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Abstract

Purpose of Review Water Use Efficiency (WUE) is widely used to describe carbon-water coupling, but its meaning varies
among disciplines, measurement approaches and spatial and temporal scales. We review commonly used WUE definitions
and formulations and clarify their conceptual differences.

Recent Findings Ratio-based metrics, including WUE (4/E) and intrinsic WUE (4/g,w), describe realized carbon—water
exchange but remain sensitive to environmental conditions. Optimality-based approaches distinguish these ratios from the
marginal water cost of carbon gain (OE/0A4), providing a mechanistic perspective on water-use strategy. We also highlight
differences among leaf, plant, ecosystem, isotope, and model-derived estimate.

Summary WUE is best understood as a context-dependent metric rather than a universal functional trait. We propose a
framework linking each formulation to its carbon and water variables, spatial and temporal scale, environmental dependen-
cies, and underlying assumptions. This approach supports transparent metric selection and improves comparisons across
studies, scales, and methods.

Keywords Water use efficiency (WUE) - Intrinsic water use efficiency (WUE) - Marginal water cost of carbon gain -
Stomatal optimization - Functional traits - VPD - Ecosystem water use efficiency

Introduction

Water Use Efficiency (WUE) is widely used to character-
ize the relationship between carbon gain and water loss in
vegetation, applied across a range of research contexts rang-
ing from leaf-level physiological responses to ecosystem

We encourage authors to adopt this nomenclature system to reduce
ambiguity and improve cross-study comparability.
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carbon—water exchange. At the leaf scale, WUE can be cal-
culated as the ratio of carbon assimilation to transpiration,
whereas at the ecosystem scale it is commonly expressed
as the ratio of gross primary productivity (GPP) to evapo-
transpiration (ET) or transpiration (T). These formulations
provide useful information about carbon—water coupling,
but they do not necessarily represent the same process or
respond to environmental drivers in the same way [1-4].

The interpretation of WUE depends on how changes in
its numerator and denominator arise: WUE can increase
because carbon uptake increases, because water loss
decreases, or because both fluxes change at different rates,
each with different physiological meanings [4-6]. For
example, under drought, stomatal closure can reduce tran-
spiration more strongly than carbon assimilation, producing
higher WUE without necessarily indicating greater produc-
tivity or improved drought tolerance [7]. Thus, a change in
WUE is informative only when the processes underlying
changes in carbon gain and water loss are considered.

The expansion of WUE across disciplines has produced
a diverse set of operational definitions [8, 9]. At the leaf
scale, gas-exchange measurements provide instantaneous
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estimates based on assimilation, transpiration, or stomatal
conductance. Stable-isotope measurements provide tem-
porally integrated estimates related to intrinsic WUE [2,
10, 11], whereas whole-plant measurements relate carbon
gain or biomass production to water consumption over
longer experimental periods. At the ecosystem scale, eddy
covariance provides estimates based on carbon uptake and
water-vapour fluxes, while remote sensing and process-
based models extend WUE estimates across larger spatial
and temporal domains [12—16]. Although these approaches
address related aspects of carbon—water exchange, their
estimates are not automatically equivalent because they dif-
fer in the processes, spatial domains, and temporal periods
represented [17, 18].

At the leaf scale, carbon assimilation and water loss
are coupled primarily through stomatal regulation, creat-
ing a fundamental trade-off between carbon gain and water
expenditure ([10, 19, 20]. Two commonly used leaf-scale
formulations capture different aspects of this trade-off:
instantaneous WUE is expressed as WUE=A/E, whereas
intrinsic WUE is commonly expressed as ;WUE = A/gw,
where A is net carbon assimilation, E is transpiration, and
gsw is stomatal conductance to water vapour [1-3]. Under
conventional assumptions, that stomatal conductance to
CO: is related to gw by the diffusivity ratio of 1.6, that
cuticular CO2 conductance is negligible, and that the CO:
concentration gradient is approximated by C.—C;, 4/gsw can
be related to (C.—C;)/1.6. However, this relationship should
not be treated as an identity independent of the gas-transport
model. Lamour et al. [21] showed that incorporating cuticu-
lar conductance and a more complete representation of CO2
and H-O transport can alter the estimation of C; and stoma-
tal conductance, while measured 4 and total transpiration
remain unchanged. Thus, 4/gsw and (C.—C;)/1.6 should be
regarded as equivalent only under the assumptions of the
corresponding gas-exchange formulation [21, 22].

WUE incorporates realized transpiration and atmo-
spheric demand, whereas ;WUE relates assimilation to
stomatal conductance independently of VPD [23]. The
interpretation of ;WUE derived from gas exchange addi-
tionally depends on the assumptions used to calculate sto-
matal and CO: conductance from measured gas fluxes [21,
22]. Neither formulation should be assumed to represent an
environment-independent property of a plant [24, 25].

Recent work has emphasized that ratio-based formula-
tions should be distinguished from measures intended to
characterize underlying water-use strategy. Liang et al. [5]
evaluated WUE (4/E), ;WUE (4/gsw), and the marginal
water cost of carbon gain, A = OE/0A4, and showed that
these quantities capture different aspects of plant water use.
Whereas WUE and are ratios whose values can respond
strongly to environmental variation, A is derived from the
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sensitivity of water loss and carbon gain to changes in sto-
matal conductance and provides a more mechanistic per-
spective on water-use strategy. Under the Cowan—Farquhar
optimality framework, this quantity provides a mechanistic
perspective that differs from instantaneous carbon-to-water
ratios [5, 26, 27]. Bonan et al. [27] further demonstrated that
alternative stomatal optimization objective functions, based
on either ;WUE or WUE, can produce different responses
of stomatal conductance and carbon assimilation to atmo-
spheric demand and plant water status, confirming that the
choice of WUE formulation encodes different hypotheses
about how plants balance carbon gain against water loss
[27, 28].

This distinction also raises the question of whether WUE
should be considered a functional trait. Violle et al. [29]
defined a functional trait as a measurable morphological,
physiological, or phenological characteristic of an indi-
vidual that can be characterized without reference to the
environment. Many WUE formulations do not strictly meet
this criterion because their values depend on environmental
conditions, measurement scale, and temporal integration: A/
gsw and A/E can vary in response to VPD, irradiance, tem-
perature, atmospheric CO: concentration, and soil-water
availability, even when the underlying plant strategy is
unchanged [23, 24, 30]. We therefore use WUE primarily
as a context-dependent process metric rather than assuming
that it represents an environment-independent functional
trait [5, 29].

Differences among WUE estimates can therefore arise
even when measurements describe the same vegetation
because the underlying carbon and water fluxes differ. Eco-
system WUE based on GPP/ET includes non-transpirational
components of ET, such as soil evaporation and canopy
interception, whereas GPP/T is more directly related to tran-
spiration [14, 31]. Similarly, leaf ;WUE obtained from gas
exchange represents conditions at the time of measurement,
whereas isotope-derived estimates integrate physiological
information over longer periods and depend on assumptions
relating carbon isotope discrimination to the ratio of inter-
cellular to atmospheric CO: concentration [2, 16, 32]. These
metrics may therefore provide complementary rather than
interchangeable information.

The central challenge is therefore not that WUE lacks
a meaningful physiological basis, but that the same term
is used for quantities that differ in their definition, pro-
cess representation, spatial scale, temporal integration,
environmental dependence, and intended application [33].
Such differences can undermine cross-study comparabil-
ity, introduce interpretive ambiguity, and hinder our abil-
ity to scale plant responses to water availability from local
experiments to ecosystem observations and global models
[9, 24, 34, 35]. This challenge is particularly relevant under
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Table 1 Overview and comparison of empirical, modelled, satellite-derived, and optimality-based definitions of WUE

Type  Scale (Temporal scale) Variable Method Harmonized Definition Formula Key assumptions and limitations  References
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Table 1 (continued)

=
=]
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S . . .
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&
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%
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iy L:_ 5 (carbon gain) A — marginal water  estimated from sensitivities of E and oEoe YA " assumptions about stomatal 4
= £ 0 cost of carbon gain A to g; can be evaluated using gas ( 2)/( regulation, photosynthesis and the -4
< il g AE g g5 g g /6g,) ang
£ 98 o) exchange, isotopes or models g relevant  temporal/organizational
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2s

constraint, GPP is typically derived from flux partitioning algorithms and  is obtained by inverting the Penman—Monteith equation. Neither
variable is directly measured. This metric therefore occupies an intermediate position between empirical and modelled approaches and should

be interpreted accordingly

climate change, as increasing atmospheric demand, altered
soil moisture regimes, and changing plant physiological
responses, can affect the carbon and water fluxes underly-
ing different WUE formulations. A harmonized framework
therefore needed to make these differences explicit and
to support transparent comparisons across observational,
experimental, and modeling approaches. In this review, we
take steps toward this goal by synthesizing commonly used
WUE definitions into a harmonized glossary (Table 1) and
by providing a supplementary conversion guide that clari-
fies assumptions required to compare or translate among
metrics (Table S1). Together, these resources provide a
foundation for more transparent cross-disciplinary integra-
tion of WUE across scales.

@ Springer

Conceptual Framework and Definitions

The concept of the “water requirements of plants” first
emerged in the agricultural literature in 1913 [36], when it
was defined as the ratio of plant dry matter production to
the amount of water used through transpiration. Since then,
a wide array of definitions and formulations of WUE have
emerged (see Table 1 for an overview). These multiple defi-
nitions include instantaneous leaf WUE (WUE,,,), intrinsic
WUE (WUE), ecosystem-scale WUE (WUE_), and VPD-
adjusted stomatal WUE ((WUE,pp). Each definition differs in
terms of its formula, units, underlying assumptions, and the
spatial and temporal scales at which it is applied or simulated,
ultimately leading to differences in what the metric actually
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represents, reflecting also the widening scope over time, such
as understanding plant responses to climate change and the
regulation of water and carbon fluxes within the Earth system.

Importantly, from the very beginning, methods for esti-
mating WUE spanned across multiple organizational, hier-
archical and observational scales, from individual leaf-level
gas exchange measurements to ecosystem-level assess-
ments using eddy covariance, remote sensing, or modelled
data. This apparent variability presented and still presents
major challenges for cross-study comparison and synthe-
sis, highlighting the urgent need for conceptual clarity and
standardized definitions across disciplines and studies. A
search on Google Scholar returned over 7,430,000 results
(data accessed: 2026, September 10), and 322,521 results
in Web Of Science (data accessed: 2026, September 10)
for the term “Water Use Efficiency”, highlighting both the
immense scientific interest in the topic and the fragmenta-
tion of its definitions and applications.

Table 1 summarizes a comprehensive set of fourteen
different WUE metrics used in both empirical studies and
modelling approaches in agricultural and forest science.
These metrics encompass WUE formulations derived from
leaf — and stomatal-level physiological observations, sta-
ble isotope measurements, ecosystem-scale flux measure-
ments, remotely sensed products, process-based models,
and optimality-based approaches. We explicitly distinguish
among empirical measurements, modelled, satellite and
optimality-based approaches, because these approaches dif-
fer fundamentally in how WUE is estimated, constrained,
and interpreted, even when they share a common conceptual
definition of WUE. These four approaches and their rela-
tionships across observational, modelling, remote-sensing,
and theoretical frameworks are illustrated in Fig. 1.

Empirical measurements are derived from direct obser-
vations of physiological processes or carbon and water
fluxes, including leaf-level gas exchange, stable isotope
measurements, and eddy-covariance observations. Con-
sequently, empirical WUE estimates are constrained by
measurement accuracy, sampling design, instrumental
limitations, and site-specific conditions. Depending on the
measurement technique, they may represent instantaneous
physiological responses or WUE integrated over seasonal,
annual, or longer timescales.

In contrast, modelled WUE estimates are generated
using process-based vegetation or ecosystem models that
represent physiological and ecosystem processes through
explicit or implicit process formulations. These models can
simulate variables such as photosynthesis, transpiration, sto-
matal conductance, and carbon and water fluxes, from which
WUE can subsequently be calculated. Modelled approaches
enable WUE to be estimated continuously across spatial and
temporal scales that are difficult to capture through direct

observations. However, their estimates depend on model
structure, parameterization, and assumptions concerning
plant physiology, environmental responses, canopy struc-
ture, and ecosystem functioning.

Satellite-derived WUE estimates are obtained from
remotely sensed observations and associated algorithms
or products, including products based on the Moderate
Resolution Imaging Spectroradiometer (MODIS). These
approaches provide spatially extensive estimates that can
extend from regional to global scales and can support analy-
ses over long periods. However, satellite-derived WUE is
not a direct measurement of WUE; rather, it is inferred from
remotely sensed variables and/or derived carbon- and water-
related fluxes. Consequently, its uncertainty depends on the
accuracy of the remotely sensed inputs, retrieval algorithms,
and the assumptions used to relate remotely sensed signals
to underlying physiological and ecosystem processes.

Optimality-based WUE approaches, in turn, derive
WUE from theoretical frameworks that assume plants adjust
their physiological processes to optimize carbon gain rela-
tive to water loss under environmental constraints. These
approaches therefore differ from both direct observations
and conventional process-based simulations because WUE
emerges from an assumed optimization principle rather
than being calculated solely from measured or prescribed
fluxes. Their estimates depend on the formulation of the
optimization objective, the environmental and physiologi-
cal constraints imposed, and assumptions regarding plant
adaptation, resource allocation, and the regulation of carbon
and water exchange.

This methodological distinction is important because it
directly affects uncertainty of characterization, scale of rep-
resentativeness, and interpretability. Observations provide
reality-based constraints but are often limited in spatial and
temporal coverage, whereas modelled and satellite-derived
approaches allow broader and more continuous assessments
but depend on model formulations, retrieval algorithms, and
underlying assumptions. Optimality-based approaches pro-
vide an additional theoretical perspective on WUE by linking
observed or simulated patterns to hypothesized plant strate-
gies. Separating these approaches therefore enables a clearer
evaluation of agreement and divergence among WUE esti-
mates and helps identify whether discrepancies arise from
measurement limitations, remote-sensing retrievals, model
structure and parameterization, or theoretical assumptions.

The distinction is therefore methodological rather than
conceptual: the different approaches may quantify related
aspects of the same underlying relationship between carbon
gain and water loss, but they do so by using different sources
of information and different assumptions. This distinction is
essential for transparency, traceability, and rigorous cross-
comparison of WUE metrics across studies and scales.
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Fig. 1 Conceptual and operational comparability among WUE metrics.
The triangular matrix illustrates the degree of comparability between
pairs of WUE metrics. Green indicates direct comparability when
metrics share the same formulation and variables, although unit con-
version may be required; yellow indicates comparability with caution
when metrics are conceptually related but differ in variables, spatial
or temporal scale, temporal integration, normalization, or underlying
assumptions; and purple indicates that metrics are not directly compa-
rable because they quantify fundamentally different processes or quan-
tities. Gray cells on the diagonal indicate the same metric. Metrics are

Overall, Table 1 highlights substantial differences among
WUE metrics in their definitions, mathematical formulations,
units, spatial scales, and temporal integration, all of which
influence their interpretation and practical application. Empir-
ical metrics generally provide direct, observation-based esti-
mates at specific physiological or ecosystem scales; modelled
metrics extend WUE estimation across scales through rep-
resentations of underlying processes; satellite-derived met-
rics provide spatially extensive estimates based on remotely
sensed information; and optimality-based metrics interpret
WUE through theoretical assumptions about plant regulation

@ Springer
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grouped according to their methodological and conceptual basis rather
than their order in Table 1. The marginal water cost of carbon gain (A
= OE/0A) is included as a related optimality-based metric rather than
as a ratio-based WUE formulation; its relationship with ;WUE reflects
a shared focus on carbon—water trade-offs but does not imply numeri-
cal equivalence. Comparability categories are intended as a concep-
tual guide and may depend on the specific measurement conditions
and assumptions. Detailed definitions, formulas, spatial and temporal
scales, and key assumptions are provided in Table 1, while guidance
for metric selection is given in the Recommendations section

and resource optimization. These methodological differences
should therefore be considered when comparing WUE values
across studies, as numerical similarities do not necessarily
imply equivalence in the processes, scales, or assumptions
represented by the respective metrics.

Key Differences and Discrepancies Across Time
Scales

Several challenges complicate the comparison and interpre-
tation of WUE metrics:
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Temporal Integration Instantaneous WUE captures short-
term gas exchange dynamics, whereas ecosystem WUE or
tree-ring derived ;WUE, for example, integrate over longer
periods (e.g., seasonal to annual), potentially masking impor-
tant diurnal and seasonal variations [72]. These discrepan-
cies complicate the interpretation, comparison and detection
of climate feedback mechanisms and long-term trends.

Measurement Approaches Physiological measurements
(e.g., leaf gas exchange) are direct and short-term, quantify-
ing fluxes tied to transpiration or its controls (T, g,). By con-
trast, model-derived metrics and remote sensing (e.g., Earth
System Models [17] or MODIS products [74] integrate over
broader spatial-temporal domains and rely on additional
assumptions. Eddy covariance systems measure the total
latent heat flux (LE), corresponding to evapotranspiration
(ET=E + T+interception), whereas transpiration (T) alone
is not directly accessible and must be estimated through
partitioning approaches, including stable isotope techniques
based on 8'0 or 62H of water vapor, sap flow measurements,
or model-based algorithms. Uncertainty associated with T/
ET partitioning propagates directly into WUE,__ estimates
and should therefore be explicitly reported. Where T par-
titioning is unavailable, WUE_, gt (GPP/ET) remains the
appropriate empirical metric, although it may differ system-
atically from transpiration-based WUE, particularly in eco-
systems with high soil evaporation or canopy interception.

Inconsistencies Between Units and Variables Beyond simple
unit conversions (e.g., pmol COz mol™ Hz20 vs. gC kg H20),
a larger source of divergence is which variables are used and
how they are aggregated. Common mismatches include ET vs.
T in the denominator; gw (to H20) vs. g (to COz); 4 (leaf
assimilation) GPP/NPP (gross and net productivity); instan-
taneous rates vs. seasonal/annual sums; leaf-area vs. ground-
area normalization; VPD units (Pa vs. kPa, and exponents in
WUE); and carbon vs. dry-mass bases. An additional source
of inconsistency arises from assuming a fixed VPD exponent
in ecosystem-scale WUE formulations such as underlying
WUE (,WUE). The commonly used normalization by \VPD
assumes a constant optimality exponent (k=0.5), derived from
classical stomatal optimization theory. However, recent work
[66] demonstrates that this exponent is highly dynamic and
strongly influenced by soil water content, atmospheric drought,
and species-specific hydraulic strategies. This suggests that
fixed VPD corrections may oversimplify ecosystem carbon—
water coupling, particularly in water-limited ecosystems.

A note on conductance basis: stomatal conductance is most
commonly reported on a water vapor basis (g,w, mol H.O
m2s™), as this is the default output of leaf gas exchange
systems and directly reflects the water loss pathway. Some

formulations, particularly those derived from isotope-based
or optimal stomatal theory, express conductance on a CO:
basis (g, = g,w/1.6), reflecting the lower diffusivity of CO:
relative to H-O in air. In this manuscript, we adopt g,w as the
primary variable for all WUE formulations, consistent with
the water-based definition of WUE. Where g appears in
source literature, we convert explicitly using g.c = gw/1.6
and note this conversion. Users should verify the conduc-
tance basis when comparing WUE values across studies, as
mixing gsw and g.c without conversion introduces a system-
atic factor of 1.6 error in ;WUE estimates.

Mixing these choices yields non-comparable “WUE”
values and can even invert trends across scales. Here we
standardize by: (i) stating T vs. ET explicitly (preferring T
for physiological inference), (ii) converting stomatal con-
ductances to a CO: basis (+ 1.6 when needed), (iii) aligning
rates to sums over the same period before forming ratios,
and (iv) reporting a consistent unit set (gC m2 for carbon;
mm=kg H>O m2 for water). These conversions and their
assumptions are detailed in Table S1.

Scaling Issues Transitioning from stomatal-level to ecosys-
tem-level WUE is challenging because canopy structure, soil
and interception evaporation, environmental heterogeneity,
and land-atmosphere coupling alter the relationship between
carbon gain and water loss. Several studies report substantial
discrepancies between long-term ;WUE and WUE_ [10, 15,
18, 43] indicating that processes measured at the stomatal/
leaf/plant level and those inferred from ecosystem fluxes are
not directly comparable [4, 16]. The use of ET rather than
T in the denominator of ecosystem WUE has two distinct
and sometimes opposing effects that must be carefully distin-
guished. First, because ET>T (ET includes soil evaporation
and canopy interception in addition to transpiration), substi-
tuting ET for T inflates the denominator and therefore tends
to underestimate the absolute magnitude of WUE relative to
transpiration-based formulations. Second, and separately,
ecosystem-scale WUE metrics have been shown to over-
estimate the sensitivity of WUE to rising atmospheric CO-
relative to stomatal-scale ;WUE [17, 18, 25, 78]. This occurs
because CO--driven stomatal closure reduces T proportion-
ally more than it affects the non-transpirational components
of ET, causing WUE_, pr to respond more strongly to CO:
than physiologically justified. These two effects, magnitude
underestimation and sensitivity overestimation, operate in
opposite directions and should not be conflated. Careful par-
titioning of ET into its components is therefore essential for
accurate interpretation of ecosystem WUE trends.

In fact, recent studies show that increases in iWUE do not

necessarily translate into higher GPP or NPP, as the relation-
ship between ;WUE and productivity depends strongly on
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hydroclimatic constraints such as VPD and plant hydraulic
limitations [70]. This highlights that scaling WUE across
organizational levels is inherently complex and prone to
divergent interpretations when definitions and drivers are
not explicitly harmonized. This is particularly relevant for
+WUE approaches, where the assumption of a constant VPD
correction may not hold across scales or drought intensi-
ties, leading to systematic over- or underestimation of eco-
system WUE [66]. Consequently, caution is required when
interpreting physiological metrics across scales, and models
must explicitly represent T versus ET partitioning, canopy
conductance, and carbon-allocation processes.

Recommendations

To enhance consistency, comparability, and scientific value in
WUE research, the following recommendations are proposed:

Standardization of Reporting When reporting WUE,
authors should adhere to the following minimum standards.

(a) State the exact formula used, including whether the
denominator is gw, g, T, or ET;

(b) Specify the temporal scale (instantaneous, daily, seasonal,
annual) and spatial scale (leaf, plant, canopy, ecosystem);

(c) Report the units explicitly and verify consistency with
the formula (e.g., avoid mixing molar and mass-based
units without conversion);

(d) Indicate whether VPD normalization has been applied
and justify the choice of VPD exponent;

(e) For ecosystem metrics, report the T/ET ratio of the
study site where available, as this directly affects com-
parability with leaf- or plant-scale WUE.

Developing a community-wide consensus on WUE defini-
tions, variables, units, and reporting standards is essential to
enhance comparability across studies and ensure relevance
for climate modeling, Earth system science, and eco-phys-
iological applications. Here, we provide a first step by pro-
posing unique variable names, abbreviations, harmonized
definitions, and formulas to which refer (Table 1), together
with a supplementary conversion guide that clarifies
assumptions and enables transparent translation across met-
rics (Table S1). Promoting the use of standardized abbrevia-
tions and formulas across disciplines will reduce conceptual
fragmentation and facilitate cross-scale integration, ulti-
mately improving the robustness of WUE-based analyses.

Metric Selection Guidance The choice of WUE metric

should always be guided by the specific research question,
the available data, and the spatial and temporal scale of the
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study. No single WUE formulation is universally superior;
rather, each metric captures a distinct aspect of carbon—
water coupling and is most informative within its intended
context.

At the leaf and stomatal scale, where the primary inter-
est lies in physiological responses to environmental driv-
ers such as CO:, temperature, or drought, intrinsic WUE
defined as ;WUE = A/gw is the most appropriate metric.
It can be derived from direct leaf gas exchange measure-
ments or from carbon isotope discrimination in plant tis-
sues, including tree-ring cellulose, making it particularly
valuable for long-term retrospective analyses.

At the whole-plant or crop scale, where the focus is on
biomass production relative to water consumed, WUE,,, =
B/T derived from lysimeter or pot experiments provides the
most direct and interpretable measure of water productivity.

At the ecosystem scale, the choice between transpiration-
based and evapotranspiration-based formulations is critical
and should be made explicitly. When transpiration can be
independently estimated through partitioning approaches
such as sap flow measurements, isotopic methods, or model-
based algorithms, WUE, , = GPP/T is preferred because it
most closely reflects the physiological process of stomatal
carbon—water exchange and avoids the confounding influ-
ence of soil evaporation and canopy interception. When
only total evapotranspiration is available, as is typically
the case with eddy covariance measurements, WUE_, gt
= GPP/ET remains the appropriate empirical metric, pro-
vided that users explicitly acknowledge that ET>T and that
absolute WUE values derived from this formulation are not
directly comparable to transpiration-based metrics without
applying the f T correction described in Table S1.

Finally, for studies aimed at comparing WUE across con-
trasting climatic gradients or at removing the confounding
effect of atmospheric evaporative demand, VPD-normal-
ized formulations such as IWUE_, = GPP x VPD/ET or
WWUE,_,, = GPP x VVPD/ET are recommended. However,
users should carefully evaluate whether the fixed VPD
exponent assumption (k=0.5) is appropriate for their eco-
system type, particularly in water-limited systems where
this exponent has been shown to vary dynamically with soil
moisture and hydraulic stress [66].

Cross-Scale Integration Encourage studies that bridge
spatial and temporal scales by co-locating measurements
and validating model outputs with independent data from
field physiology (leaf gas exchange, sap-flow/lysimeter T),
eddy-covariance (ET/LE), remote sensing measurements,
and long-term networks. At minimum, provide a process-
based map of how metrics relate—the carbon pathway
(4 — GPP — NPP — AB), the water pathway (ET=E +
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T+interception vs. T), the conductance basis (gw < g
via 1.6), temporal aggregation (rates vs. sums), area basis
(leaf vs. ground), and any VPD normalizations. Providing
functional relationships and process-based information on
similarities and differences between these metrics is essen-
tial for enabling transparent and robust conversions by spe-
cialists (Table S1).

Concluding Remarks and Future
Perspectives

WUE has become a widely used metric for understanding
vegetation functioning under global change. Beyond its
ecological relevance, the broader concept of water-use effi-
ciency is also explicitly embedded in international policy
frameworks, including UN Sustainable Development Goal
Target 6.4 and Indicator 6.4.1 [80], for which FAO is the
custodian agency, reflecting its relevance to sustainable
water management, food security, ecosystem function-
ing, and climate resilience [81]. This is particularly critical
under climate change, where increasing atmospheric CO:
concentration, rising temperatures, and more frequent and
severe drought events alter plant water-carbon dynamics
across all ecosystems. These changes further amplify the
need for robust and comparable WUE metrics to support
reliable projections and adaptation strategies. In this review,
we highlighted the diversity of WUE formulations and dem-
onstrated that differences in variables, spatial and temporal
scales, measurement approaches, and underlying assump-
tions can lead to substantially different interpretations of
apparently similar WUE metrics. We therefore emphasize
the need for a harmonized, terminology, and transparent
methodological framework that preserves the specific con-
ceptual meaning of each metric rather than treating WUE as
a single, universally interchangeable quantity. We contribute
to this goal by providing a standardized glossary of unique
variable names, abbreviations, and definitions, and formulas
(Table 1), together with a supplementary conversion guide
(Table S1) that clarifies assumptions and enables transpar-
ent translation and comparison among metrics where such
conversions are scientifically justified.

Moving forward, a key priority is the co-development
of a unified WUE framework that acknowledges scale-
specific contexts while promoting interoperability across
empirical modelled estimates, satellite-derived products,
and optimality-based approaches. Such a framework should
explicitly account for the process represented by the met-
ric, including the distinction between transpiration (T) and
evapotranspiration (ET), the basis of stomatal conductance
(g,w versus g.c), temporal aggregation, spatial normaliza-
tion, and VPD normalization. The next steps are to better

understand the process-based relationships and differences
between WUE metrics, and to develop community guide-
lines that standardize not only reporting practices but also
the conditions and assumptions under which conversions
across definitions are appropriate (as outlined in Support-
ing Table S1). Expanding the use of isotopic tracers, remote
sensing, coordinated field observations, and process-based
modelling will also be crucial to reconcile observations
with simulations and to improve scaling from leaf to eco-
system and global levels. Importantly, integration across
these approaches should focus not only on numerical agree-
ment among WUE estimates, but also on whether they rep-
resent comparable carbon and water processes, scales, and
temporal integrations.

Our synthesis further shows that cross-scale compari-
sons require caution. Metrics derived at the leaf or stoma-
tal scale cannot necessarily be interpreted as direct proxies
for ecosystem-scale WUE, because canopy structure, soil
evaporation, interception, atmospheric demand, hydraulic
constraints, and carbon allocation can alter the relationship
between carbon gain and water loss. Similarly, satellite-
derived and modelled estimates provide valuable spatial
and temporal coverage but incorporate retrieval algorithms,
parameterizations, and structural assumptions that should
be explicitly recognized when comparing them with empiri-
cal measurements. Optimality-based formulations provide a
complementary theoretical perspective, but their interpreta-
tion depends on the optimization principles and constraints
adopted. Thus, differences among WUE estimates should
not automatically be interpreted as inconsistencies; they
may instead reflect differences in the processes, scales, or
assumptions represented by each metric.

It should also be emphasized that there is no inherent
hierarchy of “pros and cons” among different WUE for-
mulations, as their interpretation strongly depends on the
specific conceptual and methodological framework under-
pinning each approach, rather than on simple performance
comparisons or prescriptive recommendations.

Collaborative, interdisciplinary efforts, even between
science and policy, will be essential to advance consis-
tent interpretation of WUE across spatial and temporal
scales. By integrating standardized definitions (Table 1),
transparent conversion rules (Table S1), and future guide-
lines for cross-metric translation, we aim to strengthen
scientific communication, improve the interpretation of
vegetation carbon—water interactions across spatial and
temporal scales. Ultimately, a more coherent WUE frame-
work should not seek to eliminate methodological diver-
sity, but rather to make that diversity explicit, traceable,
and scientifically interpretable, enabling more robust inte-
gration of observations, models, remote sensing, and theo-
retical approaches.
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Glossary Variables
WUE definitions A Net carbon assimilation [umol CO, m
s
WUE Generic water use efficiency [various units gwW Stomatal conductance to water vapor
depending on scale and formulation]. [mmol H,0 m % s'] or [mol H,0 m ™2
WUE Stomatal scale intrinsic water use efficiency s 1. Default output in leaf gas-exchange
[umol CO, mol ™' H,0] or [umol mol ]. systems.
WUEypp Stomatal scale intrinsic water use effi- gc Stomatal conductance to CO, [mmol CO,
ciency, adjusted by VPD [umol CO, mol ™! m 2 s ] or [mol CO, m2s™!]. For the sto-
H,0]. matal pathway, g.c is conventionally calcu-
WUE).,¢ Instantaneous leaf scale water use effi- lated as gsw/1.6 to account for the different
ciency [umol CO, mmol ! H,0] or [g C diffusivities of H,O and CO, in air. This
kg ' H,0]. relationship applies to the stomatal pathway
WUE,jn¢ Whole-plant water use efficiency [g DM and should not be interpreted as a general
m 2 mm '] or [kg DM m 3] conversion between total leaf H,O and CO,
WUE_,, Canopy-scale water use efficiency com- conductance when cuticular conductance is
puted using stomatal conductance [g C kg ™' present.
H,O]. If GPP in g C and g, can expressed gW Cuticular conductance to water vapour
as water flux equivalent) or pmol CO, [mmol H,0 m 2 s™!] or [mol H-O m2s7].
mol ! H,0 (molar basis) Represents water-vapour transport through
WUE,,, Ecosystem scale water use efficiency [vari- the leaf cuticle independently of the stoma-
ous units depending on formulation]. tal pathway.
WUE, .1 Ecosystem scale water use efficiency com- T Leaf or Canopy transpiration [mmol H,O
puted using transpiration [g C kg™ H,0] or m 25!} or [mm h™'] or [mm day '] or [mm
[g C mm ! H,0]. yr !]. Short-term fluxes in molar units;
WUE,., 51 Ecosystem scale water use efficiency integrated periods in mm.
computed using evapotranspiration [pmol ET Evapotranspiration [mm day '] or [mm
CO, mol ' H,0] or [g C kg ' H,0] or [g C yr 1.
mm™! H,0]. GPP Gross primary production [g C m 2 yr '].
IWUE,, Ecosystem Inherent water use efficiency [g NPP Net primary production [g C m 2 yr'].
CkPam?mm 'Jor[gCkg 'H,0kPa'].  VPD Vapor pressure deficit [Pa] or [kPa]. kPa is
JWUE,, Ecosystem underlying water use efficiency commonly used; Pa is physically correct
with linear VPD normalization [g C mm ! but less intuitive.
H,0 kPa®]. C, Ambient CO, concentrations [pmol mol ']
WUEmOdgs Simulated Ecosystem scale water use or [Pa].
efficiency computed using canopy stomatal G Intercellular CO, concentrations [pmol
conductance [g C Kg™! H,0] or [g C mm " mol '] or [Pa].
H,0]. LE Latent heat flux W m 2 (instantaneous flux)
WUEm"dCan Simulated canopy scale water use effi- or MJ m 2 over an integrated period (e.g.,
ciency computed as the ratio of NPP/ T [g daily or seasonal)
C Kg ' H,0] or [g C mm ™' H,0]. WPB/Tr Water productivity as the ratio of biomass
WUE™! .. Simulated ecosystem scale water use effi- to transpiration [g DM m > mm™ '] or [kg
ciency computed as the ratio of GPP/ T [g DM m ]
C Kg ' H,0] or [g C mm ™! H,0]. B Total crop biomass [gDM m 2 day ]
WUE™_ .+ Sim+ulated ecosystem scale water use A (marginal water cost of carbon gain)
efficiency computed as the ratio of GPP / Marginal water cost of carbon gain,
ET [gCKg! H,0] or [gC mm' H,0]. defined as the additional water loss associ-
WUE™medis Satelite-derived ecosystem-scale water use ated with an incremental unit of carbon
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efficiency using MODIS NPP and T prod-
ucts [mg C m > mm ]

gain: A=0ACE=0A/0g OE/0g, [mol H,0O
mol ! CO, or equivalent units]. Unlike
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Iratio-based WUE metrics, A characterizes
water-use strategy from the marginal rela-
tionship between carbon assimilation and
water loss [26, 79, 27, 5]
Unit convention Throughout the manuscript we report
carbon fluxes on a ground-area basis as g C
m 2 time ! and water fluxes as mm time !
(with 1 mm = 1 kg H,O m™2). Where con-
ductances are used, we report g.-w in mol
H,0 m 257! and convert to a CO, basis as
gc=gw/1.6
Nomenclature logic for prefixes and suffixes
- Prefix ; (lowercase) reserved exclusively for intrinsic
metrics, i.e., those normalized
by stomatal conductance (g,w or
g.c) rather than by a water flux.
Example: ;WUE = An/g.w.
reserved for Inherent ecosystem
WUE, specifically the formula-
tion IWUE_, = GPP-VPD/ET,
following Beer et al. [62].
reserved for underlying ecosys-
tem WUE, specifically ,\WUEeco
= GPP-VVPD/ET, following
Zhou et al. [63].
denotes ecosystem scale, typi-
cally derived from eddy covari-
ance or remote sensing.
denotes canopy scale, typically
derived from canopy conduc-
tance or canopy-level flux
estimates.
denotes model-derived (simu-
lated) metrics.
denotes metrics derived spe-
cifically from MODIS satellite
products.
explicitly indicate whether
transpiration (T) or evapotrans-
piration (ET) is used in the
denominator. This distinction is
mandatory and should always be
reported.

- Prefix I (uppercase)

- Prefix

- Suffix ..,

- Suffix .5,

- Suffix ™4

- Suffix modis

- Subscripts -T and -ET
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