in solution, through the solid matrix of the cuticle itself,
which should be unaffected by helium. Thus, we assume
gcw

0/gcw≈ 1, giving φ0/φ= (gcw
0/gsw0)/(gcw/gsw)=

(gcw
0/gcw)/(gsw0/gsw)= 1/2.33 ≈ 0.429.

φ and γ. The ratios of gcw to gsw, and of gsw to gbw, cannot be
known prospectively, because that would require knowledge of
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the true value of gsw, which in turn depends on the unknown
value of intercellular relative humidity. Thus, in practice, we esti-
mated gsw (and hence φ and γ) by iterative numerical solution of
Eqns 5 and 8 using function optimize() in R; this requires an
initial estimate of gsw, which we provided by calculating gtw
assuming h= 1 and then solving Eqn 6 for gsw, given gcw and gbw.
We estimated gcw using values previously published in the litera-
ture for each species; these values ranged from
0.00036 mol m�2 s�1 to 0.00427 mol m�2 s�1 (note that these
are abaxial values; double them to obtain whole-leaf equivalent
values; Table S1).

‘Back of the envelope’ estimate of h (bh). To quantify the degree
to which the estimate of h depends on factors such as φ, γ, and
the terms other than unity in the denominator of Eqn 1 (which
account for the interaction between air and water vapor), we also
calculated h using a highly simplified expression, in which η is
simply assumed to equal 2.33 (thus ignoring the complicating
influences of boundary layer and cuticular transport) and w is
ignored (ignoring the air–vapor interactions), which gives:

bh= 2:33w 0
a�wa

2:33w 0
s�ws

Eqn 9

Two-point model of leaf interior The preceding analysis treats
the leaf interior as a single point, with one site of evaporation
and, implicitly, no vapor gradient within the leaf. If large vapor
gradients do occur within the leaf, then switching to helox would
affect those gradients, complicating the interpretation of h. To
address this, in Methods S2, we analyzed a two-point model of
the leaf interior, in which water can evaporate either from a prox-
imal site (deep within the leaf) or from a distal site (near the sto-
matal pore), and water vapor can diffuse from the proximal site
to the distal site. Our analysis allows for a wide range of
liquid-phase resistances from the xylem to the apoplastic water at
each evaporating site, and also of the vapor-phase resistance
between the two evaporating sites (Tables S2, S3). A key conclu-
sion from that analysis is that the ‘naive’ approach based on a
single-point model of the leaf interior (Eqn 5) would always over-
estimate the intercellular relative humidity at the distal evaporat-
ing site and underestimate its value at the proximal site. Thus,
our naive estimates likely represent the true intercellular relative
humidity somewhere within the leaf.

Gas exchange measurements

Gas exchange system We measured gas exchange rates and con-
trolled ambient conditions around the leaf using a custom open
flow gas exchange system based on two Li-7000 differential infra-
red gas analyzers (IRGAs) (Li-Cor, Lincoln, NE, USA). A dia-
gram illustrating the flow of gases through the system and its
major components is provided in Fig. S1. The main carrier gas
(N2 or He) flowed from high-pressure tanks through two mass
flow controllers (MFCs, FMA-5400 series; Omega, Norwalk,
CT, USA). Air from one of the MFCs was kept dry, while air

from the other MFC was humidified by passing it through an
aquarium aeration stone in a 2000-ml beaker containing degassed
water to saturate it with water vapor and then through a Graham
condenser (whose temperature was controlled by water flowing
from a recirculating chiller) to reduce the dewpoint to a fixed
value. We used separate humidifiers (beaker + condenser) for
nitrogen and helium. The humidified and dry gas streams were
then recombined. By adjusting the relative flow rates through the
‘wet’ and ‘dry’ MFCs, we could rapidly and precisely modulate
the vapor content of the gas stream. Oxygen and CO2 were
injected into the recombined gas stream using MFCs (O2: FMA-
5400 series; Omega, and CO2: MC-2SCCM; Alicat Scientific,
Tucson, AZ, USA) to give 21% O2 and, typically, c.
450 μmol mol�1 CO2. After passing through a length of tubing
(c. 15 cm) containing debraided copper wire to promote uniform
mixing, the airstream was then split equally into reference and
sample streams.

The sample stream passed through a mass flow meter (MFM,
FMA-2000 series; Omega) and then through a cuvette contain-
ing the leaf (the cuvette is described below); the reference stream
passed through an identical flow meter and an identical but
empty cuvette. Each stream then passed through a pair of rota-
meters (model 6AP2116M1; Dakota Instruments, Orangeburg,
NY, USA) to balance flows as described below, then through
the sample cell of an IRGA, and finally through a chilled mirror
dewpoint hygrometer (General Eastern DEW-10; GE Sensing,
Billerica, MA, USA). The reference cell of each IRGA contained
dry and CO2-free air recirculated through a scrubber (contain-
ing indicating silica gel and Ascarite II) using the IRGA’s
built-in pump. The difference in pressure between the two
streams was monitored using a digital differential pressure sen-
sor (model SSCSNBN001NDAA5; Honeywell, Richardson,
TX, USA) proximal to the rotameters and kept below 20 Pa in
magnitude.

To balance flows and enable matching (sending identical gas
through the sample cell of both IRGAs), each flow stream (refer-
ence and sample) was split into two equal components before
entering the rotameters; both streams passed through rotameters
with fine needle valves, but only one of the two streams (termed
the ‘primary’ stream) was sent to a gas analyzer at any given time,
while the other (termed the ‘null’ stream) was vented to the
atmosphere. During matching, the reference null stream was
swapped with the sample primary stream, such that the reference
null stream passed through the sample IRGA and the sample pri-
mary stream passed through the reference null stream’s rota-
meter. The same procedure could also be used to match the
IRGAs using sample gas rather than reference gas. This design
(illustrated in Fig. S2) ensured that the total flow through each
stream, and hence the flow through the leaf cuvette and the pres-
sures in the IRGA cells, did not change during matching.

Calibration Each IRGA was calibrated daily in nitox, using the
chilled mirror dewpoint hygrometers as an absolute calibration
reference for H2O and premixed calibration gas containing
395.2 ppm CO2. The hygrometers are not suitable for primary
measurements during the experiment because they respond too
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slowly to changes in gas composition; however, they were useful
for calibration, provided adequate time was given to allow them
to fully stabilize (we typically waited 10 min).

Additionally, before conducting any experiments, we cali-
brated each IRGA separately in nitox and helox to quantify how
the IRGA’s output differed between the two gases. We generated
nitox or helox with 21% O2 and 450 ppm CO2 using MFCs as
described earlier (the MFCs were calibrated volumetrically as
described below), and adjusted the humidified proportion of
total flow across a wide range to generate a range of humidities.
At each humidity, we allowed 20–30 min for each analyzer and
hygrometer to stabilize, then used the hygrometer reading as the
true value of water vapor mole fraction, and computed
second-order polynomial expressions relating the apparent
(uncorrected) IRGA readings in helox to the calibrated readings
in nitox. The calibrations were nearly linear, but we fitted
second-order polynomials for maximum accuracy (Fig. S3); these
calibrations corresponded to a correction factor of c. 1.6 for water
vapor in helox (i.e. the IRGA signal for water vapor concentra-
tion would need to be multiplied by c. 1.6 in helox to obtain the
true vapor concentration).

We used custom-built bubble flowmeters to calibrate the leaf
cuvette MFM and MFCs; these calibrations were repeated in
nitox and helox (for the cuvette MFM), in N2 and He (for the
wet and dry MFCs), or in O2 (for the O2 MFC). A given MFC
or MFM was arranged in series with a vertically oriented trans-
parent cylinder marked with graduations indicating volume
increments, and bubble-detector fluid (Better Bubble; Rector-
Seal, Houston, TX, USA) was injected into the airstream in the
bottom of the cylinder to create fine bubble films that migrated
up the cylinder as air flowed through the cylinder to the atmo-
sphere. We measured flow rates by timing the movement of bub-
ble films past given numbers of graduations and used the
resulting values of flow rate to generate calibration polynomials
for each MFM or MFC. The MFCs that controlled flows of pure
N2 and He required a correction of c. 1.458 for He (i.e. the unca-
librated helox flow rates reported by the device were c.
1/1.458= 68.6% of the true volumetric rates), which was similar
to the nominal correction factor of 1.454 suggested in the MFC
manual. For helox passing through the cuvette MFM, the correc-
tion factor was c. 1.415. In practice, we used second-order poly-
nomials for each unit (Fig. S4 shows the calibrations for the
MFM).

Leaf cuvettes Each cuvette (Figs S5, S6) was milled from alumi-
num and nickel-plated to reduce water vapor adsorption; all
interior surfaces were also sprayed with Teflon spray (Dupont,
Wilmington, DE, USA) to further reduce adsorption. The main
portion of the cuvette interior, where a leaf could sit, was
4 cm × 12 cm; beyond one end of that portion was a
40 × 40 mm cavity containing a fan (model MF40201VX-
1000U-A99; Sunon, La Verne, CA, USA), and beyond the oppo-
site end was an empty 40 × 20 mm cavity. These cavities con-
nected the leaf volume with a set of channels and fins milled into
the bottom of the cuvette body; below that was an aluminum
plate affixed to the main body with screws and sealed with a

gasket made from dental putty (Zhermack Elite HD+ Light
body fast set; Zhermack SpA, Badia Polesine, Italy). The fan cir-
culated air across the leaf and then through the fin channels, pro-
ducing a total (two-sided) boundary layer conductance in nitox
of 4.5 mol m�2 s�1 for a 20 cm2 leaf (5 cm wide in the direction
of fan circulation flow; measured using wet filter paper as a model
of a leaf with no stomatal resistance). Water from a recirculating
chiller (model 1160S; VWR, Radnor, PA, USA) flowed through
several channels in the cuvette body to control leaf temperature,
ensuring complete separation between water and the air in the
cuvette.

The leaf was positioned between the main cuvette body and
below a lid (milled from aluminum with a glass window) that was
secured using latches (model 4438N11; McMaster-Carr, Elmhurst,
IL, USA). The lid, main body, and leaf were sealed against gas leak-
age using custom gaskets (3 mm thick and 10mm wide) made of
silicone (Ecoflex 00-30; Smooth-On Inc., Macungie, PA, USA)
using a custom machined aluminum mold. To maintain the leaf sta-
bility, fishing lines were affixed to the chamber and the lid using
3.17mm diameter polytetrafluoroethylene pegs. Leaf temperature
was measured using a 44-gauge fine-wire Type E thermocouple
(model CHCO-002-24; Omega) appressed to the lower leaf surface.
To prevent the fine thermocouple junction from collapsing under
the force of contact with the leaf, we embedded the space below the
junction and between the two wires with molten polyethylene. Illu-
mination was provided by a white LED light source (model Zinqo-
lay; FECiDA, Zhongshan, China) fixed above the chamber lid.
PPFD at the leaf surface was calculated from the distance between
the light source and the chamber lid, using a calibration. This cali-
bration was obtained by placing a LI-COR quantum sensor (model
Li-190R; Li-Cor) beneath the chamber lid, at the typical position of
the leaf, and placing the light source at various distances from the
lid. PPFD at the leaf surface varied by < 11% across the central
region of the cuvette (Fig. S7b). We also tested variation in leaf tem-
perature with thermocouple position across a 40× 40-mm region
for a Helianthus annuus leaf illuminated at 900 μmolm�2 s�1

PPFD and transpiring at 4.2 mmol m�2 s�1, and found a SD of
0.08°C and a maximum range of 0.27°C (Fig. S7a).

Interrogation and control All devices were monitored and/or
controlled using a datalogger (CR6; Campbell Scientific Inc.,
Logan, UT, USA) and multiplexers (AM16-32A; Campbell
Scientific) operated via a custom interface built using the Camp-
bell Scientific RTMC software. To supply an accurate reference
temperature for thermocouple measurements, we measured the
temperature at the datalogger inputs used for thermocouple mea-
surement using a platinum-resistance temperature detector
(model PR-25AP-1/10-600-1/4-M12; Omega). Chamber gas
composition could be rapidly adjusted by changing the control
voltages sent to the MFCs that mixed the gases, and leaf tempera-
ture could also be controlled by adjusting the target temperature
of the recirculating water bath.

Approach to overcoming mixing and desorption lag artifact -
When gas composition is changed, gas with the new composition
normally reaches the reference IRGA faster than it reaches the
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sample IRGA, because the sample gas has to pass through the
sample cuvette volume first. As a result, reported gas exchange
rates typically contain a transient artifact for a period of time after
changing reference gas composition. Moreover, the nature of this
effect is more than a mere delay, or ‘lag’, because the new gas has
to replace all of the old gas in the sample cuvette. This problem is
more severe for water vapor than for CO2, because water vapor
tends to adsorb on cuvette surfaces, even if they have been nickel-
plated. To minimize this artifact, we made the reference and sam-
ple flow paths identical: both passed through identical MFMs
and leaf cuvettes (the cuvette in the reference flow path contained
no leaf), all tubing lengths and fittings were identical in each
path, and rotameters and a differential pressure sensor were used
to ensure that flow rates and pressures were also identical in each
path. Fig. S8 shows the result of empty-chamber tests (time-
courses of reported transpiration rate following a large change in
water vapor composition of the reference gas stream) with and
without an empty cuvette in the reference line. Without the refer-
ence cuvette, the calculated transpiration rate is artifactually large
in magnitude (1.07 mmol m�2 s�1 at 60 s after the change in gas
composition), whereas including the reference cuvette reduces
the transient artifact by 99.4% (0.0063 mmol m�2 s�1). These
measurements used a chamber flow rate of 1.26 l min�1

(847 μmol s�1), and the calculations assumed a leaf area of
20 cm2, both of which were typical of most experiments reported
below.

Experimental procedure After calibration each morning, the
leaf was brought to steady-state gas exchange under given condi-
tions. Reference CO2 mole fraction was set to 450 μmol mol�1,
leaf cuvette flow rate was set to 1–2 l min�1 (672–-
1344 μmol s�1), PPFD at the leaf surface was set to
982–1097 μmol m�2 s�1, and the temperature of the water flow-
ing through the cuvette body and humidifier condensers was set
to 24.2°C (to achieve a leaf temperature of c. 25°C), which was
typically below the ambient temperature in the laboratory.
Although we could easily adjust the water vapor mole fraction in
the sample stream, in the initial experiments presented here, we
typically set the initial reference flow in nitox to 100% dry air
and allowed the sample value to settle at whatever value arose
from the balance between transpiration (which adds water vapor
and humidifying cuvette air) and flow rate (which adds dry air to
the cuvette); if the resulting value was below the effective measur-
ing range of the chilled mirror dewpoint hygrometers
(c. 4 mmol mol�1), we decreased cuvette flow to increase cuvette
vapor concentration. This particular choice is not essential to the
method, but instead was chosen in early experiments in order to
facilitate tests of the system. Future experiments will vary the
vapor composition of the sample stream in nitox.

Once gas exchange was steady, we replaced nitrogen with
helium by operating a set of manual switching valves (model
HV-02; VIILOCK, Yueqing, China); simultaneously, we
increased the ‘wet’ flow (the portion of helium flow that was
humidified) and decreased the ‘dry’ (nonhumidified) flow by
equal amounts, in order to increase water vapor mole fraction in
the cuvette to a given level, chosen to produce the same

transpiration rate that had occurred in nitox. In practice, this
often required a series of small adjustments in wet and dry flows.
Once transpiration was stable again, helium was replaced with
nitrogen and the reference gas composition was returned to
100% dry air. This cycle was repeated at least two more times
under any given conditions (three total switches). In general, each
‘switch’ to helox was completed within 5 min, including 1–2 min
to achieve steady-state gas exchange measurements and another
2–4 min to verify that transpiration rate and stomatal conduc-
tance were unchanged and steady relative to their values in nitox.
We then applied the resulting successive steady-state values of gas
exchange parameters in nitox and helox to Eqn 5 to calculate
intercellular relative humidity.

Plant material Individuals of Gossypium hirsutum L., Helianthus
annuus L., Heteromeles arbutifolia M.Roem., Laurus nobilis L.,
Liriodendron tulipifera L., Magnolia grandiflora L., Oryza sativa
L. (‘Nipponbare’), and Pyrrosia hastata Ching were grown in a
glasshouse facility in Davis, California, from spring to winter
2025–2026. Gossypium hirsutum, Heteromeles arbutifolia, and O.
sativa were grown from seed in 7.5 l pots of UC Agronomy mix
soil and maintained with drip fertigation using UNI-Old solu-
tion, a modified Hoagland solution (150 : 50 : 200 ppmN : P :
K). Oryza sativa (‘Nipponbare’) was selected as it is widely used
for reverse genetics and has a fully sequenced genome. Gossypium
hirsutum and Helianthus annuus were included as proof of con-
cept, having been previously studied by Wong et al. (2022).
Laurus nobilis, M. grandiflora, Heteromeles arbutifolia, Lirioden-
dron tulipifera, and P. hastata were selected to represent phyloge-
netic diversity and for their hypostomatous leaves, a leaf type that
cannot be investigated with the Wong method. Woody species
were pruned as needed for canopy maintenance but not within
6 wk before measurements. All plants were watered to saturation
daily to prevent water stress.

Individual potted plants were moved into the laboratory the
day before measurements to allow for acclimation and placed
in trays of deionized water to ensure adequate hydration.
Plants were placed under full-spectrum lighting (PPFD=
800–1600 μmol m�2 s�1) on a 12 h photoperiod with dark con-
ditions overnight. Only fully expanded, light-exposed adult leaves
were selected for measurements. Plants that had begun flowering
were excluded. For gas exchange measurements, an intact leaf
(still attached to the plant) was enclosed in the cuvette and
allowed to equilibrate under given conditions (Table 2) before
conducting the helox switch procedure described earlier. Pots
were kept in trays with water to ensure the soil remained
hydrated during the experiment.

Results

With the system described above, we were able to rapidly change
the carrier gas from nitox to helox while simultaneously increas-
ing the water vapor mole fraction of air exposed to the leaf, with
the result that transpiration rate remained nearly unchanged.
Fig. 1 shows a typical run, in which the carrier gas is switched
back and forth repeatedly. After the first switch, the operator
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makes a fine adjustment to the relative flows of dry and humidi-
fied gas in helox to better balance transpiration rates in nitox and
helox – manifesting as a slightly lower reference vapor concentra-
tion in helox during the second switch as compared to the first
(Fig. 1b) – after which E is equal in nitox and helox to within
�0.6% (Fig. 1a). The total conductance (Fig. 1d) increases in
helox, as predicted, but this is offset by an equal decline in the
leaf-air vapor gradient (Δw; Fig. 1e). Each switch takes c. 5 min,
including 1–2 min for vapor concentrations to stabilize, and
2–4 min to record stable E and gsw to verify that they had not
changed.

In most cases, E changed by < 1.3% after switching to helox.
We considered any switch in which E changed by more than
2.5% to be ‘failed’ (6 of 120 switches), and excluded these from

further analysis; of the remaining successful switches, the median
absolute % change was 0.5%, and in 73% of switches, E changed
by < 1%. There was a slight bias toward increases in E in
helox, but this did not result in any significant bias in inferred
intercellular relative humidity (P= 0.52; Fig. 2), consistent with
our theoretical evaluation of the potential effect of this bias
(Methods S1; Fig. S9).

Inferred intercellular relative humidity (h) was well below
saturation in all cases (Fig. 3). The highest values were found for
Helianthus annuus (94.2� 0.5%; mean� SE) and the lowest for
Oryza sativa (71.0� 2.4%; Tables 2, 3). These corresponded to
apoplastic water potentials at the evaporating site of
�8.3� 0.8MPa (H. annuus) and �47.8� 4.8 MPa (O. sativa).
These results imply that, of the total humidity drawdown from

Table 2 List of individual experiments, with mean� SE (among technical replicates) of transpiration rate (E, mmol m�2 s�1), leaf temperature (T, oC),
ambient water vapor mole fraction (wa, mmol mol�1), leaf-to-air water vapor difference (corrected for unsaturation) (Δw, mmol mol�1), and intercellular
relative humidity (h, %).

Species Date E T wa Δw h n

GOHI 8 January 2026 3.6 25.29 12.1 17.62 92.4 1
13 January 2026 6.4� 0.0 25.02� 0.00 14.4� 0.0 15.33� 0.06 93.7� 0.3 2
14 January 2026 4.8� 0.0 25.11� 0.01 14.5� 0.0 15.82� 0.01 95.1� 0.1 2

HEAN 12 May 2025 7.0� 0.0 23.46� 0.02 21.2� 0.0 5.47� 0.02 92.3� 0.1 4
7 January 2026 7.9� 0.1 24.33� 0.01 19.9� 0.1 9.21� 0.10 95.5� 0.1 6
15 January 2026 8.0� 0.0 24.29� 0.01 14.7� 0.1 13.40� 0.26 92.7� 0.8 3
9 February 2026 6.6� 0.0 24.64� 0.01 20.0� 0.1 10.43� 0.10 98.1� 0.1 7
6 March 2026 7.9� 0.1 24.74� 0.12 21.0� 0.2 9.59� 0.01 98.0� 0.0 2
11 March 2026 6.2� 0.2 24.51� 0.10 18.4� 0.6 8.89� 0.77 88.7� 1.2 2
12 March 2026 8.3� 0.0 24.45� 0.11 22.1� 0.1 7.98� 0.24 98.2� 0.2 2
13 March 2026 8.7� 0.0 24.60� 0.00 22.9� 0.2 7.56� 0.21 98.5� 0.0 2
19 March 2026 8.9� 0.0 24.33� 0.00 21.4� 0.2 8.60� 0.24 98.6� 0.3 2
23 March 2026 7.5� 0.0 24.06� 0.03 22.9� 0.1 6.64� 0.10 98.6� 0.0 2
4 June 2026 6.5� 0.2 24.62� 0.02 17.6� 0.4 11.65� 0.31 94.5� 0.5 5
8 June 2026 6.1� 0.1 24.73� 0.01 13.9� 0.2 13.78� 0.11 88.9� 0.3 4
9 June 2026 9.2� 0.0 24.24� 0.01 21.2� 0.1 8.45� 0.08 98.1� 0.1 4
13 July 2026 4.7� 0.0 24.58� 0.01 13.7� 0.2 13.72� 0.67 88.7� 1.4 2
14 July 2026 10.0� 0.1 24.56� 0.02 18.5� 0.1 9.93� 0.07 92.0� 0.1 3
15 July 2026 6.2� 0.0 24.55� 0.02 16.7� 0.1 11.04� 0.11 90.0� 0.2 3

HEAR 21 May 2025 2.8� 0.0 22.09� 0.01 12.9� 0.1 11.43� 0.15 91.7� 0.3 3
2 February 2026 3.2 25.35 11.1 16.30 84.6 1

LANO 3 February 2026 2.4 25.41 5.0 23.32 87.2 1
3 February 2026 2.3� 0.0 25.33� 0.02 7.1� 0.1 21.02� 0.18 87.0� 0.5 2
4 February 2026 2.1� 0.0 25.05� 0.00 7.3� 0.0 20.42� 0.06 87.3� 0.1 4

LITU 10 June 2026 2.7� 0.1 25.38� 0.02 7.7� 0.2 20.03� 0.38 85.6� 0.4 2
16 June 2026 1.2 25.64 4.8 19.36 73.6 1
17 June 2026 3.7� 0.3 25.06� 0.00 11.8� 0.9 16.03� 0.25 88.5� 2.0 2
23 June 2026 3.2� 0.0 25.08� 0.00 7.9� 0.1 18.96� 0.09 84.5� 0.2 2
24 June 2026 3.1� 0.0 25.12� 0.02 9.0� 0.1 18.43� 0.28 85.8� 0.7 3
30 June 2026 2.8� 0.1 24.86� 0.03 9.0� 0.1 16.51� 0.80 81.1� 2.1 2
1 July 2026 2.2� 0.1 25.33� 0.03 6.4� 0.1 19.84� 0.97 81.1� 2.8 2
8 July 2026 3.6� 0.0 24.59� 0.01 13.7� 0.1 14.03� 0.25 89.8� 0.5 3

MAGR (sp) 7 May 2026 3.0� 0.0 25.32� 0.03 7.4� 0.0 15.87� 0.14 72.1� 0.4 4
MAGR (wi) 27 January 2026 1.5� 0.0 25.74� 0.01 4.6� 0.1 24.21� 0.16 87.2� 0.2 5
ORSA 21 January 2026 4.3� 0.1 25.27� 0.02 7.0� 0.2 15.94� 1.05 71.1� 3.8 4

22 January 2026 4.3� 0.1 25.27� 0.02 7.0� 0.2 15.86� 0.98 70.9� 3.6 4
PYHA 2 July 2026 1.3� 0.0 24.80� 0.02 5.5� 0.1 16.89� 0.16 71.7� 0.8 3

6 July 2026 2.5 25.13 7.7 19.66 85.6 1
7 July 2026 1.8� 0.1 24.77� 0.01 5.5� 0.2 17.8� 0.07 74.6� 0.4 3

Each row is one leaf measured on a given day; n is the number of technical replicates per leaf (SE is omitted when n= 1). GOHI, Gossypium hirsutum;
HEAN, Helianthus annuus; HEAR, Heteromeles arbutifolia; LANO, Laurus nobilis; LITU, Liriodendron tulipifera; MAGR,Magnolia grandiflora (sp, spring
(May 2025); wi, winter (January 2026)); ORSA,Oryza sativa; PYHA, Pyrrosia hastata.
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saturation to ambient, the fraction that occurred in the vapor
phase (i.e. the ratio of the true vapor gradient to that assuming
saturation, [wi – wa]/[ws – wa]) ranged from a high of 89.4% (in
G. hirsutum) to a low of 63.1% (in O. sativa; Fig. 4). There was
no consistent relationship between intercellular humidity and
either transpiration rate or Δw across species (Fig. 5).

The estimate of h obtained by solving Eqns 5 and 8 by numer-
ical iteration was closely and linearly related to the ‘rough esti-
mate’ given by Eqn 9, which ignores complicating factors, such
as boundary layer, cuticular conductance, and binary interactions
between water vapor and air (Fig. 6). The best-fit line had a slope
very close to unity and an intercept of c. +0.7% ((h (Eqn 5))
= 1.007�(h (Eqn 9))+ 0.007; r2adj= 0.9943, P< 2.2 × 10�16),
implying the rough estimate scales almost perfectly with the more
rigorous calculation, but underestimates h by c. 0.7% on average.
The main factor causing slight divergence between the rigorous
and rough estimates of h was the value of η, the proportion by
which helox increased total vapor conductance (Eqn 8): as η
decreased below the theoretical limiting value of 2.33 (which

applies when all vapor transport occurs by diffusion), the error in
the rough estimate of h increased. Thus, the rough estimate is
most accurate under conditions in which η can be assumed to be
very close to 2.33 – namely, when gsw ≪ gbw and gsw≫ gcw.

We also tested the effect of uncertainty in the value of cuticular
conductance (gcw), and found that in most cases, overestimation
of the true value of gcw by 100% or underestimation by 50%
would have caused less than a 2% error in the true value of h.
Notable exceptions occurred in a single leaf of Liriodendron tuli-
pifera and inM. grandiflora measured during winter, where errors
reached up to 3% and 4%, respectively (Fig. 7), in both cases,
due to very low stomatal conductances measured in those leaves
(0.06 and 0.03 mol m�2 s�1, respectively).

Simulations using two-point model of leaf interior

Our simulations comparing the single-point model of the leaf
interior (on which our estimate of intercellular humidity using
Eqn 5 is based) with a two-point model (Fig. S10) that includes

Fig. 1 Illustration of changes in gas exchange
parameters during a series of successive changes
of the carrier gas back and forth between nitox
(unshaded regions) and nitox (yellow-shaded
regions), in a leaf of Helianthus annuus.
Calculated transpiration rate (E, a) transiently
increases upon each switch to helox, because
changes in reference gas composition (H2OR, b)
cause a transient condition of nonsteady-state of
sample gas composition (H2OS, c), but
transpiration quickly stabilizes, along with
calculated total conductance to water vapor (gtw,
d) and leaf-to-air water vapor mole fraction
difference (Δw, e; the equivalent vapor pressure
gradient (VPDleaf) in kPa is Δw/10). After the
first switch to helox, the operator makes a small
adjustment in the target flowrate for humidified
air, and thus for reference vapor composition, to
better balance the transpiration rates in helox
and nitox, after which steady-state transpiration
rate is virtually identical in helox and nitox during
successive switches.
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evaporating sites both deep in the leaf (proximal) and near the
stomatal pore (distal), found that the helox-based inference of h
should generally fall between the simulated values for the proxi-
mal and distal evaporating sites (hp and hd, respectively; Figs S11,
S12). Whether h was closer to hp or hd depended on the ratios
among the resistances assumed in the two-point model, for
liquid-phase transport from the xylem to each evaporating site,
and for vapor-phase transport between the two sites. For exam-
ple, if the model assumed that the liquid-phase resistances to each

site were equal, then h was generally closer to hd than to hp; if
instead it assumed that the resistance to the proximal site was
much lower than that to the distal site (so that humidity at the
proximal site remained close to saturation), then h depended
more strongly on the magnitude of the vapor-phase resistance –
being closer to hp if vapor resistance were small, and closer to hd
if vapor resistance were large. Our simulations also predicted that
helox would reduce any vapor gradient within the leaf (Fig. S13),
and that neither illumination-induced temperature gradients

Fig. 2 Inferred intercellular relative humidity was
uncorrelated with the percent change in
transpiration rate upon switching to helox. Blue
line and shaded area= best-fit linear regression
� 95% confidence intervals (ns; P= 0.516,
r2adj=�0.0057); dashed red line= reference for
zero % change in transpiration rate. Each small
closed symbol represents one technical replicate
(a measurement of intercellular relative humidity
from one change from nitox to helox in a given
leaf); large, semi-transparent symbols with error
bars are means � SEs across technical replicates
for individual leaves.

Fig. 3 Distribution of intercellular relative
humidity (left y-axis) and the equivalent water
potential of apoplastic liquid water at the
evaporating site (right y-axis) within and across
species (GOHI, Gossypium hirsutum; HEAN,
Helianthus annuus; HEAR, Heteromeles

arbutifolia; LANO, Laurus nobilis; LITU,
Liriodendron tulipifera; MAGR,Magnolia

grandiflora (wi, winter (January 2026); sp, spring
(May 2025)); ORSA,Oryza sativa; PYHA,
Pyrrosia hastata). Symbols are results from
individual nitox–helox switches (i.e. technical
replicates) and colored lines are within-species
means. Details of individual experiments are
given in Table 2. Mean intercellular relative
humidity was significantly below zero for each
species (and for each of MAGR (wi) and MAGR
(sp)) (P< 0.001 except HEAR (P= 0.0016) and
GOHI (P= 0.0018)).
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within the leaf nor a systematic decrease in leaf temperature upon
switching to helox should substantially affect our inferences
(Figs S14, S15).

Discussion

Our refinement and application of the helox compensation
method, originally devised by Egorov & Karpushkin (1988), for
inferring the relative humidity of the intercellular airspaces (h) –
in which the nitrogen in air is replaced with helium, thus acceler-
ating vapor diffusion, but an increase in transpiration rate is pre-
vented by also increasing ambient humidity – demonstrated that
the EK method can be applied to diverse species, and validated
previous reports (Cernusak et al., 2018; Wong et al., 2022; Jain
et al., 2025) that h can be substantially below 100%. As this
helox-based approach represents a fourth independent experi-
mental method demonstrating h ≪ 1, our results solidify beyond
reasonable question the reality of airspace unsaturation. More-
over, our results demonstrate substantial unsaturation even in
unstressed leaves, because all of the measurements presented here

were conducted on leaves at low-to-moderate evaporative
demand, attached to potted plants in moist soil.

The helox compensation method has two strengths that have
potential to make it more suitable to wide application than other
methods. It is one of two methods – the other being that of
Wong et al. (2022) – that can measure h using traditional gas
exchange techniques, whereas the methods of Cernusak
et al. (2018) and Jain et al. (2024) require additional specialized
equipment (to measure online stable isotope discrimination
orspectroscopically resolved fluorometry, respectively). The helox
approach also has several advantages over the Wong method. (1)
It can measure h in hypostomatous leaves; by contrast, the Wong
method only works on broad amphistomatous leaves, which
represent a small fraction of the world’s flora. We thus conducted
the first purely IRGA-based validation of unsaturation on hypos-
tomatous species in the modern era (namely, on Heteromeles
arbutifolia, M. grandiflora, Laurus nobilis, Liriodendron tulipifera,
and Pyrrosia hastata). (2) Unlike the Wong method, the helox
compensation method does not require reducing CO2 assimila-
tion rate to zero at one leaf surface by lowering ambient (CO2) to

Fig. 4 Vapor-phase fraction of total drawdown
from saturation to ambient, across species
(GOHI, Gossypium hirsutum; HEAN, Helianthus
annuus; HEAR, Heteromeles arbutifolia; LANO,
Laurus nobilis; LITU, Liriodendron tulipifera;
MAGR,Magnolia grandiflora (wi, winter
(January 2026); sp, spring (May 2025)); ORSA,
Oryza sativa; PYHA, Pyrrosia hastata). Symbols
are results from individual nitox–helox switches
(i.e. technical replicates) and colored lines are
within-species means. Details of individual
experiments are given in Table 2.

Table 3 List of species measured in this study, with mean transpiration rate (E, mmol m�2 s�1), whole-leaf stomatal conductance (gsw, mol m�2 s�1,
corrected for intercellular airspace unsaturation), estimated intercellular relative humidity (h, %) and water potential of apoplastic water at the evaporating
site (ψapo, MPa), turgor loss points (TLP an MPa) from the literature, and number of biological replicates (different leaves) measured (‘reps’).

Species Family E gsw h ψapo TLP Reps

Gossypium hirsutum L. Malvaceae 5.2� 0.5 0.17� 0.02 94.0� 0.5 �8.5� 0.8 �2.40(1) 3
Helianthus annuus L. Asteraceae 7.4� 0.18 0.48� 0.03 94.2� 0.5 �8.3� 0.8 �1.09(2) 16
Heteromeles arbutifoliaM.Roem. Rosaceae 2.9� 0.1 0.25� 0.02 90.0� 1.8 �14.7� 2.8 �2.53(2) 2
Laurus nobilis L. Lauraceae 2.2� 0.1 0.11� 0.002 87.2� 0.1 �18.8� 0.2 �2.26(3) 3
Liriodendron tulipifera L. Magnoliaceae 3.0� 0.2 0.18� 0.02 84.1� 2.4 �24.0� 2.0 �1.25(4) 8
Magnolia grandiflora L. Magnoliaceae 1.5� 0.0a 0.06� 0.00 87.2� 0.2 �19.0� 0.3 �2.06(2) 1

3.0� 0.0b 0.20� 0.03 72.1� 0.4 �45.1� 0.7 1
Oryza sativa L. Poaceae 4.3� 0.0 0.14� 0.06 71.0� 2.4 �47.8� 4.8 �2.29(5) 2
Pyrrosia hastata Ching Polypodiaceae 1.7� 0.2 0.093� 0.007 75.6� 1.9 �38.8� 3.2 NA 3

Sources: (1) Ackerson & Hebert (1981), (2) Scoffoni et al. (2014), (3) Salleo et al. (2000), (4) Burlett et al. (2025), (5) Henson (1982).
aMeasured in winter (01-2026).
bMeasured in spring (05-2025).
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the compensation point at that surface. Nulling assimilation at
one surface represents an unusual condition, physiologically, and
could have uncharacterized effects on the interaction among
photosynthetic processes and stomatal control (Lawson, 2009;
Lawson et al., 2018), and possibly regulation of within-leaf water
transport (Moshelion et al., 2015). (3) It requires only a single
differential gas analysis system, whereas the Wong method
requires measuring gas exchange independently at each surface.
Given the high up-front cost of IRGAs, few laboratories have
access to two complete gas exchange systems, so the helox
method has the potential to expand access to experimental valida-
tion of unsaturation across species. Although we used two differ-
ential IRGAs with each operating in absolute mode (i.e. with
reference gas of known composition circulating through each
IRGA’s reference cell), this is not required for the helox method,
and in principle, the approach could be applied with a single dif-
ferential IRGA. (4) It does not inherently require measurement
of CO2 exchange, which both the Wong and Cernusak methods
require (though for switches lasting longer than a few minutes,
CO2 measurements may be needed to measure, and if necessary
to correct for, any changes in intercellular CO2 concentration in
helox that may induce a stomatal response; this is discussed
further below). This has the advantage that, in principle at least,
the method can be applied using much lower-cost sensors to mea-
sure water vapor concentration, such as the capacitive humidity
sensors used in all currently available commercial porometers.

To be clear, whatever advantages the helox compensation
method might have over other approaches, those advantages are
not, at present, realistically accessible to most of the scientific
community, given that it took considerable effort and experience
to build the system that we used to implement the method. In

order for the method to become more widely accessible, it would
need to be engineered into a user-friendly commercial device. We
failed in an earlier attempt to apply a related method using a
commercial gas exchange system (Li-6800; Li-Cor) because the
6800’s system for mixing gases and controlling flows and pres-
sures relies on flow controllers and meters whose calibrations
change in helox; the system’s highly integrated design, which was
designed to maximize user-friendliness for typical measurements
in air, prevented us from isolating these components in order to
recalibrate them in helox. We instead built a system that uses
stand-alone IRGAs (Li-7000) and a handmade gas mixing and
analysis system, which would be more difficult for other investi-
gators to recreate than it would if the method could be directly
applied using a Li-6800 (or similar system). However, calibration
issues might be surmountable with cooperation with the manu-
facturer. Another limitation with commercial systems is that to
avoid contamination due to out-gassing of He from the humidi-
fier column when switching to N2 (or vice versa), the method
requires separate humidifiers for helox and nitox. Overcoming
this constraint with a commercial system would likely require
placing custom humidifiers upstream of the system and bypassing
its internal gas mixing controls. A more subtle challenge involves
balancing the pressures in each IRGA cell in both helox and
nitox: switching to helox changes the distribution of resistances
within the system in ways that are difficult to predict, and this
can lead to changes in the distribution of flow between the refer-
ence and sample gas streams, and thus differences in pressure
between the reference and sample IRGA cells. We overcame this
problem by making the reference and sample streams physically
identical, except for the presence of the leaf in the sample cham-
ber. A collateral benefit of this design is that it essentially

Fig. 5 Intercellular relative humidity (h) was not related to (a) transpiration rate, E, or (b) leaf-to-air water vapor mole fraction difference, Δw (the
equivalent vapor pressure gradient (VPDleaf) in kPa is Δw/10), across species (error bars are � SE) (GOHI, Gossypium hirsutum; HEAN, Helianthus annuus;
HEAR, Heteromeles arbutifolia; LANO, Laurus nobilis; LITU, Liriodendron tulipifera; MAGR,Magnolia grandiflora (wi, winter (January 2026); sp, spring
(May 2025)); ORSA,Oryza sativa; PYHA, Pyrrosia hastata.). Neither relationship shown is statistically significant (h vs E: P= 0.284; h vs Δw: P= 0.674).
Details of individual experiments are given in Table 2.
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eliminates the transient artifact in calculated transpiration rate
(and parameters derived from it, like stomatal conductance) that
occurs after changing the reference gas composition (Fig. S8).
This approach would likewise be more difficult to implement
using a stand-alone commercial system.

Irrespective of any potential advantages of one method over
another, there is an inherent advantage in the existence of

multiple independent methods to quantify something so contro-
versial and with such far-reaching implications as leaf airspace
unsaturation. Indeed, as noted by Carl Sagan, ‘Extraordinary
claims require extraordinary evidence’ (Sagan, 2011). We our-
selves did not have particularly high Bayesian credences about the
validity of the unsaturation phenomenon until it had been
demonstrated by multiple methods. To further validate and bet-
ter understand the phenomenon, we suggest it would be tremen-
dously advantageous to apply two or more of these methods in
the same leaf, or at least in the same populations of leaves. More-
over, since each method is arguably best suited to identifying the
intercellular relative humidity at a different location within the
leaf – at cell surfaces within 20 μm of the viewed surface (Aqua-
dust), just inside of the stomatal pore (Wong), at the sites of car-
bonic anhydrase activity (Cernusak), or at the internal origins of
vapor-phase diffusion pathways (helox) – combining the methods
could also provide insights regarding the spatial distribution of
unsaturation within the leaf.

Fig. 6 The approximate solution (‘rough estimate’) of intercellular relative
humidity (Eqn 9) closely tracks the full solution (Eqn 5), and the difference
between those two estimates is largely determined by the value of η (the
proportion by which helox increases total vapor conductance). In (a), the
dashed line is 1 : 1, and the solid line is a linear fit (y= 1.007�x+ 0.007;
r2adj= 0.9943, P< 2.2 × 10�16). In (b), the dashed vertical line is at
η= 2.33 (the theoretical value in the limit of zero boundary layer
resistance and zero cuticular conductance), and the solid line is a linear fit,
with the shaded region indicating 95% confidence
intervals (y=�0.065�η+ 0.009; r2adj= 0.329, P< 0.001).

Fig. 7 Potential error in estimation of intercellular relative humidity arising
from uncertainty in the cuticular conductance (gcw), for (a) 100%
overestimation of the true value of gcw, and (b) 50% underestimation of
the true value of gcw (GOHI, Gossypium hirsutum; HEAN, Helianthus
annuus; HEAR, Heteromeles arbutifolia; LANO, Laurus nobilis; LITU,
Liriodendron tulipifera; MAGR,Magnolia grandiflora (wi, winter (January
2026); sp, spring (May 2025)); ORSA,Oryza sativa; PYHA, Pyrrosia
hastata).
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Leaf airspace unsaturation and its implications

Our data demonstrate substantial unsaturation in the leaf air-
spaces of eight species, with species-level means as low as 71%
(for Oryza sativa). Two of the species we examined – Helianthus
annuus (sunflower) and Gossypium hirsutum (cotton) – were pre-
viously examined by Wong et al. (2022). For cotton, at a similar
Δw, we found similar h as Wong et al. (94%), whereas for sun-
flower, we found higher h (90% at a Δw= 11 mmol mol�1 (this
study), vs 83% at Δw= 12 mmol mol�1 (Wong)); however, h
varied across sunflower leaves, with 3 of 16 leaves having h below
89%. Egorov & Karpushkin (1988) reported a similar range of
intercellular relative humidities (from 83.4 to 99%), albeit in dif-
ferent species. These relative humidities imply that liquid water
in the apoplast of evaporating sites is exceedingly low – averaging
between �8.3 and �48MPa across species (for H. annuus and
O. sativa, respectively) – and far below published turgor-loss
points for any of the species we measured (�1.09 to �2.53MPa;
Table 3). Our data thus corroborate other recent reports, using
other techniques, that concluded apoplastic water potential at the
evaporating site can be well below the turgor-loss point of adja-
cent living cells (Cernusak et al., 2018; Wong et al., 2022; Jain
et al., 2025). We also report airspace unsaturation in a fern (Pyr-
rosia hastata) for the first time. Together, these results imply the
occurrence of very large water potential gradients between the
symplast and evaporating site of cells somewhere in the leaf,
which – combined with the co-occurrence of substantial tran-
spiration – implies very large resistance for water transport
between the symplast and evaporating sites (Buckley &
Sack, 2019). The properties of that resistance and its biophysical
origin are beyond the scope of the present study, and have been
discussed elsewhere (Rockwell et al., 2022; Cernusak et al., 2024;
Jain et al., 2025); we merely note that the method presented here
has potential to greatly facilitate the study of those properties, by
making it easier to quantify airspace unsaturation.

Our modeling analysis suggests that the estimates of h pro-
duced by the current method, which, like all traditional gas
exchange measurements, treats the leaf interior as having a single
evaporating site, should represent the true value of relative
humidity somewhere within the leaf airspaces, in most condi-
tions. Whether our estimate corresponds more closely to the rela-
tive humidity near evaporating sites deep within the leaf or close
to the stomatal pore depends on the relative resistances for liquid
water movement between the xylem and those evaporating sites,
and for vapor transport between the evaporating sites. The only
scenario where our h estimate would not correspond to any loca-
tion within the leaf is when a large temperature gradient occurs
within the leaf (e.g. due to light absorption by palisade near the
adaxial surface) and the actual intercellular humidity is very close
to saturation (Fig. S13). The error in that scenario is caused by
divergence of the true intercellular saturation vapor pressure from
the experimental estimate, which is typically based on the tem-
perature of a thermocouple appressed to the abaxial surface; the
possibility of such divergence, and its effect on gas exchange cal-
culations, has been noted previously (Mott & Peak, 2010; Buck-
ley et al., 2017) and is not unique to the method presented here.

We note that the Aquadust method has provided direct evidence
of gradients in water potential within the apoplastic space (Jain
et al., 2025), albeit within the first 20 μm beneath the outer sur-
face of the leaf. Those authors also introduced a continuum
model of parallel, coupled transport through the liquid and vapor
paths within the leaf; our model can be considered a limiting case
of theirs, with two nodes at which water can change phases (one
deep in the leaf and another near the stomatal pore) rather than a
continuum of such sites. Their simulations (their Fig. 4) sug-
gested fairly small gradients of h within most of the extent of the
leaf airspaces – varying by < 1% across 100 μm of intercellular
airspace in maize – consistent with small values of ρV (the ratio of
vapor- to liquid-phase resistances) from our simulations and sug-
gesting the value of h inferred from our method may be a reason-
able approximation for much of the leaf airspaces.

We did not attempt to control for increases in intercellular
CO2 concentration (ci) that might occur due to faster gas diffu-
sion in helox; such changes could, in theory, induce a decline in
stomatal aperture, violating the assumptions of the method. Any
such change in aperture would not occur instantaneously, but
instead would occur gradually over many minutes, yet we saw no
evidence of systematic changes in conductance over the c. 5 min
that each leaf spent in helox after each nitox–helox switch (e.g.
Fig. 1). Nevertheless, future applications of the method could
aim to simultaneously decrease ambient CO2, along with increas-
ing ambient humidity, when switching to helox, to reduce the
impact of any stomatal response to ci.

Conclusion

We further developed and applied the helox compensation
method of Egorov & Karpushkin (1988), in which helium is
used to separate the effects of vapor gradient and diffusional con-
ductance on vapor flux, enabling inference of intercellular relative
humidity. Our results confirm substantial unsaturation of the air-
spaces in leaves, extending that finding to six species not pre-
viously measured (Heteromeles arbutifolia, Laurus nobilis,
Liriodendron tulipifera, Magnolia grandiflora, Oryza sativa, and
Pyrrosia hastata), and for the first time to a seedless plant (the fern
P. hastata). This method can be applied to any leaf under any
nearly environmental conditions with a single infrared gas analy-
sis system, thus potentially expanding the capacity to quantify
unsaturation beyond specialist laboratories.
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Fig. S1 Diagram of gas exchange system.

Fig. S2 Diagram of match and flow control valve system.

Fig. S3 Calibration curves for gas analyzers in nitox and helox.

Fig. S4 Calibration curves for mass flow meter in nitox and
helox.

Fig. S5 Photograph of leaf in cuvette.

Fig. S6 Diagram of cuvette dimensions.

Fig. S7 Variation in temperature and light intensity within cuv-
ette.

Fig. S8 Effect of reference empty chamber on transient artifact.

Fig. S9 Effect of small shift in transpiration in helox on inferred
intercellular humidity.

Fig. S10 Diagram of two-point model of leaf interior.

Fig. S11 Predicted intercellular humidities for a wide range of
parameters.

Fig. S12 Predicted intercellular humidities for relevant parameter
range.

Fig. S13 Simulated effect of helox on intercellular humidities.

Fig. S14 Simulated effect of within-leaf temperature gradient on
intercellular humidities.

Fig. S15 Simulated effect of temperature shift in helox on inter-
cellular humidities.

Methods S1 Evaluation of bias caused by shift in transpiration in
helox.

Methods S2 Two-point model of the leaf interior.

Table S1 Single-surface cuticular conductances used for each spe-
cies.

Table S2 List of mathematical parameters used in the Supporting
Information.

Table S3 Sets of simulations and associated parameter values.
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