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Water use efficiency (WUE) is an important indicator to characterize the carbon and
water cycle of ecosystems. Using the Google Earth Engine platform, MODIS data
were used to calculate WUE. Trend analysis, R/S analysis, partial correlation analysis,
PLS-SEM, and other methods were used to analyze the spatiotemporal dynamics of
WUE in Gansu province from 2001 to 2020, and to explore the impact of
environmental factors on WUE. The results show that: (1) The annual average
WUE in Gansu from 2001 to 2020 was 1.71 gCm™mm™%, and the WUE showed an
upward trend. (2) WUE is high in the southeast and low in the northwest, and the
WUE in 77.5% of regions is in a state of continuous and stable change. (3) In 76.5% of
the regions in Gansu, WUE was positively correlated with lagged SPEI, and the areas
with a lag of 6 to 12 months accounted for 47.36%. (4) The total effect of vegetation
factors is positive. The impact of climate on WUE through vegetation is 0.685 in
Gansu. This study is of great significance for gaining a deeper understanding of the
response mechanism of regional water cycle to climate change under the dual
background of vegetation restoration and environment in Gansu, and for accurate
assessment and optimization of regional water resources management.
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1 Introduction

The water-carbon cycle is an important link in terrestrial ecosystems (Miguez-Macho
and Fan, 2021). Water use efficiency (WUE) is a key feature of ecosystem function and a
bridge to water-carbon coupling (He et al., 2018). The definition of WUE is different at
different scales. WUE at the leaf and individual scales is mainly controlled by the opening
and closing of stomata. From the perspective of plant ecology, the water use characteristics
of different species can be used to solve the problem of low agricultural water use efficiency
(Yu et al,, 2006). At the ecosystem level, WUE is the ratio of carbon gain to water loss
expressed as evapotranspiration. It is usually defined as the ratio of dry matter produced by
an ecosystem to its evaporation (Han et al.,, 2023). This indicator essentially reflects the
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relationship between vegetation photosynthesis and plant water
loss, and can also reflect the ability of the ecosystem to use water to
convert nutrients into biomass (Tian et al., 2010).

Early studies on WUE of small-scale ecosystems usually adopted
field measurements, that is, using certain vegetation individuals in the
study area to represent the WUE of the entire study area, but this
method is relatively costly (Curtis et al., 2005). In recent years, the
development of eddy covariance and thermal diffusion technologies
has provided new ideas for detecting WUE (Curtis et al,, 2005). The
flux tower observation data has high accuracy but is limited by its
quantity and distribution characteristics (Heinsch et al., 2006). WUE
at regional scale can be estimated using traditional ecological process
models or remote sensing estimates. Traditional ecosystem models
include VIP (Mo et al, 2009), DLEM (Tian et al, 2011), IBIS
(Vanloocke et al., 2012) and so on. Models evolved from traditional
ecological models can simulate WUE on a larger scale, but the
resolution is relatively coarse. High-resolution remote sensing data
has good spatiotemporal continuity and can provide key information
on long-term changes in the water cycle. It has been widely used to
study regional vegetation-climate interactions (Li et al., 2019).

At present, scholars have used remote sensing technology
products to analyze the spatiotemporal evolution patterns and
influencing factors of terrestrial water use efficiency (Zhu et al,
2015). In the context of global climate change, extreme weather,
socio-economic development and intensified human activities will
have a profound impact on the carbon-water cycle of terrestrial
ecosystems (Zhang et al., 2012). In terms of space, WUE is
comprehensively affected by terrain factors, vegetation factors,
climate factors, and soil factors (Zhu et al., 2015). The dominant
factors affecting the spatial distribution of WUE vary in different
regions or regions with different vegetation types. For example,
there are great differences between humid and arid regions (Zhao
et al,, 2021); there are great differences in the response of WUE to
different vegetation types during drought (Wolf et al, 2013). In-
depth exploration of the temporal and spatial evolution differences
of WUE and its relationship with environmental factors is of great
significance for clarifying the response mechanism of ecosystem
water cycle to global climate change, accurately evaluating and
optimizing regional water resources management (Delucia
et al., 2007).

Gansu is an important energy base and mineral resource
province in China, and is also an important water conservation
area in the upper reaches of the Yellow River and the Yangtze River
(Song et al., 2012). The region spans several different climatic zones
and is a region in the country with complex terrain area, fragile
ecology and sensitive climate. This region spans multiple climate
zones in the country with fragile ecology and sensitive climate, and
has complex terrain. Water resources are relatively scarce, unevenly
distributed in time and space, and the fragile ecological
environment and shortage of water resources lead to frequent
drought events. The region has problems such as unstable water
conservation function in river source areas, overexploitation of
groundwater in some areas, and degradation of ecosystem service
functions in some ecological functional areas. The Gansu Provincial
Land and Spatial Planning (2021-2035) points out that it is
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necessary to improve the ecological restoration capability of five
key areas, including Hexi Qilian Mountain Inland River Ecological
Restoration Area (HX), Central Yellow River Ecological Restoration
Area (CR), Longdong-Longzhong Loess Plateau Ecological
Restoration Area (LD), Ecological Restoration Area of the Upper
Yellow River in Gannan Plateau (GN), and Qinba Mountains Area
Upper Yangtze River Ecological Restoration Area (QB). The main
factors affecting WUE in different ecological restoration areas may
be different. The difference in WUE in different ecological
restoration areas is also an issue worthy of attention in regional
ecological restoration and governance. However, there are few
studies on WUE in different ecological restoration areas in Gansu,
and the characteristics and changing trends of WUE in different
restoration areas at the regional scale are still unclear. Therefore,
studying the spatiotemporal changes of WUE in Gansu and
different ecological restoration areas and its relationship with
various environmental factors can provide a theoretical basis
for better regional economy development and ecological
environment restoration.

The objectives of this study are: (1) Clarify the distribution
pattern and variation characteristics of WUE in Gansu and each
restoration area; (2) Determine the spatial pattern of the lagged
effect of drought on WUE. (3) Quantify the direct and indirect
effects of environmental variables on WUE. This study will help
formulate sustainable water resources management and optimize
environmental protection measures in Gansu and the restoration
areas, and will be of great significance for promoting green
development in Gansu and the restoration areas.

2 Materials and methods
2.1 Study area description

Gansu (92°13’-108°46’E, 32°11'-42°57'N) is located in
northwest China (Figure 1). The ancient Silk Road and the New
Eurasian Continental Bridge run through the entire region, with a
total area of 42.58 km®. The terrain slopes from southwest to
northeast, with a length of 1,659 km from east to west and a
width of 530 km from north to south. The region is located at the
intersection of China’s three major natural regions and three major
plateaus. It is adjacent to the Badain Jaran Deaert, the Tengger
Deaert, and the Kumtag Desert. It is a typical transition zone
between the temperate monsoon climate and the continental
climate, and most areas have a temperate arid and semi-arid
climate. The natural conditions in the territory are complex, the
vegetation types are diverse. From south to north, there are obvious
latitudinal and vertical zonal distribution. The average annual
temperature is 0-15 °C. The annual precipitation is relatively
small, less than 400 mm, and decreases from southeast to northwest.

2.2 Data source

Data sources and abbreviation are shown in Table 1.
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FIGURE 1

Study area location: (a) Elevation (m). (b) Major natural regions (marked in red) and the spatial pattern of land cover types.

2.3 Methods

2.3.1 The calculation formula for WUE

The formula is as Equation 1 (Wang et al., 2021):

e
WUE = G22

TABLE 1 Data sources and abbreviation.

108°E

(1)

96°E 100°E 104°E 108°E

where WUE (gCm mm ") is water use efficiency; GPP (g Cm?) is
the gross primary productivity of vegetation is in; ET (mm) is the
evapotranspiration of vegetation.

2.3.2 Trend analysis
The change trend is obtained by using the linear fitting
function obtained by the least square method. Significance

ltem Abbreviation Resolution Source
Gross Primary productivity GPP 500 m
Evapotranspiration ET 500 m Google Earth Engine (https://earthengine.google.com/)
Leaf Area Index LAI 500 m
Precipitation Prec 0.1 mm
Temperature Temp 0.1° National Earth System Science Data Center (http://
geodata.cn)
Normalized Difference Vegetation Index NDVI 1 km
Fraction of Photosynthetically Active Radiation FPAR 0.1°
Vapor Pressure Deficit VPD 1 km
National Tibetan Plat: Data Center (http:
Aboveground Autotrophic Respiration Ra-ag 0.1° ational Tibetan Plateau Data Center (http:/
data.tpdc.ac.cn)
Belowground Autotrophic Respiration RA-bg 0.1°
- Soil data 1:1 million
Standardized Precipitation E t irati
andardized Freclp 112 dlg:(l vapotranspiration SPEI 1 km National Ecosystem Data Bank (https://www.scidb.cn/)
Distinct Element Method DEM 90 m Resource and Environmental Science Data Center of
(Altitude) (Aly the Chinese Academy of Sciences (https://
LUCC (2000, 2020) B 1 km www.resdc.cn)
Soil Moisture M 0.05 The dataset is provided by National Cryosphere Desert
Soil organic Carbon sOC 250 m Data Center (http://www.ncdc.ac.cn)
Eco-geographical Boundary - - Liu and Shi, 2016

— represents not applicable.
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testing using F test (p<0.05) (Stow et al., 2010). The formula is as

Equations 2, 3:

Slope == ST isit @
where i is the year; n it is the total number of years; Vi is the variable
of the i-th year.

F=Ux (22) )

where U indicates the error sum of squares and Q means the
regression sum of squares.

2.3.3 Correlation analysis

The Person correlation coefficient was used to represent the
correlation between WUE and environmental factors, and a
significance test was performed at the 0.05 level. The formula is
as Equation 4 (Liu et al., 2015):

LK -X)(Y-T)

VS S

where Py y is the Person correlation coefficient, X; is WUE; Y; is the

4

PX,Y

environmental factor.

2.3.4 Hurst index

The Hurst index (H) can quantitatively describe the long-term
dependence of time series information. In this study, the Hurst
exponential range (R/S) analysis method was used, to predict the
future trend of WUE in Gansu (Zhu et al., 2012).

2.3.5 Cross-wavelet analysis

Wavelet analysis is a method for analyzing changes in the signal
spectrum. Cross wavelet transform (XWT) is a computational
method that combines wavelet transform with cross spectrum. It
is used to study the correlation between two time series in the time-
frequency domain and can obtain the phase relationship and
correlation strength of the signals (Grinsted et al., 2004).

For time series {X(i)} and {Y (i)}, where i=1, 2,..., n. The formula
for XWT is shown as Equation 5:

| Wy (0, 7)| = Cx(e, 7)Cy(, 7) (5)

where o refers to the time lag; 7is a time translation parameter; CX
(04 7) is the wavelet transform coefficient of the sequence {X(i)}; C*Y
(o5 7) represents the complex conjugate of the wavelet transform
coefficient of the sequence {Y(i)}. The larger its value is, the more
significant the correlation between the high energy regions shared
by the two time series is.

Wavelet coherence transform (WTC) can measure the
covariance strength of the local correlation between two time
series Xn and Yn in the time-frequency space. Its characteristic is
that even if the low-energy regions in the cross-wavelet energy
spectrum of two time series correspond to each other, they will
show obvious correlation in the wavelet coherence spectrum. The
formula for WTC is shown as Equations 6, 7:
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|S[‘X?1WXY(0!)T)]|Z (6)

2 _
R 7) = s @onsior Wy @]

where S is a smoother.

S( W) = SScule{Stime[Wn(S)}} (7)

where, S, is the smoothness of the wavelet scale; S;;,,,. is the
smoothness of the time scale. The range of wavelet coherence value
is 0~1, which is the local correlation coefficient of time-frequency
space. The larger the value, the stronger the correlation.

2.3.6 Time lag effect

Pearson correlation coefficient (R) was used to investigate the
magnitude and time scale of the lagged effect of SPEI on WUE. R
ranges from —1 to 1, representing negative to positive correlation (Zhao
etal, 2020). In each lag time interval (0< i < 12), the partial correlation
coefficients (Ry, Rj, R, ..., R;») between WUE and the monthly SPET
(SPEL) were first calculated. Then, the maximum correlation coefficient
is taken as Ri, which is considered as the optimal correlation, and the
number associated with month (i) is considered as the optimal lag.

The formula is as Equations 8, 9:

R; = corr(WUE, SPEI})1 <i <12 (8)

Ryax_1ag = max(R)1 < i <12 9)

where R; is the Pearson partial correlation index lagged i months; The
value of is 0 to 12 (0 means no lag effect, 1 to 12 means lag of 1 to 12
months); WUE represents the monthly WUE time series; SPEI is the
monthly SPEI value; R,y,qx 14 is the maximum value of R;.

2.3.7 Partial least squares structural equation
model geographical detector

Partial least square structural equation modeling (PLS-SEM) is
a multivariate statistical model that integrates factor analysis,
regression analysis, and path analysis. Unlike covariance-based
structural equation modeling (CB-SEM), PLS-SEM relies on
principal component analysis and is well suited for small sample
sizes, non-normal data, and formative and reflective measurement
models (Hair et al., 2019). The model includes two basic
components: measurement model and structural model, which
solves the complex relationship between latent variables. The
formula is as Equation 10 (Vinzi et al., 2009):

i
= Elﬁpfz +§ (10)
=
where & is endogenous latent variable; &; is an exogenous latent
variable; fB; represents the path coefficient between the i-th
exogenous latent variable and the j-th endogenous latent variable;
{; is the random error term of the relationship in the model.
The linear equation for the relationship between latent variables
and measured variables in the measurement model can be expressed
as Equation 11:

Xjk = A&y + & (11)
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where Xji is the variable to be measured; {‘y-is a latent variable; ljk
represents the factor loading of the j-th measured variable corresponding

to the k-th principal component; {; is the measurement error term.

3 Results
3.1 Changes in the distribution if WUE
3.1.1 Temporal and spatial changes of WUE

The WUE in Gansu has shown a slight upward trend over the

years, with an average value of 1.71 gCm >mm '. Among them,

10.3389/fevo.2025.1672495

2008 (1.501 gCm *mm™") and 2015 (1.122 gCm *mm ") were the
years with the highest and lowest values, respectively (Figure 2a).
The areas with the highest WUE values were mainly between 0.5
and 1 (29.6%) (Figure 2a). From a spatial perspective, the southeast
was high and the northwest was low (Figure 2a).

Among the restoration areas, WUE was higher in QB (245
gCm>mm™"), followed by LD (1.73 gCm>mm™"), GN (1.67
gCm *mm "), HX (1.35 gCm >mm") and CR (1.33 gCm >mm")
(Figure 2b). Among the restoration areas, the WUE in GN (0.0064)
and QB (0.0131) areas showed a slight upward trend, while other
restoration areas showed a downward trend (Figure 2¢).

N
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FIGURE 2

Spatiotemporal distribution and trend of WUE in Gansu from 2001 to 2020. (a) Spatial distribution; (b) the distribution patterns of average WUE; (c)
average annual dynamic; (d) spatial trend (p< 0.05 denotes significant difference, p< 0.01 denotes extremely significant difference).
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Over the past 20 years, about 86.1% of Gansu has maintained a
relatively stable WUE, with the increases and decreases being equal
(Figure 2d). Among them, about 3.1% of the areas showed a
significant upward trend in WUE, and about 3.2% of the areas
showed a very significant increase. These significant trends
occurred mainly in the southern region, especially in the QB
region. Among the restoration areas, 31.5% of the QB region
showed an upward trend, while the areas with a downward trend
were mainly distributed in the eastern part of the region. WUE
decreased in 7.6% of Gansu, scattered in HX, LD and CR regions.
The decline in WUE in CR region was more significant, accounting
for 12.9% of the area.

3.1.2 Future trend changes in WUE

The WUE in Gansu mainly showed negative sustainable
characteristics (77.4%) and was widely distributed from 2001 to
2022 (Figure 3a). The regions with positive sustainability
characteristics accounted for 22.6%, of which the regions with
strong (H=0.65) sustainability characteristics accounted for 0.8%.
The Hurst index of the five restoration areas mainly showed the
characteristics of weak anti-sustainability. Among them, the GN
region had the highest proportion of positive sustainable

10.3389/fevo.2025.1672495

characteristics (25.9%), and the QB region had the highest
proportion of strong anti-sustainability characteristics (19.6%).

The WUE in Gansu was in a state of continuous and stable
change (77.5%), of which 39% of the area degrading and 38.5% of
the area improving (Figure 3b). The five restoration areas are
mainly in a state of anti-sustainability stable state. Among them,
GN (48.2%), LD (34.5%) and QB (44.8%) were mainly slightly anti-
sustainability increase, while HX (48.3%) and CR (39.7%) were
mainly slightly anti-sustainability decrease.

3.2 Influencing factors of spatial variation
of WUE

A partial positive correlation (PPC) between Prec and WUE
was observed in 61.68% of the study areas (Figure 4a). The areas
with partial correlation coefficient (PCC)> 0.6 accounted for 3.49%,
mainly distributed in GN area, and scattered in the QB area and the
western part of LD area. About 76.68% of the study area showed a
partial negative correlation between Temp and WUE (Figure 4b).
About 20.98% of the study area showed PPC between VPD and
WUE, mainly distributed in the HX (39.97%) and the CR (24.31%)

(a) N 100 -
80 I
§ 60
>
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g 62.5%  65.1% ’
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FIGURE 3
The Hurst index of WUE (a), the future dynamic trend in WUE (b).

Frontiers in Ecology and Evolution 06

frontiersin.org


https://doi.org/10.3389/fevo.2025.1672495
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Zhang et al.

(Figure 4c). In 98.11% of the GN, VPD was negatively correlated
with WUE.

PPC between Prec and SM was observed in 46.37% of the study
areas (Figure 4d). 1.08% of the regions showed PCC > 0.6, and
approximately 21.92% of the regions had PCC between 0.2 and 0.6.
Among the restoration areas, more than 50% of QB (63.38%), GN
(57.71%) and CR (56.07%) showed PCC (Figure 4d).

About 46.14% of the study area had PPC between FPAR and
WUE, distributed in various restoration areas. About 67.14% of CR
showed a negative correlation between FPAR and WUE (Figure 4e).
PPC between LAI and WUE was observed in 62.36% of the study
areas (Figure 4f). 10.08% of the regions showed PCC > 0.6, mainly
distributed in QB, CR and LD. PCC between NDVI and WUE was
observed in about 71.33% of Gansu (Figure 4g). Among the
restoration areas, 48.96% of the areas in HX showed negative
correlation (Figure 4g). PPC between Ra-ag and WUE was found
in about 53.18% of the study area (Figure 4g), mainly distributed in
CR (71.83%), LD (55.79%), and GN (50.23%) (Figure 4h). Ra-ag
was negatively correlated with WUE in 46.82% of Gansu and
558.69% of Hexi. PPC between Ra-bg and WUE was found in
about 46.46% of Gansu (Figure 4i). Among the restoration areas,
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66.66% of the CR showed positive correlation, while 71.32% of the
GN showed negative correlation.

The cross wavelet transform and coherent wavelet transform
were performed on the monthly SPEI and WUE in Gansu to further
analyze the common characteristics between the SPEI and WUE
correlation index cycles (Figures 5a, b). The high energy area of the
wavelet power spectrum of WUE and SPEI had significant
resonance period of 9-15 months in 10-40 months and 125-210
months, and the phase changes were disordered, and the
relationship between the two was unstable. As can be seen from
the figure that the low energy area of the wavelet coherent power
spectrum of SPEI and WUE had significant resonance periods of 4-
5 months, 3-5 months, and 3-5 months in 10-22 months, 47-50
months, and 171-176 months, and the phase changes were
disordered, and the relationship between the two was unstable.
There was a significant resonance period of 0-3 months from 71-86
months, the average phase angle was close to vertical upward, and
SPEI lagged significantly behind WUE. There was a significant
resonance period of 4-6 months in months 110-118, with the
average phase angle close to vertical downward and WUE lagging
significantly behind SPEL There was a significant resonance period
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of 4-5 months in months 150-160, and the average phase angle was
close to changing from right to left, showing a negative phase
change. There was a significant resonance period of 6-7 months
from months 197 to 200, and the average phase angles were nearly
from left to right, showing a positive phase change.

The hysteresis effect of drought significantly affected the water
cycle process in Gansu, and then affected the WUE in Gansu. The
lag effect of drought on WUE and the number of lag months were
obtained through partial correlation analysis between WUE and
SPEI lagged by 1 month. In 76.5% of Gansu, WUE was positively
correlated with lagged SPEI (Figure 5¢). The number of lagged
months within one month accounts for 25.12% of the total area,
mainly distributed in the western and central areas of LD and the
southwestern part of HX. The regions with a lag of 6 to 12 months
accounted for 47.36%, indicating that the impact of SPEI on WUE
had along lag (Figure 5d). Among them, the regions lagging behind
by 10 months accounted for 20%, mainly distributed in the
northeast of the CR region and the central part of the HX region.

WUE was higher in low altitude and high slope areas
(Figure 6a). When the altitude was below 1000 m, WUE showed
a “single peak” pattern with increasing slope, and WUE was higher
around 5°-20°. In the range of 1000 m-4000 m above sea level, the
greater the slope, the higher the WUE value, and the highest value
appears at around 1600 m and around 35°. When the altitude was
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higher than 4000 m, WUE was in the low value area regardless of
the slope. Basically, it showed that at low Longitude, the higher the
Latitudes, the lower the WUE (Figure 6b). At low Latitudes, the
lower the Longitude the lower the WUE.

There were significant differences in WUE among different soil
types (Figure 6¢). The multi-year average value of WUE was 1.71
gCkg™!, among which Desert soil (1.59 gCkg™'), Pedocal
(1.50 gCkg™"), Semi-arid soil (1.06 gCkg™") and Alpine soil (1.29
gCkg™") were lower than the average value (Figure 6¢).

3.3 Direct and indirect effects of driving of
driving factors on WUE

The PLS-SEM method was used to further analyze the impact of
different types of factors on the spatial distribution of WUE (Shao
et al,, 2024). The factors are classified and integrated into climate
latent variables, terrain latent variables, soil latent variables and
vegetation latent variables. Based on certain assumptions, a
conceptual model was established: terrain, vegetation, climate, and
soil directly the spatial pattern of WUE; terrain indirectly affects the
spatial pattern of WUE through climate and soil; climate indirectly
affects the spatial pattern of WUE through vegetation, and vegetation
indirectly affects the spatial pattern of WUE through soil (Figure 7).
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Relationships of slope and altitude (a), latitude and longitude (b) with average annual WUE; (c) WUE of different soil types.

The path coefficients of the model illustrate the direct and
indirect effects of latent variables on vegetation change, indicating
that latent variables such as terrain, climate, soil, and vegetation all
significantly affect the spatial pattern of WUE (Figure 7). In Gansu
and its restoration areas, there is a direct positive response between
climate and vegetation. Soil had a direct positive effect on LD, while
other restoration areas and Gansu had direct negative effect. Terrain
had a direct negative effect on LD, while other areas and Gansu had
direct positive effects (Figure 7).

In Gansu, the effect of terrain on WUE through climate and
vegetation was —0.576, and the effect of terrain on vegetation
through climate was —0.641 (Figure 8a). The impact of climate on
WUE through vegetation is 0.685, and the effect of climate on soil
through vegetation is 0.323. The effect of climate on WUE through
vegetation in GN was —0.160, and the effect of terrain on WUE
through climate and vegetation was 0.144 (Figure 8b). The effect of
terrain on WUE through climate in HX was —0.415, and the effect of
terrain on vegetation through climate was —0.12 (Figure 8c). The
effect of climate on WUE through vegetation in LD was 0.529, the
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effect of terrain on WUE through climate and vegetation is 0.32, and
the effect of terrain on vegetation through climate is 0.441 (Figure
8d). The effect of climate on WUE through vegetation in QB was
0.42, and the effect of terrain on vegetation through climate was
-0.404 (Figure 8e). The effect of climate on water use efficiency
through vegetation in CR was —0.631, the effect of terrain on
vegetation through climate was 0.647, and the effect of terrain on
WUE through climate and vegetation was 0.572 (Figure 8f).

The results in Figure 9 highlight that topographic factor had a
negative impact on the spatial pattern of WUE in Gansu (-0.521),
HX (=0.366), LD (=0.060), QB (-0.434) and GN (=0.074), while CR
(0.418) had an overall positive impact. Soil factors had a negative
impact on the spatial pattern of WUE in Gansu (-0.175), Gannan
(-0.009), HX (-0.021), QB (-0.002) and CR (-0.009), while LD
(0.007) had an overall positive impact. Climate factor had a positive
impact on the spatial pattern of WUE in Gansu (0.418), HX (0.558),
LD (0.715) and QB (0.538), while GN (-0.073) and CR (-0.385) had
a negative overall effect. The overall response of vegetation factors
in each region was positive (Figure 9).
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4 Discussion

4.1 Temporal and spatial variation
characteristics of WUE in Gansu and its
restoration area

The multi-year average WUE in Gansu is 1.71 gCm mm™".

Gansu has a complex and diverse terrain, with high terrain in the
southwest and low terrain in the northeast (Figures 2a, b). The
regional hydrothermal characteristics are affected by the terrain and
terrain. The southeast is humid, the central part is dry, and the
northwest is extremely dry. The temperature and precipitation are
unevenly distributed, the hydrothermal combination is significantly
different, and the distribution of water resources is extremely
unbalanced. These lead to regional differences in vegetation.
Spatially, WUE decreases gradually from southeast to northwest,
showing a positive distribution along the precipitation
ladder (Figure 10a).

The vegetation water use efficiency in different ecological
restoration areas showed different changing characteristics, which
was closely related to the vegetation conditions in the region. The
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WUE of different vegetation types was different, showing forest >
cropland > grassland (Liu et al., 2024). Changes in vegetation cover
can regulate rainfall interception, alter surface temperature, surface
roughness and surface albedo, and directly affect the
evapotranspiration process (Xie et al, 2015). The southeastern
part of HX has a relatively high vegetation coverage (He et al,
2014). The northwest region belongs to the arid and semi-arid
climate zone with sparse vegetation, large evapotranspiration, and
low precipitation (Jiang et al., 2015). Therefore, a spatial pattern of
WUE decreasing from southeast to northwest was formed in HX.
The grass leaves are close to the ground and the canopy height is
low, which may promote soil heat absorption, thereby increasing
evaporation and accelerating the growth of ET (Jin et al,, 2023). On
the other hand, the shallow roots of grasslands consume soil water
from the root system for evaporation (Schenk, 2008). GN ecological
restoration area has a large area of alpine grasslands, wetlands,
forests, and other ecosystems. The comprehensive vegetation
coverage of Gannan grassland reaches 97%, and the regional
grasslands are characterized by concentrated and continuous
grasslands and high-quality forage grass (Wang, 2009). The
region has implemented the second round of the national project
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The direct, indirect and total effects of potential variables on WUE in Gansu and its restoration areas. (a) Gansu (b) GN (c) HX (d) LD (e) QB (f) CR

of returning farmland to forests since 2014. From 1990 to 2020, the
vegetation coverage rate of the area improved by 91.26% (Zhang
etal., 2025). Therefore, the proportion of areas with WUE decline in
this region was the lowest among all restoration areas in Gansu
(Figure 2d). Forests usually have denser tree canopies and more
complex root systems, which can effectively block more solar
radiation, make better use of the soil, absorb water from deeper
soil layers to alleviate water shortages, and promote plant growth
and WUE of the ecosystem (Hu et al., 2008; Niu et al., 2011). The
vegetation QB ecological restoration is mainly forest and forest
grassland, which is related to the water conservation of the upper
reaches of the Bailong River, Jialing River, Baishui River, and Xihan
River (Li et al, 2003). Its WUE value is the highest among all
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restoration areas in Gansu. This study showed that the area with an
increasing trend of WUE accounts for 31.5%, of which the area with
extremely significant increase accounts for 18.7%. The total
proportion of 1.87% of the land type to forest (Figures 11a, b).
From the perspective of future development trends, the WUE trend
of 44.8% in the region is mainly moderate and continuous
improvement (Figures 4c, d). Therefore, the region needs to
further strengthen the protection of natural forests.

Changes in vegetation WUE are affected by changes in land use
types. Conversion between forest and other land cover types leads to
greater changes in WUE. From 2001 to 2020, 0.17% of the total land
use type in HX region were converted to forest land and 0.19% were
converted to non-forest land (Figures 11a, b). During the land type
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conversion process in GN, WUE increased by 3.4% and decreased
by 3.22%. This study shows that the GN has the highest proportion
of regions showing positive sustainable characteristics (25.9%), and
the area with increasing WUE accounts for 11% (Figures 2d, 3a).
The WUE value of the CR ecological restoration is the lowest
among all restoration areas in Gansu (Figure 2c). In 2000, the
ecological security assessment status of most areas in the CR region
was poor, and a small part was in a fair state (Zhang et al., 2007).
The WUE, which accounts for 12.9% of the regional area, showed a
downward trend, which may be related to the urbanization process.
Some areas in the region are industrial and mining cities, facing
huge population pressure (Zhang et al., 2007). Vegetation to non-
vegetation land accounted for 2.78% (Figures 1la, b). Urban
construction such as ground hardening and urban expansion
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hinders precipitation infiltration, leading to a decrease in
vegetation WUE. Therefore, it is an important task of ecological
restoration in the CR region to implement mine geological
environment restoration and to mining area ecology restoration
in response to the land vegetation resources destroyed by historical
mines. Studies have shown that the energy conservation and
consumption reduction in the LD region needs to be improved,
and soil erosion, soil erosion and land productivity have declined
(Tang et al., 2020). The total proportion of 1.8% of the land type to
forest (Figures 11a, b). This study also showed that the WUE in the
region increased by 10.4% (Figure 2d). Studies have shown that the
energy conservation and consumption reduction in the region
needs to be improved, and soil erosion, soil erosion and land
productivity have declined (Tang et al., 2020).
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Vegetation restoration plays an important role in improving  implementation of ecological and environmental protection
fragile ecological environment and controlling soil erosion (Zhang  policies and the improvement of people’s environmental
et al,, 2023). This area is a typical resource-scarce and water-scarce  protection awareness, the ecological water demand of vegetation
region (Zheng et al., 2019). Under the dual effects of the natural  in the region showed a significant increasing trend from 2000 to
environment and human activities (logging, grazing, large-scale 2020, increasing by 0.70x1-08 m’ per year (Wang et al., 2024).
reclamation and wasteland), the ecosystem in the region is very  Therefore, a spatial pattern of WUE decreasing from southeast to
fragile, and the rate of vegetation degradation and land northwest was formed in the region (Figure 2a). From the
desertification is accelerating (Zhang et al., 2017). The WUE in  perspective of future WUE sustainability, the area that continues
the HX region was relatively low (Figure 2). With the to decrease has reached 64.1% (Figure 3b). Therefore, strengthening
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the management of degraded grasslands, promoting land
desertification control and desertification prevention are
important tasks for ecological restoration in HX. The regional
comprehensive ecological security index was 0.7752. The
ecological restoration projects are progressing steadily, the
ecological benefits are gradually showing, and forest coverage and
wetland areas increasing (Tang et al., 2020). The total proportion of
1.8% of the land type to forest (Figures 11a, b). The WUE value is
second only to the Qinba area in Gansu among all restoration areas
(Figure 2b). This study also showed that the WUE in the region
increased by 10.4% (Figure 2d). Therefore, carrying out
comprehensive control of soil erosion in key watersheds and
improving the soil and water conservation capacity of cultivated
land remain the key tasks of ecological restoration in LD.

4.2 Environmental factors and mechanisms
of WUE

WUE in Gansu is affected by environmental factors such as
climate, terrain, soil, and vegetation, and shows diversity due to the
interaction between environmental factors (Figure 7). In the
restoration areas of Gansu, the effects of vegetation factors on
WUE varied, but the total effect was greater than 60% (Figure 9).
The overall effect of vegetation on Gansu and each restoration area
is a positive response (Figure 7) (Jin et al., 2023). In arid ecosystems,
the impact of vegetation changes on WUE is more obvious. Plants
can better adapt to the environment by adjusting water absorption
rate, transpiration, etc., thereby affecting WUE (Xie et al., 2015;
Jin et al., 2023).

Climate factors can affect both photosynthesis and transpiration
of plants, and their effects on WUE is more complex (Zhang et al.,
2012). This study shows that the direct impact on WUE in Gansu is
0.418, and the positive impact of climate on WUE through
vegetation is 0.685 (Figure 8a). WUE in Gansu and all restoration
areas was negatively correlated with temperature (Figure 7). The
increase in ambient temperature can accelerate the diffusion rate of
water molecules in plants, thereby promoting the water absorption
capacity of the roots and the transportation of water in the trunk,
which has a significant impact on the transpiration process of plants
(Chang, 2024). Rising temperatures in cold regions lead to increased
plant transpiration, but no corresponding increase in plant
photosynthesis, resulting in a decrease in WUE (Figures 10b, c).
Precipitation plays an important role in increasing ET. The relative
humidity of the atmosphere directly affects the water vapor pressure
difference between the inside and outside of the leaves, which in
turn determines the transpiration rate to a certain extent. However,
at different temperatures, the same relative humidity corresponds to
different water vapor pressure values. Increased precipitation leads
insufficient water vapor pressure atmospheric water demand, which
in turn affects plant photosynthesis and transpiration (Chang,
2024). Meng et al. (2025) used partial correlation and ridge
regression analysis to quantitatively analyze the contribution of
climate factors to satellite near-infrared light changes and pointed
out that VPD enhanced carbon assimilation in the high-latitude
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pan-Arctic region. This study showed that VPD was negatively
correlated with WUE in Gansu and each restoration area, and the
explanatory power of VPD in HX was higher than that in other
restoration areas (Figure 7). Rainfall affects the plant photosynthetic
rate, transpiration, and stomatal conductance. Reduced rainfall will
significantly reduce leaf area and biomass, reduce chlorophyll
content, and limit net photosynthetic rate and carboxylation
efficiency (Yang et al., 2014). The responses of photosynthesis and
water-related parameters to rainfall mainly depend on the severity
of drought (Yan et al, 2000). Extreme climate events such as
drought have a lagged effect on WUE (Zhang et al.,, 2024). This
study shows that WUE in 76.5% of Gansu regions had a positive
correlation with lagged SPEI, and 47.36% of regions lagged by 6-12
months, indicating that Gansu is affected by the SPEI with a longer
period of time (Figures 5¢, d). Among them, the SPEI lag period of
WUE in the central region of HX is longer than that in the
southwest region (Figures 5¢, d).

In this study, climate had a positive impact of 0.323 on soil
through vegetation (Figure 8a). As temperature and light increase,
vegetation transpiration in the region will increase and evaporation
of soil moisture will intensify. However, large-scale vegetation
growth requires more water, and precipitation cannot replenish
soil moisture loss in time, which may lead to a decrease in regional
WUE (Ma et al., 2022). The climate of Gansu has obvious dry and
continental characteristics. The reduction in precipitation not only
significantly reduced soil moisture content, but also weakened the
replenishment of soil moisture by effective precipitation after
seasonal drought (Guo, 2024). Lower soil moisture content can
limit tree trunk sap flow. In order to reduce water consumption,
vegetation usually opens stomata earlier, reducing trunk sap flow to
adapt to long-term drought and short-term seasonal drought (Guo,
2024). Among the restoration areas, SM was positive correlated
with WUE in GN, QB and CR (Figure 4d). The effects of the sand
and clay ratios on WUE are relatively complex and is mainly
determined by the physical properties of the soil and the ability of
plants to absorb water and nutrients. The permeability of the silt is
weak. The QB, GN and HX regions have higher silt (Figure 10d).
Clay soils can better retain water and nutrients, improving WUE.
QB and GN regions have higher clay (Figure 10e). Sand has high
porosity and good drainage, which is conducive to root expansion,
but in arid areas, its water and nutrient retention capacity is weak,
which may reduce WUE. HX has higher sand (Figure 10f).
However, excessive clay content can reduce soil permeability,
restrict root development, and affect plant growth (Baiamonte
et al, 2020) (Figure 10e). In management practices, plant WUE
can be optimized by adjusting soil structure and improving soil
conditions (Liu, 2024). These findings highlight the complex role of
environmental factors in controlling WUE and the diversity of
responses of different ecosystems to these factors. The effects of
topographic features on WUE were significantly different in Gansu
and among the restoration areas (Figure 9). Both GN and CR
showed positive impact, which were related to the slope, altitude,
longitude and latitude (Figure 6). The topographic characteristics of
Gansu area can have a negative effect of 0.641 on vegetation through
climatic characteristics (Figure 8a).
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5 Conclusion

The study area showed an average WUE of 1.71 gCm *mm " from
2001 to 2020. In about 6.3% of Gansu, WUE showed an upward trend.
Spatially, the southeast is high and the northwest is low. In 77.5% of the
regions, WUE was in a state of continuous and stable change.

In 76.5% of Gansu regions, WUE was positively correlated with
the lagged SPEI, and the regions with a lag of 6-12 months
accounted for 47.36%, indicating that they were affected by the
SPEI for a longer period.

The total effect of vegetation factors in Gansu and each
restoration area was positive, and the effect of climate on WUE
through vegetation was 0.685. The total effect of climate factors in
GN (-0.073) and CR (-0.385) was negative.

This study deeply explored the spatiotemporal changes in WUE in
different ecological restoration areas and its relationship with various
environmental factors, which is of great significance for accurately
evaluating and optimizing regional water resources management.
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