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Abstract

Background: Water use efficiency (WUE) is an indicator of the trade-off between carbon uptake and water loss to
the atmosphere at the plant or ecosystem level. Understanding temporal dynamics and the response of WUE to
climatic variability is an essential part of land degradation assessments in water-limited dryland regions. Alternative
definitions of and/or alternative methodologies used to measure WUE, however, have hampered intercomparisons
among previous studies of different biomes and regions. The present study aims to clarify semantic differences
among WUE parameters applied in previous studies and summarize these parameters in terms of their definition
and methodology.
Additionally, the consistency of the responses of alternative WUE parameters to interannual changes in moisture
levels in Northeast Asia dryland regions (NADRs) was tested.

Results: The literature review identified more than five different WUE parameters defined at leaf and ecosystem
levels and indicates that major conclusions regarding the WUE response to climatic variability were partly inconsistent
depending on the parameters used. Our demonstration of WUE in NADR again confirmed regional inconsistencies and
further showed that inconsistencies were more distinct in hyper- and semi-arid climates than in arid climates, which
might reflect the different relative roles of physical and biological processes in the coupled carbon–water process.

Conclusions: The responses of alternative WUE parameters to drying and wetting may be different in different regions,
and regionally different response seems to be related to aridity, which determines vegetation coverage.

Keywords: Plan water use, Definition, Methodology, Response to climate changes

Background
Drylands are characterized by an aridity index (ratio of
annual rainfall to potential evapotranspiration) lower
than 0.65(Serrano-Ortiz et al. 2012) and cover about
40% of land worldwide (Reynolds et al. 2007). These
water-limited and fragile ecosystem are very sensitive to
perturbations such as drought, fires, or climate change
(Björkman and Powles 1984; Flexas et al. 2006; Chen et
al. 2017), leading to desertification (Mouat and
Lancaster 2006), which alters the ecosystem carbon–
water cycles (Oki and Kanae 2006), such as carbon pool
decreases and soil evaporation increases. The most
widely used indicators for carbon processes are gross

primary productivity (GPP), net primary productivity
(NPP), ecosystem respiration, gross ecosystem produc-
tion (GEP), net ecosystem CO2 exchange (NEE), and
precipitation, evaporation, transpiration, and soil mois-
ture for water processes. Water use efficiency (WUE) is
a measure of the trade-off between carbon gain and
water loss in plants or terrestrial ecosystems (Liu et al.
2015), both of which are related to photosynthesis and
evapotranspiration processes, respectively. Hence, as an
integrative measure of carbon and water processes,
WUE has been a focus of dryland studies at various
spatial scales from site to regional or continental
(Emmerich 2007; Niu et al. 2011; Tang et al. 2017).
In previous studies, WUE was defined in various ways.

Microscale WUE, which is preferred in laboratory and
field experiments, is a measure of leaf-level gas exchange
or stable isotope discrimination (Niu et al. 2011; Medlyn
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et al. 2017). Macroscale WUE, which is applied to entire
forest canopies and land surfaces, is estimated with eddy
covariance flux towers and estimates of gross primary
production (GPP) and evapotranspiration (ET) based on
remote sensing (Huang et al. 2015; Sun et al. 2015).
Further, researchers have used different definitions of
WUE depending on their questions and monitoring
methods. For example, WUE has been defined as the
ration of carbon gain (e.g., GPP) to water loss (e.g., ET)
or alternatively as the ratio of instantaneous photosyn-
thesis to stomata conduction (Beer et al. 2009; McCarthy
et al. 2011; Sun et al. 2015).
The different definitions and methods used to estimate

WUE have inevitably resulted in confusion in comparing
WUE and deepening our understanding of the relation-
ship between changes in carbon and water flux and
climate change and variability. In particular, they have
led to uncertainty in monitoring and evaluating the
response of WUE to droughts or regime shifts in water-
limited dryland ecosystems, in which remote sensing
data has been widely applied to assess WUE due to the
huge geographic areas involved and their remoteness
(Niu et al. 2011; Sun et al. 2015).
In the present study, we reviewed various definitions

and methodologies of WUE estimation that have been
applied in previous studies. To highlight that alternative
WUE parameters can show different responses to inter-
annual climatic variations, we mapped and compared
correlation coefficients between a drought index and
three different WUE parameters derived from satellite
data in Northeast Asia dryland regions (NADRs).

Various definitions and methodologies of WUE
estimation
Definition
A great deal of the literature focuses on leaf- or
ecosystem-scale WUE (Zhu 2013). At the leaf scale,
WUE has been defined as the ratio of instantaneous
photosynthesis (A) to transpiration (T) (Simioni et al.
2004; Sun et al. 2015), which is mostly controlled by sto-
mata opening and closure (Huang et al. 2017a). Intrinsic
water use efficiency (WUEi) has also been utilized to
reflect the biochemical characteristics of plants based on
photosynthesis (A) and stomata conductance (g) (Beer
et al. 2009; McCarthy et al. 2011).
At the ecosystem scale, WUE is generally defined as

the ratio of GPP to ET. Instead of GPP, some researchers
use net primary production (NPP), gross ecosystem
production (GEP), net ecosystem CO2 exchange (NEE)
(Hu et al. 2009; Potts et al. 2010; Yu and Wang 2010), or
even crop yield for crop WUE (Tallec et al. 2013). Other
research takes ecophysiological characteristics into con-
sideration to separate ecosystem WUE (GPP/ET) into
two terms, that is, (GPP/T) × (T/ET). The former term

(GPP/T) is a measure of how efficiently plants use water
to produce organic material, called transpiration-based
WUE (WUEt) (Ponton et al. 2006; Niu et al. 2011; Sun
et al. 2015). The latter term (T/ET) is the ratio of
transpiration to evapotranspiration, which reflects how
physical (i.e., evaporation, E) and biological (i.e., T) pro-
cesses account for ecosystem water vapor flux (Hu et al.
2008). In drylands with sparse vegetation (i.e., grass-
lands), evaporation from the soil surface accounts for a
high proportion of the whole-ecosystem ET (Ferretti et
al. 2003; Hu et al. 2008), meaning that each water loss
component must be considered separately when estimat-
ing WUE in such drylands.
When extrapolating leaf-level intrinsic WUE to the can-

opy scale, Beer et al. (2009) assumed the difference
between ambient and inner-leaf water vapor pressure to
be the vapor pressure deficit (VPD). However, the method
neglected to consider aerodynamic resistance through the
leaf boundary layer, thus calculating inherent WUE
(IWUE). Meanwhile, the slope of linear regression be-
tween vegetation productivity and ET has been considered
equal to WUE so that one can compare the differences
among ecosystems (Brümmer et al. 2012; Shurpali et al.
2013). Notably, due to a lack of ET data at the regional
scale, precipitation has frequently been used to replace ET
as a proxy of WUE called rainfall use efficiency (RUE)
(Yang et al. 2010; Zhang et al. 2013). The various defini-
tions are summarized in Table 1. The different definitions
of WUE represent different ecological processes or inher-
ent mechanisms at different spatial scales (Table 1). For
example, emphasis on hydrological processes increases
from WUEt to WUE and RUE (Hu et al. 2009), and vice
versa for biological process.

Methodology
The various methodologies of WUE estimation also
reflect the diversity of WUE studies (Table 1). At the leaf
level, leaf gas exchange and stable carbon isotope
discrimination are the most common methods used to
estimate WUE. The leaf gas exchange method measures
the instantaneous photosynthetic rate (A) and transpir-
ation (T) of leaves for plant species (Niu et al. 2011) or
plant functional types (e.g., C3 and C4 grass; Lin et al.
2015). The high sensitivity of instantaneous WUE to
ecophysiological and environmental conditions, however,
increases uncertainty in data intercomparisons (Luo et
al. 2009). In contrast, because δ13C is related to the dif-
ference between ambient and inner-leaf carbon dioxide
partial pressure, it has been used to indirectly estimate
stomata conductance (g) and, further, intrinsic WUE
(WUEi) (Farquhar et al. 1982; Casper et al. 2005). The
stable isotope method focuses on carbon gain and water
loss during growing seasons and provides a longer
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temporal record of vegetation ecophysiological process
than the gas exchange method.
At the ecosystem level, eddy covariance (EC) flux data

and satellite-based biophysical models have been widely
used to assess ecosystem WUE and its response to cli-
matic variability at various spatial scales from site to
regional or continental (Huang et al. 2015; Yang et al.
2016; Chen et al. 2017; Medlyn et al. 2017) (Table 1).
Although data quality and processing present issues with
EC flux data, this method has been widely applied to
estimate footprint-scale WUE for various plant function
types (PFTs). Model and satellite remote sensing have also
been applied to estimate ecosystem WUE using various
process-based models (Huang et al. 2015; Sun et al. 2015;
Chen et al. 2017) and satellite-based biophysical parame-
ters, such as MODIS GPP and ET products (Tang et al.
2017). Sometimes, satellite-derived parameters are inte-
grated into models to enhance accuracy (Liu et al. 2015).
To understand the inherent ecological mechanisms of

WUE, some researchers have analyzed the response of
WUE to climate change or drought. However, the results
are not always consistent among studies because of dif-
ferences in temporal and spatial scales (Huang et al.
2015; Huang et al. 2016), biomes (Gang et al. 2016; Yang
et al. 2016; Huang et al. 2017a), and regions (Zhu et al.
2011; Huang et al. 2017b) (Table 1). For instance, WUE
increases in mainly high latitudes and decreases at mid-
dle and low latitudes under climate change scenarios
(Huang et al. 2015). The seasonal WUE trends are
mainly associated with seasonal trends of climate
(Huang et al. 2016), while the annual WUE changes re-
sult from the response of ecosystem (Zhu et al. 2011).
The effects of precipitation on ecosystem WUE depend
heavily on the stimulating effects of the dominant spe-
cies in the plant community (Huang et al. 2017a). In
particular, as Sun et al. (2015) suggested, two ET compo-
nents (i.e., transpiration and evaporation) need to be an-
alyzed separately when investigating regional WUE

gradients across wide geographic regions where each
component contributes differently to ET depending on
biome type and vegetation coverage.
In summary, various WUE parameters have been used

in studying coupled carbon–water processes, which has
helped produce an increasing body of evidence regarding
the response of these processes to past and future
climatic variability on various scales from local to global.
Semantic differences in parameters, however, highlight
the need for the selection of appropriate WUE parame-
ters or intercomparison of WUE for monitoring or
evaluation as well as in diagnostic analyses of the
response of WUE to climate variability (Huang et al.
2015; Huang et al. 2016; Yang et al. 2016).

Comparing correlations between drought index
and alternative WUE parameters
Different WUE parameters can produce inconsistent
results regarding plant responses to climatic variability
in dryland ecosystems, where droughts occur regularly.
As a case study, we demonstrated how alternative WUE
parameters perform in estimating the WUE response to
drought in NADR. For this, three ecosystem-level WUE
parameters (i.e., WUEet, WUEt, and IWUEt, detailed in
Table 1) were estimated from satellite-derived GPP and
ET, where ET was further partitioned into T and E from
2003 to 2015. Additionally, 3-month standardized pre-
cipitation evapotranspiration index (SPEI) data were
examined as a drought indictor using SPEIbase v.2.4
(Beguería et al. 2014). Based on the principle of water
balance, the SPEI integrates the precipitation and poten-
tial evapotranspiration information to monitor drought
conditions (Vicente-Serrano et al. 2010), which performs
well in agricultural, ecological, and hydrological applica-
tions (Vicente-Serrano et al. 2012). The SPEI and WUE
parameters were measured daily with spatial resolutions
of 1 km and 0.5°, respectively.

Fig. 1 Comparisons between observed and estimated daily carbon and water flux at flux tower sites in NADR. a GPP (n = 2153). b ET (n = 2575)
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Fig. 2 Maps of correlation coefficients between SPEI and a WUEet, b WUEt, and c IWUEt. Red circle, Badan Jilin desert and Mu Us Sandy Land;
blue circle, semi-arid regions of northeastern Mongolia
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ET and GPP were estimated with the revised RS-PM
algorithm (Mu et al. 2007; Mu et al. 2011; Jang et al.
2013) and the Vegetation Photosynthesis Model (VPM,
Xiao et al. 2004; Zhang et al. 2015). To implement the
models, daily surface solar radiation, net radiation, day-
time VPD, and air temperature (Ta) data were collected
with Aqua MODIS satellite products following the
methods described by Jang et al. (2014). The accuracy of
the estimated GPP and ET was tested for ground-
measured EC datasets at six flux towers in NADR cover-
ing various biomes from arid grassland to cropland and
forest (Fig. 1). The estimated GPP and ET represented
the observed values reasonably accurately, with correl-
ation coefficients of 0.94 and 0.83 (p < 0.001) and root
mean square errors of 0.88 gC m−2 day−1 and 0.59 mm
day−1, respectively.
The responses of WUE parameters to drought were

evaluated based on Pearson’s correlation coefficients (r)
between WUE and SPEI values. The results indicated
that parameters were generally similar but regionally dif-
ferent (Fig. 2). On one hand, the three WUE parameters
showed concurrent negative correlations in eastern
Kazakhstan, mid-western Mongolia, western Inner
Mongolia, and northwestern China, while positive corre-
lations partly occurred in central Inner Mongolia. The
positive and negative correlations mean higher and
lower sensitivity of biological process (i.e., GPP) rather
than physical process (i.e., evaporation) to drought, re-
spectively (Yang et al. 2016). Alternatively, the negative
correlation can happen when drought-tolerant species
(e.g., Tamarix ramosissima) become dominant (of Xu
and Li 2006; Xu et al. 2007). On the other hand, incon-
sistent correlations were generally, but not necessarily,
more distinct in hyper-arid deserts and less dry northern
steppe than in the consistent regions mentioned above.
For example, in central hyper-arid areas, including the
Badan Jilin desert (Fig. 2), significant negative correla-
tions with SPEI were distinct and extensive for WUEet,
but only partly significant for WUEt and unclear for
IWUEt. Our results illustrated the conservative response
of IWUEt to drying and wetting, as Sun et al. (2015)
found. On the contrary, significant positive relationships
between WUEt and IWUEt and SPEI were distinct in
the semi-arid northeastern Mongolia (Fig. 2) but the re-
lationships of WUEet were unclear. Notably, the differ-
ent responses of WUE parameters to drought might
demonstrate different inherent mechanisms. The con-
trasting results mentioned above imply that (1) the re-
sponses of alternative WUE parameters to drying and
wetting may be different in different regions and (2) re-
gionally different responses seem to be related to aridity,
which determines vegetation coverage.
The abovementioned consistency and inconsistency in

correlation patterns are relevant with several drought-

related mechanisms of plant and soils including (1) plant
ecophysiological strategy on stomata opening and clos-
ing, (2) photosynthetic compensation of plant commu-
nity, and (3) partitioning of ET into transpiration and
evaporation (Hu et al. 2008; Sun et al. 2015). For ex-
ample, in hyper-arid deserts, vegetation is sparse,
drought-tolerant plants such as C4 herbs or shrubs be-
come abundant, and water is lost to atmosphere primar-
ily through evaporation from bare soils rather than plant
transpiration, causing higher sensitivity of evaporation to
dryness than GPP and transpiration, which could pro-
duce a negative correlation of WUEet to drought but
null correlations in WUEt and IWUEt, respectively.
Hence, analyzing each component flux of ecosystem
WUE to climate changes and comparing the different re-
sponse of WUE parameters at leaf and ecosystem level
may provide more useful insights to understand the
coupled carbon–water flux process in dryland ecosys-
tems than different WUE parameters applied separately.

Conclusions
This study reviewed alternative WUE parameters as pro-
posed by various researchers and clarified semantic dif-
ferences among WUE parameters in terms of definitions
and methodologies. Additionally, this study demon-
strated where and how alternative WUE parameters
show different responses to variations in moisture levels.
The results illustrate the difficulty of intercomparison
among WUE studies that use different definitions in dif-
ferent regions but, at the same time, highlight the useful-
ness of comparing alternative WUE parameters to
understand the relative roles of physical and biological
processes in determining the coupled carbon–water flux
process and its response to climate variability. For this,
each water loss component of WUE needs to be consid-
ered separately so that ecosystem process models and
satellite data can be applied to enable data collection
and comparison across wide geographic regions.
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