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Summary

� Previous evapotranspiration (ET) partitioning studies have usually neglected competitions

and interactions between antagonistic plant functional types. This study investigated whether

shrubs and grasses have divergent ET partition dynamics impacted by different water-use pat-

terns, canopy structures, and physiological properties in a shrub-encroached steppe ecosys-

tem in Inner Mongolia, China.
� The soil water-use patterns of shrubs and grasses have been quantified by an isotopic trac-

ing approach and coupled into an improved multisource energy balance model to partition ET

fluxes into soil evaporation, grass transpiration, and shrub transpiration.
� The mean fractional contributions to total ET were 24� 13%, 20� 4%, and 56� 16% for

shrub transpiration, grass transpiration, and soil evaporation respectively during the growing

season. Difference in ecohydrological connectivity and leaf development both contributed to

divergent transpiration partitioning between shrubs and grasses.
� Shrub-encroachment processes result in larger changes in the ET components than in total

ET flux, which could be well explained by changes in canopy resistance, an ecosystem func-

tion dominated by the interaction of soil water-use patterns and ecosystem structure. The

analyses presented here highlight the crucial effects of vegetation structural changes on the

processes of land–atmosphere interaction and climate feedback.

Introduction

Shrub encroachment is emerging as a widespread global phe-
nomenon in arid and semi-arid regions (Van Auken, 2000;
D’Odorico et al., 2011; Eldridge et al., 2011; Li et al., 2013),
which is reported to be triggered by climate change, grazing, and/
or fire management practices (Neilson, 1986; Archer et al., 1995;
Coetzee et al., 2008) and has important biogeochemical and eco-
hydrological consequences (Archer et al., 1995; Huxman et al.,
2005; Scott et al., 2006b). Shrub encroachment results in a shift in
plant community composition and alters environmental micro-
climates, creating a positive feedback with plant growth leading
to its expansion (He et al., 2010; D’Odorico et al., 2013; Li et al.,
2013). Shrub encroachment is generally associated with reduc-
tions in ecosystem functioning (Van Auken, 2000, 2009; Archer,
2010). Such changes in plant community composition highlight
the influence of vegetation on the hydrological cycle and provide
important insights into the biological feedbacks that must be
understood to achieve better prediction of terrestrial–atmospheric
coupling (Huxman et al., 2005; Jasechko et al., 2013). However,
the impact of shrub encroachment on regional climate conditions
remains poorly investigated. Evapotranspiration (ET) is a crucial
process within the soil–plant–atmosphere continuum (SPAC)
and is a major component of the annual water–energy balance.

The ET flux in terrestrial ecosystems is a combination of two or
three different pathways (e.g. plant transpiration, soil evapora-
tion, and canopy interception) of water vaporization (Wang
et al., 2010; Katul et al., 2012). When considering shrub
encroachment in ecosystems, it is important to investigate differ-
ent components of ET to understand the coupling of ecohydro-
logical processes and vegetation functioning, carbon, and climate
feedback and to improve the management of water resources
(Kool et al., 2014; Fisher et al., 2017). However, these shrub-
encroached ecosystems are commonly heterogeneous savanna-like
ecosystems, with contrasting plant functional types (PFTs, e.g.
grasses and shrubs) competing for the water use. Despite the
attention these ecosystems are receiving, a general lack of knowl-
edge persists about the relationship between ET and the plant
adaptation strategies for the different PFTs under wet/dry sea-
sons. Indeed, for surviving, the different PFTs need to adapt their
rooting systems (in terms of depth and vertical distribution) to
the soil moisture content profile, but at the same time the species
will compete between themselves with contrasting water-use
strategies (Wu et al., 2017).

Ecohydrological connectivity is described as an ecosystem
property that represents the water-flow linkages through the
SPAC, by which feedbacks and other emergent system behaviors
may be generated (Miller et al., 2012; Wang et al., 2012).
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Quantifying the role of ecohydrological connectivity is important
because if partitioning is tied to ecohydrological connectivity,
then accurate predictions of future water availability will require
a more detailed understanding of the underlying processes con-
trolling plant–water interactions that are currently included in
most hydrological models. Previous studies showed that hydro-
logic connectivity constrains the partitioning of global terrestrial
water fluxes (Good et al., 2015). Considering the connections
between surface and subsurface water interaction in model simu-
lations has shown promise for improving ET partitioning accu-
racy (Maxwell & Condon, 2016). However, ecohydrological
connectivity for different PFTs remains to be quantified and
incorporated into ET partitioning estimates (Brooks et al., 2015).
Shrub-encroached ecosystems have different PFTs (shrubs and
grasses), which create high spatial heterogeneity of the canopy
structure and have different rooting architectures (Eldridge et al.,
2011). With their inherent patchy distributions, shrub-
encroached ecosystems are ideal for exploring the biophysical
dynamics within the framework of ecohydrological connectivity
and studying the property changes of an ecosystem shifting from
grass- to shrub-dominated states. In this work, the vertical ecohy-
drological connections were quantified on several levels for both
shrubs and grasses (Fig. 1). The first connection is the upward
movement of water through the SPAC (plant transpiration, evap-
oration from soil) or simply the soil–atmosphere continuum (soil
evaporation), which can be generalized by using electrical circuit
theory and modeling ET as the resistance terms (e.g. canopy
resistance, aerodynamic resistance, and surface soil resistance)
(Jones, 1992; Wang et al., 2012). The second connection is
upward movement of water from different soil layers through
root uptake. The root uptake reflects a plant’s survival strategy
and controls transpiration fluxes. Despite its importance, there is
still no reliable method for reconstructing water-use patterns.
Stable isotopes of hydrogen and oxygen provide a promising tool
to qualify vegetation water-use patterns and are extensively used
in plant–water relation research to investigate physiological and
hydrological processes from whole-plant to ecosystem scales
(Kendall & McDonnell, 1998; Wang et al., 2015, 2016;
Sprenger et al., 2016; Zhao et al., 2016).

Several methods have been used in previous studies to partition
ET and to qualify the effects of shrub encroachment on the parti-
tioned ET, including field experiments (e.g. Scott et al., 2006a,b;
Moran et al., 2009), isotope methods (Williams et al., 2004;
Jasechko et al., 2013), and a water-balance modeling approach
(e.g. Huxman et al., 2005). However, these partitioning research
studies rely on either isotope approaches or terrestrial biosphere
models. These are fundamentally different methods, and both
types of methods lack the complex interaction between vegetation
and atmosphere that occurs in shrub-encroached ecosystems.
How to represent vegetation dynamics adequately in shrub-
encroached ecosystems has challenged current approaches (e.g.
isotope methods or terrestrial biosphere models) when assessing
the mechanisms underlying changes in ET or T/ET as a result
of shrub encroachment (Huxman et al., 2005; Whitley et al.,
2016). To investigate these mechanisms, an approach should be
able to adequately represent the biophysical dynamics of

shrub-encroached ecosystems. Particular attributes of shrub-
encroached ecosystems, such as characteristic traits and behaviors
of shrubs and grasses and how these differ across the seasonality
of available soil water, must be considered. A two-source model
that considers the energy balances of the vegetation canopy and
the ground surface separately and also the interaction between
them (Shuttleworth & Wallace, 1985; Wang & Yamanaka,
2014) is relatively simple, but can still consider vertical water
connections via the SPAC (plant transpiration, evaporation from
soil) or just the soil–atmosphere continuum (soil evaporation).
These connections can integrate isotopic processes with water
exchange in terrestrial ecosystems and have the advantage of trac-
ing plant water-use patterns (Wang et al., 2015; Sprenger et al.,
2016). In this study, three dynamic processes that directly affect
the biophysical processes of a shrub-encroached ecosystem (root-
water access, canopy structure, and physiological properties) have
been highlighted. Furthermore, the two-source model is also a
useful tool for aggregating different cover types (e.g. shrubs
and grasses) in a shrub-encroachment ecosystem to estimate
ET and its components (Norman & Becker, 1995; Norman
et al., 2003; Anderson et al., 2004; Li et al., 2008; Guan &
Wilson, 2009).

The grassland of Inner Mongolia in China, which is represen-
tative of the Eurasian steppe region, is an important rangeland
that sustains the livelihood of a nomadic population. In the typi-
cal steppe ecosystem of the Inner Mongolia grassland, Caragana
microphylla Lam. (C. microphylla) cover has expanded due to the
increase in grazing in recent decades (Peng et al., 2013; Li et al.,
2013). The efficient use of the limited water resources is essential
for sustaining livestock farming, which requires the productive
water loss Tto be maximized and the unproductive water loss E
to be minimized (Wang & D’Odorico, 2008). There have been
many studies on ET in this region (Li et al., 2013; Peng et al.,

Fig. 1 Schematic illustration of ecohydrological connectivity considered in
a shrub-encroached ecosystem. Symbols are defined in Supporting
Information Table S4.
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2013; Zhang et al., 2013); however, owing to the difficulty of
partitioning ET into transpiration of different PFTs and soil
evaporation, there have been few studies focusing on the effect of
shrub encroachment on ET partitioning, and the hydrological
implications of shrub encroachment remain rarely investigated in
arid and semiarid regions. There is a lack of reliable ET partition-
ing models and suitable model parameters for shrub-
encroachment ecosystems. In this work, the impacts of shrub
encroachment on ET and its components were investigated
numerically using a two-source surface energy balance model.
The objectives of the study were (i) to partition ET flux compo-
nents in shrub-encroached grassland considering their ecohydro-
logical connectivity, and (ii) to determine the effect of shrub
encroachment on ET and its components (E/ET or T/ET).

Materials and Methods

Study site

The study was conducted at the Farmland and Grassland Ecosys-
tem Observation Station of Beijing Normal University located in
Taipus Banner, Inner Mongolia, North China (42°07059.2″N,
115°26031.5″E). The mean annual temperature at the site is
1.6°C, the mean annual precipitation is 392 mm, and mean
annual pan evaporation is 1900 mm. The active plant growing
season in this area ranges from June to August. The dominant
grass species is Stipa krylovii Roshev. The C. microphylla shrub
covers 15.0% of the site. It is reported that the area of C.
microphylla encroaching upon grassland amounts to > 5.1
9 106 ha (Zhang et al., 2006; Li et al., 2013). Shrub encroach-
ment along a zone of increasing intensity of anthropogenic dis-
turbance in this area was investigated and classified as lightly,
moderately, and seriously disturbed grasslands, which were char-
acterized by shrub coverages of 25%, 31.4% and 43.5% respec-
tively (Peng et al., 2013).

Bowen ratio system and field isotopic measurements

Bowen ratio towers (Dynamax Inc., Houston, TX, USA) were set
up to measure the meteorological data and estimate ET. Using
these data, ET was calculated using the Bowen ratio method. A
data logger (CR1000, Campbell Scientific, Logan, UT, USA)
was used to record meteorological data at 10 min intervals. Air
temperature and relative humidity were recorded with a CS500
temperature and relative humidity probe (Campbell Scientific) at
heights of 2.0 and 1.5 m. Precipitation was measured with a tip-
ping bucket rain gauge (Model TE525). A silicon radiation sen-
sor (LI-200SZ, Li-Cor, Lincoln, NE, USA) was used to measure
solar radiation, and a net radiometer (SNR01) was used to mea-
sure net radiation. Wind speed was recorded by a three-cup
anemometer (RM Young Model 03001; RM Young Co., Tra-
verse City, MI, USA) positioned 3 m above the ground. The tow-
ers were powered by solar panels. Soil water content was
measured by ECH2O 5TE sensors placed under grass and shrub
patches and was validated monthly using an oven-drying method.
The leaf area index LAI, shrub coverage f, and height of shrubs

and grasses were measured at monthly intervals during the grow-
ing season. The LAI and canopy height ZV of grasses were esti-
mated as a weighted mean between the measured values in the
interspace between shrubs and beneath the shrub canopy. Leaf
temperature measurements were made at 09:00–15:00 h China
Standard Time for 3 d at monthly intervals throughout the grow-
ing season. On each day, leaf temperature TL was measured 60
times within a 1 h period for randomly selected leaves very close
to each other (3–5 cm) by a handheld infrared-radiation ther-
mometer (PT-7LD, Optex, Shiga, Japan). Samples of stem water
from both shrubs and grasses and belowground soil water from
the 0–10, 10–20, 20–40, 40–60 and 60–100 cm layers were col-
lected at monthly time intervals during the growing season. Stem
and soil water samples with three replicates were extracted in the
laboratory by cryogenic vacuum distillation (West et al., 2006).
The stable hydrogen and oxygen isotope compositions in stem
water and soil water were determined by an isotopic ratio infrared
spectroscopy system (LWIA, DLT-100; Los Gatos Research Inc.,
Mountain View, CA, USA) at the State Key Laboratory of Earth
Surface Process and Resource Ecology, Beijing Normal Univer-
sity. All laboratory standards were calibrated against international
reference materials that determine the Vienna standard mean
ocean water–standard light Antarctic precipitation scale provided
by the International Atomic Energy Agency. The long-term ana-
lytical uncertainty (one standard deviation) was determined as
1& for d2H and 0.1& for d18O.

Model description

A detailed description of the model is provided in Supporting
Information Methods S1 and Fig. S1. Briefly, a two-source
model was updated here to simulate the hourly energy (Rn, lET,
H and G) and ET, E and T fluxes (Wang & Yamanaka, 2014).
The model was selected for several reasons. First, this model
treats the radiation/energy balance properly both in the aggre-
gated vegetative canopy (Eqn S1-1 in Methods S1) and at the
ground surface (Eqn S1-2) with interaction between them. This
makes it possible to estimate all the energy balance components
(Eqn S4-8), including the latent heat flux lET and its compo-
nents lE and lT. Second, the interaction between vegetation and
the atmosphere that occurs in a shrub-encroached ecosystem can
be represented by aggregating the different ecohydrological con-
nectivities between shrubs and grasses. As shown in Fig. 1, the
vertical ecohydrological connectivity was quantified at several
levels and aggregated between shrubs and grasses by modeling
lET as resistance terms (Jones, 1992; Wang et al., 2012) in
shrub-encroached ecosystems. Stomatal control of transpiration,
including its dependence on soil moisture availability and the
nonlinear response of plant physiology to light penetration
inside the canopy and ground surface, as well as the interactions
between them, is explicitly considered in the model. More
specifically, the leaf stomata control of water flow through plants
is expressed as resistance terms rst (Eqn S1-12) that aggregate the
different rst_min and rst_max of shrubs and grasses (Table S1) and
is upscaled to canopy resistance rc (Eqn S1-11) by considering
the aggregated LAI (Eqn S1-13) between shrubs and grasses.
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The connectivity between plant and atmosphere was qualified
by aerodynamic resistance which aggregated canopy height (raV,
Eqn S1-9) between shrubs and grasses. The connectivity between
soil and atmosphere expressed as aerodynamic resistance for
ground surface (raG, Eqn S1-10) are accounted for ET partition.
The connectivity between roots and different soil layers via root
uptake was accounted for by transpiration partition between
shrubs and grasses. The difference of the ith soil layer water con-
tent (hgrass,i and hshrub,i) and fractions of water use of the ith soil
layer water by grasses and shrubs (wgrass,i and wshrub,i) were
quantified by the stable isotope tracing approach (Method S2;
Fig. S2) and aggregated corresponding to their roots connections
(Ngrass and Nshrub) (Eqns S1-16, S1-17) to represent the total
plant water use (Eqn S1-15). The connectivity of water vapor
through the soil layer is described by surface soil resistance rss
(Eqn S1-18), which is parameterized by the aggregated volumet-
ric soil water content of the first soil layer h1 (Eqn S1-19)
between shrubs and grasses. Third, the model is solved by a
Newton–Raphson scheme for the vegetation canopy TL and
ground temperature TG separately, which is useful for partition-
ing the evapotranspiration components without radiometric
temperature observations.

The model forcing includes constant parameters and the vari-
able atmospheric forcing and seasonally variable plant and soil
properties, such as vegetation coverage and soil water content.
Specifically, the model was driven by fixed parameters (e.g. a
clumping factor CLAI, maximum and minimum stomata resistance
rst_min and rst_max) and was driven by field observations of the fol-
lowing variables: (1) micrometeorological variables at hourly scale,
including air temperature Ta, relative humidity of air ha, down-
ward shortwave radiation Sd, downward longwave radiation Ld,
wind speed u, and air pressure P; (2) plant variables of each domi-
nant species, including plant coverage f, leaf area index LAI, and
canopy height ZV; and (3) soil variables, including surface soil
temperature Tsoil at a depth Zsoil (m) and total available volumetric
soil-water content h. In this study, the root-mean-square differ-
ence (RMSD), the I index (Willmott, 1981; Cai et al., 2015), and
the coefficient of determination r2 were used to evaluate model
performance for the water and energy flux simulations.

Transpiration flux partitioning between shrubs and grass

A two-source mixing model has often been used to quantify
source contributions (Phillips et al., 2005; Ward et al., 2011).
We assumed that the total transpiration flux T was a mixture of
grass transpiration Tgrass and shrub transpiration Tshrub in the
shrub-encroached grassland system:

T ¼ CTshrub þ ð1� C ÞTgrass Eqn 1

where C is the contribution of shrubs to the total transpiration
flux.

Shrub encroachment upper and lower limits (with or without
full shrub coverage) and the corresponding LAI, canopy height,
and soil water content were established to estimate the upper and

lower limits of transpiration. The two-source mixing model was
used to calculate the transpiration fractions from shrubs (Tshrub/
T) and from grasses (Tgrass/T):

C ¼ T � Tgrass

Tshrub � Tgrass
Eqn 2

Results

Model performance for determining evapotranspiration in
a shrub-encroachment ecosystem

A very good agreement between measurements and simulations
was found for net radiation Rn, latent heat flux lET, and soil heat
flux G, with high I index (0.90–0.98) and small RMSD values
(6.1–50.17Wm�2) (Fig. 2; Table 1) during the growing season.
The simulations of sensible heat flux H deviated from the 1 : 1
line with higher RMSD values (82.3Wm�2), but this is not a
serious concern in this study. The TL and TG values measured
using a handheld infrared radiation thermometer were in good
agreement with the model simulations, with r2 values of 0.64 and
0.40 respectively.

Temporal variations of lET and T/ET

Both the sub-daily and day-to-day variations of lET were well
simulated during the growing season (Fig. 3). The observed val-
ues measured by the Bowen ratio method (model simulated) of
mean daily lET ranged from 6.8Wm�2 (�65.39Wm�2) to
304.68Wm�2 (318.09Wm�2), with average values of
153.79� 67.7% (149.3� 80.1%) from June to August. The
lET showed wide sub-daily variations (from 09:00 to 16:00 h),
with average values of 40.7� 22.68Wm�2 (62.9� 32Wm�2).
Both the sub-daily and day-to-day variations in T/ET were simu-
lated from June to August (Fig. 4). The seasonal variations of T/
ET ranged from 15% to 68.5%, with average values of
43.8� 14.2% from June to August.

Transpiration flux partitioning between shrubs and grasses

Both the sub-daily and day-to-day variations in transpiration flux
were further partitioned between the shrubs and grasses based on
the two-source mixing model (Fig. 5). The daily contribution of
grasses (shrubs) to total transpiration ranged from 10.6% (21.6%)
to 78.3% (89.44%), with mean values of 49.5� 15.1%
(50.5� 15.1%) from June to August. The mean sub-daily varia-
tions for Tgrass/T and Tshrub/T were 3.2� 2.9% (3.1� 3.0%)
from June to August.

Seasonal variations in ET flux were further partitioned among
shrub and grass transpiration and soil evaporation based on their
contributions to total ET flux (Fig. 6). The seasonal mean contri-
butions of the grass, shrub, and soil fractions to total ET flux
were 24� 13%, 20� 4%, and 56� 16% respectively from June
to August. The mean sub-daily variations of the contributions of
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the grass, shrub, and soil fractions to total ET flux were
1.5� 1.1%, 1.5� 1.1%, and 1.6� 1.6% respectively from June
to August.

Sensitivity analysis

To account for the uncertainties and errors of the model, the sen-
sitivity analysis for ET subcomponents was quantified for each
input parameter and measurement variable. Table 2 summarizes
the sensitivities of lET and T/ET to certain parameters and driv-
ing variables. Among those parameters, rst_min was the most influ-
ential in changing lET; a 30% error in this parameter can
introduce 8.4% error in lET on average. Shrub coverage f was the

second most influential parameter in changing lET. Although
this possible error range is not always negligible, it is not a serious
issue. Moreover, the value of Si for T/ET is generally small, sug-
gesting that T/ET is insensitive to errors in the assigned values of
all these parameters. ha was the most influential variable in chang-
ing lET and can produce up to 7% error in lET if there is 5%
error in ha. Such an error range would be a minor problem in
practice. As for T/ET, Ta and LAI were most influential,
although 5% errors in these parameters introduced an error of
only 1% in T/ET.

To account for model uncertainties and errors caused by indi-
vidual inputs of shrubs or grasses, a sensitivity analysis of the
input parameters and variables was quantified for shrubs and
grasses (Table 3). The sensitivities of lET and T/ET to some
parameters and driving variables were found to vary with shrub
coverage f. As shrub coverage expanded, the sensitivities of lET
and T/ET to certain shrub parameters (e.g. rst_min and CLAI) and
driving variables (LAI, ZV, and soil moisture) increased. The
opposite situation was found for grasses at the study site; LAIgrass
was the most influential variable in changing lET, followed by
hgrass. A 30% error in LAIgrass can introduce 11.4% error in lET
on average. Moreover, the value of Si for T/ET is generally small
for both shrub and grass patches, suggesting that T/ET is insensi-
tive to errors in the assigned values of all these parameters. Conse-
quently, the estimated values of lET and T/ET are considered to
be robust and acceptable, even if possible errors exist in the
assigned model parameters and/or measured variables.

(a) (b)

(c) (d)

Fig. 2 Comparison of (a) net radiation Rn, (b)
latent heat lET, (c) sensible heat flux H, and
(d) ground heat flux G between measured
and predicted values during the growing
season. The statistics are summarized in
Table 1.

Table 1 Statistics of model performance for energy flux and surface
temperature in a shrub-encroached grassland ecosystem

Variable Rn lET H G TL TG

r2 0.96 0.74 0.81 0.70 0.64 0.40
I index 0.98 0.95 0.81 0.90 N/A N/A
RMSD
(Wm�2)

49.39 50.17 82.3 6.1 N/A N/A

n 581 581 581 581 95 95

Rn, net radiation; lET, latent heat flux; H, sensible heat flux; G, ground heat
flux; TG, ground surface temperature; TL, canopy leaf temperature; RMSD,
root-mean-square difference.
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Temporal variations of ET flux and T/ET under shrub-
encroachment scenarios

The effects of shrub encroachment were quantified by changes of
shrub coverage f and corresponding ecohydrological connectivity
changes caused by shift of ecosystem structure (e.g. vegetation
composition, LAI and ZV) and total soil water use. Shrub
encroachment effects on bare soil are highly site specific and show
no change by meta-analyses (Eldridge et al., 2015). Previous stud-
ies show that increasing precipitation from xeric to mesic

ecosystems produces an associated increase in total vegetation
cover, which results in reduced bare soil as a cover class (Sch-
lesinger et al., 1990; Huxman et al., 2005). Considering that pre-
cipitation is almost constant in this area and the site was almost
fully covered with vegetation during the observation period, a
two-layer model (no bare soil) framework was used in this study.
Therefore, shrub encroachment effects for bare soil were assumed
to involve no changes in the model settings for shrub encroach-
ment scenarios. Based on the calibrated model, a series of shrub
encroachment scenarios with relative shrub coverage ranging

Fig. 3 Temporal variations of the predicted
and measured hourly latent heat flux lET (l is
the latent heat of vaporization and ET is the
evapotranspiration) during the growing
season.

Fig. 4 Temporal variations in transpiration fraction T/ET. Error bar
represents the daily standard deviation of T/ET from 09:00 to 16:00 h for
each simulation day.

Fig. 5 Temporal variation in the shrub and grass transpiration fractions
Tshrub/ET and Tgrass/ET during the growing season. The error bar
represents� SD from 09:00 to 16:00 h for each simulation day.
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from 0% to 100% at intervals of 20% were evaluated, and the
effects of shrub encroachment on processes governing terrestrial–
atmospheric water fluxes were quantified. According to the
degree of shrub encroachment, the factor weighting between
shrub coverage f and grass coverage 1� f was changed in the
model, as well as the corresponding model parameters, including
minimum stomata resistance and clumping factor (Table S1),
and variables such as leaf area index LAI, canopy height ZV

(Table S3) and ecosystem water availability h (calculated as the
weighted mean water availability between shrubs and grasses con-
sidering their water-use patterns (Method S2). The modeled
results showed that shrub encroachment exerted greater influence
on ET partitioning (e.g. T/ET) than that of total ET (Fig. 7). As
shrub coverage f increased from 0% to 100%, the growing-season
changes in mean ET ranged from 0.6% to 1.1% with seasonal
variations ranging from 1.9% to 5.1%. The growing-season
changes in mean T/ET ranged from �2.8% to �2.4%, with sea-
sonal variations ranging from 1.8% to 4.8%.

Discussion

Flux partitioning in a shrub-encroached ecosystem

Using an updated multisource model together with in situ iso-
topic tracing and micrometeorological observations to investigate
the effects of vegetation structure on land–atmosphere water
exchanges revealed a reasonable agreement between the observed

and modeled energy and water fluxes. Although previous studies
used other methods to partition ET, there are several advantages
of our coupled isotope and modeling approach. First, the model
accounts for different plant types by weighting LAI, ZV, and h to
represent the properties of the entire ecosystem, enabling the con-
tribution of transpiration to be attributed between shrubs and
grasses from an ecohydrological perspective (Method S1). In
essence, it is a hybrid dual-source model (combining patches and
layers) as reviewed by Zhang et al. (2016). In addition, the model
presented here was not sensitive to possible uncertainties or errors
in the assigned parameters and measured variables (Table 2).
Second, differences of ecohydrological connectivity between
shrubs and grasses were taken into consideration in the model
(Fig. 1). In addition, the sensitivity of ET and T/ET to the model
parameters assigned to shrubs and grasses under various scenarios
can be quantified (Table 3). Although no statistically significant
difference (P > 0.05) in soil moisture was found between grasses
and shrubs in different layers (Table S2), there were some minor
differences for the shallow layer and deep soil water (> 60 cm
deep) due to the calcareous crust, which was also reported in pre-
vious studies (Li et al., 2013). However, after considering the dif-
ferent water-use of shrubs and grasses as estimated by the isotopic
approach (Methods S2), actual water use by shrubs and grasses
was shown to be significantly different, particularly during dry
seasons (soil water < 15% percentile; e.g. day of year (DOY)

(a)

(b)

Fig. 6 Temporal variation of (a) the shrub and grass transpiration fractions
Tshrub/ET and Tgrass/ET and the soil evaporation faction E/ET and (b) water
component flux of ET for each investigation day within the growing
season.

Table 2 Mean and standard deviation (SD) of the sensitivity coefficients Si
of the evapotranspiration ET and transpiration fraction T/ET to the
assigned model parameters and measured parameters

Model input

Mean (SD)

ET T/ET

Parameters
rst_min �0.28 (0.14) �0.08 (0.02)
rst_max �0.01 (0.08) 0.00 (0.01)
aV �0.17 (0.23) �0.02 (0.03)
aG �0.01 (0.06) 0.01 (0.01)
CLAI 0.02 (0.01) 0.06 (0.03)
rss �0.05 (0.02) 0.06 (0.02)
f �0.22 (0.23) 0.02 (0.01)

Driving variables
Sd 0.72 (0.31) 0.00 (0.20)
Ld 0.84 (0.58) �0.03 (0.04)
u 0.08 (0.15) 0.00 (0.03)
Ta 0.74 (0.64) 0.21 (0.19)
ha �1.31 (1.02) 0.12 (0.22)
P �0.04 (0.15) �0.01 (0.03)
LAI 0.42 (0.26) 0.26 (0.25)
Zv 0.23 (0.53) 0.03 (0.09)
Tsoil 0.24 (0.14) �0.17 (0.10)
h 0.42 (0.43) 0.15 (0.12)

rst_min, minimum stomata resistance; rst_max, maximum stomata resistance;
aV, albedo of vegetation canopy; aG, albedo of ground surface; CLAI,
clumping factor for canopy structure; rss, thermal conductivity of surface
soil; f, shrub coverage; Sd, downward longwave radiation; Ld, downward
longwave radiation; u, wind speed; Ta, air temperature; ha, relative humid-
ity; P, air pressure; LAI, leaf area index; Zv, vegetation height; Tsoil, soil sur-
face temperature at depth Zsoil; h, volumetric soil water content.
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152–166). Because of root connections to deep soil water, shrubs
can take up deep (up to 100 cm below the surface) soil water dur-
ing dry seasons when shrubs dominate ecosystem transpiration
(Fig. 5), which accounts for increasing ET flux and T/ET with
greater shrub encroachment (Fig. 7). Third, aggregated stomatal
control of transpiration at the canopy level rc, coupling the differ-
ences in soil moisture, LAI, and ZV, and the maximum and mini-
mum stomatal resistance and the canopy structure between
shrubs and grasses were explicitly considered in the model
(Method S1; Table S1), whereas this was not the case in some
previous two-source models. Previous studies highlighted LAI or
soil moisture control for ecosystem T/ET (Hu et al., 2009; Wang
et al., 2014; Wei et al., 2017), However, canopy resistance rc,

which is a function of solar radiation, LAI, and soil water avail-
ability, was found to provide a better explanation of variations of
T/ET than any single factor (e.g. LAI or h) (Fig. S3). The results
for rc are quite comprehensive, aggregating the seasonal differ-
ences between shrubs and grasses with their distinct LAI and h
and their interactions with solar radiation. Among many single
contributing factors (e.g. total LAI, total h, and Sd), the highest
r2 value (0.82) was found between total LAI and T/ET, followed
by h with r2 = 0.48 in this study. Therefore, leaf development
(changes in LAI) and trade-off between shrubs and grasses domi-
nated the seasonality of T/ET in the study site. Model-based
analyses indicated that consideration of the different ecohydro-
logical connectivities between shrubs and grasses (e.g. root

Table 3 Mean and standard deviation (SD) of sensitivity coefficients Si of evapotranspiration ET and transpiration fraction T/ET to the assigned model
parameters by shrubs and grasses under four scenarios with shrub coverage of 15%, 25%, 31.4% and 43.47%

Model input

Mean (SD)

ET T/ET

f1 f2 f3 f4 f1 f2 f3 f4

Shrubs
rst_min �0.06 (0.03) �0.10 (0.05) �0.12 (0.06) �0.16 (0.08) �0.02 (0.00) �0.03 (0.01) �0.03 (0.01) �0.04 (0.01)
CLAI 0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.01) 0.02 (0.01) 0.02 (0.01)
LAIshrub 0.04 (0.02) 0.04 (0.04) 0.04 (0.04) 0.08 (0.04) 0.01 (0.00) 0.01 (0.01) 0.01 (0.01) 0.02 (0.01)
ZV-shrub 0.07 (0.00) 0.12 (0.00) 0.14 (0.00) 0.16 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
hshrub 0.08 (0.04) 0.13 (0.04) 0.13 (0.04) 0.17 (0.04) 0.01 (0.04) 0.02 (0.04) 0.02 (0.04) 0.03 (0.04)

Grasses
rst_min �0.22 (0.11) �0.18 (0.09) �0.16 (0.08) �0.12 (0.06) �0.06 (0.02) �0.05 (0.01) �0.05 (0.01) �0.04 (0.01)
CLAI 0.02 (0.01) 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) 0.05 (0.03) 0.05 (0.02) 0.04 (0.02) 0.04 (0.02)
LAIgrass 0.38 (0.02) 0.38 (0.04) 0.38 (0.04) 0.34 (0.04) 0.10 (0.00) 0.10 (0.01) 0.10 (0.01) 0.09 (0.01)
ZV-grass 0.16 (0.00) 0.12 (0.00) 0.09 (0.00) 0.07 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
hgrass 0.34 (0.04) 0.29 (0.04) 0.29 (0.04) 0.25 (0.04) 0.05 (0.04) 0.04 (0.04) 0.04 (0.04) 0.04 (0.04)

rst_min, minimum stomata resistance of shrubs; CLAI, clumping factor for shrub canopy structure; LAIshrub, leaf area index of shrubs; ZV-shrub, vegetation
height of shrubs; hshrub, volumetric soil water content used by shrubs; rst_min, minimum stomata resistance of grasses; CLAI, clumping factor of canopy struc-
ture for grasses; LAIgrass, leaf area index of grasses; ZV-grass, vegetation height of grasses; hgrass, volumetric soil water content used by grasses.

(a)

(b)

Fig. 7 Day-to-day variation of latent heat
flux lET (l is the latent heat of vaporization
and ET is evapotranspiration) and
transpiration fraction T/ET under various
shrub encroachment (f is shrub coverage)
scenarios.
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connections, canopy resistance) was important for illustrating the
effects of shrub encroachment on ET and its components (Figs 7,
8). However, the model still requires modification and improve-
ment. For example, the differences in microclimatic factors (e.g.
wind speed) between shrubs and grasses were not fully considered
in this model, and the isotopic-based water uptake may have

resulted in errors (e.g. in upper and lower limits), which would
produce errors in the ET subcomponent simulations. In addi-
tion, different to previous modeling framework (Yu &
D’Odorico, 2014), the contribution of grass beneath shrubs was
not considered independently but incorporated with grasses as a
whole while assuming a similar water-use pattern. Also,

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 8 Relationship between relative changes (compared with actual shrub coverage of 15%) in canopy resistance rc and latent heat flux lET under three
shrub-encroachment scenarios with shrub coverage of (a) 25%, (b) 31.4%, and (c) 43.5%, and transpiration fraction T/ET with shrub coverage of (d)
25%, (e) 31.4%, and (f) 43.5%. Relationship between relative changes in leaf area index LAI with T/ET with shrub coverage of (g) 25%, (h) 31.4%, and
(i) 43.5% during the growing season.
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evaporation of rainfall intercepted by the vegetation canopy was
not considered in the model, which may have introduced a
potential bias into the results. Previous experimental results at
this site quantified the relationship between interception amount
for shrubs (grasses) and rainfall amount (Peng et al., 2014). As
summarized in Table 4, the estimated total interception amount
accounted for 9.6% of total precipitation amount. During the
day, the estimated interception amount accounted for 5.6%
(10.1%) of total ET (T). To qualify the uncertainties caused by
interception, ET partition results (T/ET, Tgrass/T and Tshrub/T)
were compared between datasets for rain/all days (n = 46/92) and
sunny days (n = 46). Statistical results indicated no significant
difference (P > 0.05) in ET partition results between the datasets
for rain (all) days and sunny days. The errors caused by inter-
cepted rainfall accounted for < 2% (3%) of T/ET (Tgrass/T and
Tshrub/T). Therefore, although possible errors may exist in the
model, the ET partition results are quite robust and reasonable.

Effects of shrub encroachment on ET partitioning and
climatic implications

Shrub encroachment alters the canopy structure and biophysical
processes, with one of the main changes being an increase in
shrub cover and a decrease in grass cover (Eldridge et al., 2015).
This will then result in changes in canopy LAI, ZV, and rooting
depth, which are key variables for ecohydrological processes such
as rainfall redistribution, infiltration, runoff generation, and ET
or its components (Huxman et al., 2005; Li et al., 2013). Overall,
this simulation indicated that shrub-encroachment processes
resulted in larger changes in ET components than in ET flux and
that shrub encroachment effects on ET flux and T/ET varied sea-
sonally depending on ecosystem aridity and plant dynamics.
Based on soil water content during the growing season and using
< 15% or > 85% percentiles of soil water content to define dry or
wet periods, investigations showed that shrub water uptake from
deep soil layers is vital for sustaining ecosystem transpiration in
dry periods. Hence, shrubs have the advantage of increasing T/
ET under low-rainfall conditions. Shrub encroachment has
increased ecosystem water availability, leading to obvious

increases in ET flux and T/ET during dry periods (e.g. DOY
152–166) (Fig. 7). This study is consistent with previous studies
which showed that shrubs can take up water from deep soil and
increases T/ET (Walter, 1971; Breshears & Barnes, 1999; House
et al., 2003; Budny & Benscoter, 2016). With increasing shrub
coverage, total ecosystem LAI was decreased (Table S3), which
increased the solar radiation reaching the ground surface and led

Table 4 Statistical data for precipitation, evapotranspiration ET, and their
components under rainy and rain-free days during the growing season

Items Total

Precipitation amount (mm) 182.6
Day (night)-time rain amount (mm)a 102.1 (80.5)
Interception amount (mm)b 17.7
Interception amount for shrubs (grasses)c (mm) 7.3 (10.4)
Day (night)-time rain amount (mm)a 102.1 (107.3)
Rainy (rain-free) days 46 (46)
Daytime ET (mm)a 174.6
Daytime T (E) (mm)a 81.7 (93.27)
T/ET (mean� SD) (n = 92) 0.44� 0.15
Sunny days T/ET (mean� SD) (n = 46)d 0.42� 0.14
Rain days T/ET (mean� SD) (n = 46)d 0.45� 0.15
Tgrass/T (mean� SD) (n = 92) 0.49� 0.15
Sunny days Tgrass/T (mean� SD) (n = 46)e 0.48� 0.15
Rain days Tgrass/T (mean� SD) (n = 46)e 0.51� 0.15
Tshrub/T (mean� SD) (n = 92) 0.50� 0.15
Sunny days Tshrub/T (mean� SD) (n = 46)f 0.51� 0.15
Rain days Tgrass/T (mean� SD) (n = 46)f 0.49� 0.15

aDay-time (09:00–18:00 h) and night-time 18:00–8:00 h China Standard
Time.
bEstimated by previous experimental results.
cEstimated by previous experimental results.
dNot significantly different at the 5% level for transpiration fraction T/ET
between the rain-days dataset (n = 46) and the dataset with no rainy days
(n = 46).
eNot significantly different at the 5% level for fraction of grasses for total
transpiration Tgrass/T between the rain days dataset and the dataset with
no rainy days.
fNot significantly different at the 5% level for the fraction of shrubs over
total transpiration Tshrubs/T between the rain days dataset and the dataset
with no rainy days.

Fig. 9 Frameworks of ecohydrological
connectivity scenarios of shrubs with
coverage f and grasses under wet and dry
seasons for evapotranspiration ET
partitioning into soil evaporation E, grass
transpiration Tgrass, and shrub transpiration
Tshrub. During the ‘wet period’, grasses can
quickly use rapidly recharged surface soil
water, whereas shrubs use soil water in
proportion to the distribution of their roots at
all depths for transpiration. During the ‘dry
season’, shrubs can use deep soil water and
dominate ecosystem transpiration.
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to an increase in E. The situation at this site was different from
previous studies (Schlesinger et al., 1990; Martens et al., 2000;
Thompson et al., 2017), which dealt with shrub invasion due to
increasing precipitation increasing the vegetation cover and
reducing the amount of solar radiation reaching the ground, sub-
sequently reducing E, but agreed with the conclusion of Huxman
et al. (2005). Those contrary effects of shrub encroachment on
ET components related to the shrubs traits (Eldridge et al., 2015)
and varied across a climatic gradient (Huxman et al., 2005). By
comparing the current simulation results (shrub coverage,
f = 15%) with results from an earlier field investigation of shrub
encroachment in this region with f = 25%, 31.4% and 43.5%
(Peng et al., 2013), the effects of shrub encroachment on ET and
T/ET were found to be well explained and quantified by changes
in rc, which integrated changes in soil water and ecosystem
structure (e.g. LAI, ZV and vegetation composition) caused by
shrub-encroachment processes (Fig. 8). The effects of shrub
encroachment on ET have a significant nonlinear negative
relationship with changes in rc caused by shrub-encroachment
processes (Fig. 8a–c). The effects of shrub encroachment on
aggregate T/ET were complex and were determined by the trade-
off between the impacts of shrubs and grasses on seasonal
variations of soil water and LAI (Fig. 8d–f). It is the traits of
encroaching woody plants that determine the functional outcome
of encroachment. Shrub encroachment results in increasing
T/ET during dry periods, with a decrease in rc by enhanced water
uptake from the deep soil layer. Shrub encroachment decreases
T/ET accompanied by an increase in rc during the period of fast
growth because of LAI decrease. The shrub encroachment effects
on T/ET were dominated by shrubs when they increased their
total water use during dry periods, but shifted to control by
grasses when they increased their total LAI during the growing
season (Fig. 7). Unlike the positive feedback of shrub encroach-
ment (increase in total water use) on T/ET, negative feedback
(decrease in total LAI) on T/ET was dominant during the grow-
ing season at the study site (Fig. 8g–i). This study therefore
emphasizes the divergent ET partition responses between shrubs
and grasses caused by the ecohydrological properties of each func-
tional type.

A review by Huxman et al. (2005) confirmed that woody
plant encroachment will alter T/ET and is largely driven by cli-
mate because more water will be recharged to the deep soil and
E decreases as precipitation increases. Based on the analysis in
this study, the adaptation of grasses and shrubs has been sum-
marized with regard to their water use and transpiration strate-
gies. On rainy days, grasses were found to respond quickly by
taking up the shallow soil water that is rapidly recharged on
days with rainfall. Grasses can achieve this because they have
less stomata resistance and stronger transpiration than shrubs.
Indeed, recent studies showed that the more efficient water
usage by grasses was associated with high growth rate, which led
to the species composition shift from shrubs to grasses in wet
environments (Yu et al., 2017) and the ecosystem transition
from a shrub-dominated state to a grass-dominated state (Chen
et al., 2018). Shrubs, however, have a conservative strategy and
can use deep soil water, which is useful during dry periods

(Figs 5, 9). Therefore, with climate change, shrubs have a com-
petitive advantage under a dry climate, whereas grass has a com-
petitive advantage under wetter conditions. Our modeling
results showed that shrub encroachment had relatively little
influence on ET but did have an influence on the proportions
of the components of ET (e.g. T/ET), which represents the rela-
tive contribution of ecological processes to the hydrological flux.
This indicates that, with the spatial heterogeneity of vegetation,
the different ecohydrological connectivities between soil water
and different types of plants are important for accurate estima-
tion of ET flux and its components.
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