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Agricultural water resource, mainly consumed through evapotranspiration, plays a critical role in agricultural
production of arid and semiarid regions. Quantifying the changes of evapotranspiration in cropland (ETc), and
its driving factors, may provide rich information for improving human land-use and water resource manage-
ment. Here we first investigated themulti-year (2000–2015) changes in the ETc (mm yr−1) and associated driv-
ing factors of the Loess Plateau (LP), using a combination of the Vegetation Interfaces Processes model and a
factorial analysis of variance. We found that the ETc of the LP showed a significant upward trend of
0.31 km3 yr−2 (3.33 mm yr−2) (p b .05) over the last 16 years, mainly driven by cropland changes (3.77% per
year), which combined the contribution of cropland area changes and cropland leaf area index (LAIc) changes.
We then examined the changes of the dominant driving factor: cropland, and results indicated that the cropland
changes consisted of the decrease in cropland area (net decrease of 10.50 × 103 km2) and the increase in LAIc (in-
creased by 10.72%),which suggest the actual contribution of the ETc uptrendwas the increasing LAIc. Our further
analysis on the causes of the increasing LAIc by correlating the LAIc with land-use management factors revealed
that the cropland greening on the LP showed high positive correlationswith the increasing inputs of total power
of agriculture machinery and farm plastic film, followed by chemical fertilizer. The increase of LAIc was also pro-
moted by the increased ratio of the garden fruits output to total crops output (increased by 67.12%) andmultiple
cropping (increased by 21.66%). These results suggest that the ETc uptrend can be related to the agricultural
urism, Shaanxi Normal University, Xi’an 710119, China.
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intensification. Our study highlights the need for a realistic representation of socio-economic development
and human land-use practices in the sustainable optimal allocation of agricultural water resources on the
LP.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Water and food security are considered as first priorities of the
humanity's development and sustainability.Water resource in the crop-
land system ismainly (around 99%) consumed through evapotranspira-
tion (Kite, 2000). Evapotranspiration in cropland (ETc), which refers to
the overall water flux sent to the air by vegetation and surface (Yang
et al., 2014), plays a vital role in determining crop water requirement
and biomass accumulation of cropland ecosystems (Patil and Deka,
2016; Srivastava et al., 2017). ETc process has been noticeably changed
onmultiple spatiotemporal scales,whichweremainly driven by climate
change and human activities (Adnan et al., 2017; Basit et al., 2018; Lei
and Yang, 2010; Ndiaye et al., 2017; Silverio et al., 2015; Yadav et al.,
2017). Particularly, human activities alter ETc by changing cropland
quantity and crop canopy via ecological restoration, urbanization, and
agricultural management (Li et al., 2015; Wang et al., 2010a; Yang
et al., 2014; Zhang et al., 2011). A full understanding of ETc dynamics
and its driving factors is crucial for better maintaining cropland ecosys-
tem functions and services, and ensuring efficientwater resourcesman-
agements and food security.

The Loess Plateau (LP) is a dryland rain-fed agronomic region in
China (Yang et al., 2018b). During the last few decades, the area has ex-
perienced noticeable changes in climate. A study reported that since the
late 1990s, the average annual mean temperature decreased at a rate of
0.01 °C yr−1, and the average annual precipitation exhibited an evident
upward trend at 5.9mm·yr−1,which showedwetting andweak cooling
trends (Wang et al., 2012). In addition, human activities have altered
the region in multiple aspects such as cropland area and crop canopy.
The amount of cropland has notably decreased since 2000, which is
mainly caused by theGrain for Green (GFG) project, and unprecedented
rapid urbanization (Feng et al., 2016; Sun et al., 2015; Wu et al., 2019).
Cropland has also been greening due to the application ofmodern farm-
ing techniques, the selection of new cultivars, and the optimization of
crop phenology (Ding et al., 2019; Li et al., 2019;Mo et al., 2013). For ex-
ample, the wide application of ridge-furrowwith film mulching system
has been proved to be one of the most effective practices to effectively
collect the rainwater, decrease the unproductive soil evaporation and
increase the water-use efficiency (Gong et al., 2017; Yang et al., 2013;
Zhao et al., 2014). Such changes permitted us to consider this region
as a massive “laboratory”, which provide an opportunity to study spa-
tiotemporal dynamics of ETc, as well as the relationship between ETc
and its driving factors.

To quantify ETc, on-site measurements are used. On-site measure-
ments can record observed ETc at point scale (from ~1m for lysimeters
and up to ~100–1000 m for eddy covariance towers) under different
crop coverage and/or different climate conditions (Baldocchi and
Meyers, 1998; Lei and Yang, 2010; Mccabe and Wood, 2006; Wang
et al., 2010a; Zeggaf et al., 2008; Zhang et al., 2014). Among them,
eddy covariance is considered as the standard tool for monitoring car-
bon, water and energy exchanges over cropland ecosystem, which pro-
vides non-destructive, continuous, long-term and direct samples of the
turbulent boundary layer (Baldocchi et al., 2001; Tang et al., 2018). But
such observations could not be generalized to large spatial scale because
of the differences in the meteorological variables, soil properties, crop
characteristics, and as management practices (Ershadi et al., 2013;
Mccabe and Wood, 2006).

Alternatively, large-scale ETc dynamics can be estimated through
mathematical model simulations by using satellite observed data
(Pereira et al., 2015). Severalmodels, such as the Surface Energy Balance
(SEB), Penman-Monteith (PM), Priestly-Taylor (PT), and statistical em-
pirical models, have been widely used to study ETc in basins or regions.
The SEB models, such as the Surface Energy Balance Algorithm for Land
model (Bastiaanssen et al., 1998), Mapping Evapotranspiration at high
Resolution with Internalized Calibration model (Allen et al., 2007) and
Two-Source Energy Balance model (Kustas et al., 2004), can be imple-
mented using inputs derived solely from remote sensing (RS); these
models are simple and have low requirement for metrological data,
but are limited to clear-sky conditions when thermal RS data are reli-
able. The PM models (such as the Vegetation Interface Processes
model) (Cleugh et al., 2007; Dinpashoh et al., 2011; Leuning et al.,
2008; Mo et al., 2009) are process-based models, and can estimate con-
tinuous ETc fluxes with flexible time step by integrating satellite ob-
served vegetation index, ground-based meteorological data and
(simplified or semi-empirical estimate) canopy conductance; these
models do not directly consider soil moisture constraint on transpira-
tion and introduces additional uncertainty. The PT models (Fisher
et al., 2008; Miralles et al., 2010; Priestley and Taylor, 1972) use a sim-
plified PM approach to estimate ETc on monthly scale under water un-
stressed conditions; thesemodels havemany simplifications of physical
processes and requires ground heat flux as an input or consider the
ground heat to be negligible. Statistical empiricalmodels link ETc to var-
ious explanatory variables through statistical methods such as single-
parameter, multivariate methods, or complex machine learning
(Jimenez et al., 2009; Jung et al., 2010; Wang et al., 2010b). Empirical
models normally require calibration and are often over-simplified on
the physical processes. Different models are charactered by different
benefits and limitations, and there is no consensus on which model is
optimal.

Several studies have been focusing on the ETc and its driving fac-
tors. Research showed that in the cropland ecosystems that experi-
ence seasonal low vegetation density, the spatial and temporal
delineation of the ETc are mainly influenced by climate, cropland
area and diversity (He et al., 2019; Hussain et al., 2019; Samuel
et al., 2018; Zhou et al., 2019). In addition, the effect of cropland
quantity changes and management practices on ETc is greater than
climate factors (Bai et al., 2014; Odongo et al., 2019; Tian et al.,
2011; Zou et al., 2017). Previous studies have investigated the re-
sponses of multiple factors on land surface ET of the LP (Jin et al.,
2017; Lv et al., 2019; Ma et al., 2019; Zheng et al., 2019), but they
overlooked the detailed information of land cover types, especially
the cropland area and density that experienced dramatic changings
in the last decades. Since ET change rates differ among land cover
types that have different underlying surfaces (Dias et al., 2015;
Gokmen et al., 2013), it is necessary to comprehensively examine
the changes of ETc in the whole LP scale, and its driving factors, espe-
cially a detailed study of the effect of changes in cropland quantity,
agricultural practices caused by policy evolution, socio-economic de-
velopment, and land-use management on ETc. However, to our
knowledge, such study is still insufficient.

Therefore, the objectives of this study are to (1) quantify the spatio-
temporal changes of ETc on the LP from 2000 to 2015 by using a remote
sensing-based Vegetation Interfaces Processes model; (2) examine the
driving factors of the ETc changes through factorial analysis of vari-
ances; (3) further evaluate the relationship between the dominant driv-
ing factors of ETc changes and their underline causes by using
correlation analysis. Our study may provide theoretical supports to the
policy that improves the land management practices and reliefs the ef-
fect of climate change.
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2. Materials and methods

2.1. Study area

The Loess Plateau (LP) of China is located in the upper and middle
reaches of the Yellow River (100°54–114°33E and 33°43–41°16 N)
(Fig. 1). The study region covers approximately 640,000 km2, and con-
tains 291 counties (Wu et al., 2019). The region is a water-limited land-
scape, and annual precipitation varied from b700 mm yr−1 in the
southeast to b300 mm yr−1 in the northwest, with a mean value
420 ± 50 mm yr−1 (2000−2012) (Fu et al., 2017; Jin et al., 2017). The
evapotranspiration accounts for 85% of the precipitation, and this per-
centage increases along the precipitation gradient (Feng et al., 2016).
According to the water availability to the ecosystem, the agricultural
area of the LP can be divided into two regions: the irrigated agriculture
area within the main stem of the Yellow River catchment in the region,
and the semi-arid rain-fed agricultural area (60% of the area) in themid-
dle of the LP (Feng et al., 2016). The agricultural production in the region
is highly diversified, and themain crops includewheat, corn, rice, millet
and potato (Zhenglu, 2011). The excessive agricultural activities in the
history have led to serious soil erosion, low agricultural productivity
and poverty of local farmers. In the past decades, these situations have
been improved by ecological restoration project (such as GFG project)
and socio-economic development, and cropland has been greatly
changed during these improving processes (Fu et al., 2017; Wu et al.,
2019).

2.2. Data

To estimate ETc,meteorological forcingdata, vegetation forcing data,
themaps of cropland distribution, and crop patterns datawere acquired
for the study area. In detail, meteorological forcing data (from 2000 to
2015) including daily precipitation, air temperature, air pressure, rela-
tive humidity, sunshine duration, and wind speed, were obtained from
China Meteorological Administration (http://www.cma.gov.cn/) at 65
meteorological stations within and near the LP. These data were inter-
polated to raster maps that covers the entire LP, by using the gradient
inverse distance square method that considers the effects of elevation
(Nalder and Wein, 1998). Vegetation forcing data (from 2000 to
2015), including the satellite-observed leaf area index (LAI) and albedo,
were derived fromdata sets of the Global Land Surface Satellite (GLASS)
(http://glass-product.bnu.edu.cn/) with an interval of 8 days and a spa-
tial resolution of 0.05°. The GLASS product was retrieved from time-
series Advanced Very High-Resolution Radiometer (AVHRR) and Mod-
erate Resolution Imaging Spectrometer (MODIS) surface reflectance
Fig. 1. Study area. (a) Location map of the LP. (b
data. The solar zenith angle data was stemmed from the daily global
0.05° resolution surface reflectance datasets from AVHRR Long Term
Data Record (https://www.ncdc.noaa.gov/cdr/terrestrial/avhrr-
surface-refectance). The maps of cropland distribution on the LP were
obtained from the Institute of Remote Sensing andDigital Earth, Chinese
Academy of Sciences (CAS) (Wu, 2017). The spatial resolution of the
maps was 30 m, and covered 2000, 2010 and 2015. These three maps
represented the three quinquennial periods (2000–2005, 2006–2010,
and 2011–2015). Crop patterns data (cropping system, multiple
cropping type)were collected from the Regulation for Gradation on Ag-
riculture Land Quality of China (GB/T 28407–2012) and the public data
of the local bureau of statistics. All the spatial maps were converted into
the Albers equal area conical projection at the 1 km2 spatial resolution.

To evaluate the performance of simulated ETc, on-site measure-
ments and ETWatch ET product were collected. On-site measurements
(winter wheat field ETc from 2009 to 2015) were obtained from the ly-
simeter instrument located at Changwu Agro-Ecosystem Experimental
Station of CAS (107°40′59.88″E, 35°14′26.88″N, http://cwa.cern.ac.cn/
), in which unreasonable data (e.g. zero values, blank values, and nega-
tive values, accounted for 23.2% of the raw data points) was eliminated.
ETWatch dataset (from 2011 to 2015) was obtained from the Institute
of Remote Sensing and Digital Earth, CAS; this dataset was successfully
demonstrated in seasonal/annual ETc at field scale (combination of
soil moisture, lysimeter and eddy covariance system)withmean uncer-
tainty of 6–12% (Wu et al., 2012; Wu et al., 2016).

To search for the possible relationship between ETc and socio-
economic factors, socio-economic data were also extracted from the
China Statistical Yearbook (County-level) and Statistical Yearbook of
each province. In detail, the output of grain and cash crops, gross do-
mestic product (GDP), total power of agricultural machinery, consump-
tions of chemical fertilizer and farm plastic film, and the population
were extracted for each county from 2000 to 2015. The multiple
cropping index was calculated as the ratio of sown area of grain crops
to arable area.

2.3. Model description

A Vegetation Interfaces Processes model (RS version), which was
driven by vegetation index, solar radiation, and atmospheric aerody-
namics, was used to estimate daily ET in the natural vegetation water-
limited environments (Jin et al., 2017; Mo et al., 2015). In detail, the
ET is estimated as the sum of three separated water vapor fluxes: vege-
tation transpiration, evaporation from soil surface and canopy intercep-
tion. Vegetation transpiration is estimated based on the potential
transpiration rate, and constrained by theminimum stomatal resistance
) Spatial distributions of cropland (2015).

http://www.cma.gov.cn/
http://glass-product.bnu.edu.cn/
https://www.ncdc.noaa.gov/cdr/terrestrial/avhrr-surface-refectance
https://www.ncdc.noaa.gov/cdr/terrestrial/avhrr-surface-refectance
http://cwa.cern.ac.cn


Table 1
Summary of all factorial simulations conducted in this study.

No. Scenario PA TA RH WD SD P CL

0 f(control) N N N N N N N
1 f(PA) Y N N N N N N
2 f(TA) N Y N N N N N
3 f(RH) N N Y N N N N
4 f(WD) N N N Y N N N
5 f(SD) N N N N Y N N
6 f(P) N N N N N Y N
7 f(CL) N N N N N N Y

PA: air pressure; TA: air temperature; RH: relative humidity; WD: wind speed; SD: sun-
shine duration; P: precipitation; CL: cropland; Y: the input variable changes from 2000
to 2015; N: the input variable according to control conditions.
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of a specific vegetation type coupledwith the environmental stresses of
air temperature and water. Evaporation from soil surface is limited by
the potential evaporation rate and soil moisture exfiltration rate. Evap-
oration from canopy interception equals to its potential rate over the
wetted surface of canopy. The basic framework of the Vegetation Inter-
faces Processes model is shown in Fig. 2, and more detailed methodo-
logical description is reported in previous study (Jin et al., 2017; Mo
et al., 2009). In our study, we additionally considered crop patterns
(cropping system, multiple cropping type) in generating the cropland
cover maps to derive actual ETc on daily basis.

2.4. Simulation strategy

To quantify the average contributions of individual factors to a re-
sponse variable, the difference of a response variable between the sim-
ulations with only one varied factor and the control simulation were
compared based on the factorial analysis of variance (Michelson,
2005; Stevens et al., 1996; Zhang et al., 2015). Specifically, simulations
under 7 scenarios were conducted to examine the responses of total
ETc to the changes in climate and cropland over the LP from 2000 to
2015 (Table 1) in the county scale. In each scenario, one or more
Fig. 2. Framework of the Vegetation Interfaces Processes model (
variables varied according to observation records, while other variables
varied according to control conditions. The control simulation is driven
by the cropland conditions (including area and LAIc) and climate vari-
ables (air pressure, air temperature, relative humidity, wind speed, sun-
shine duration, and precipitation) at the level of 2000.
LAI = leaf area index; P-M = Penman-Monteith equation).
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2.5. Statistical analysis

Pearson correlation coefficient (R), normalized root means square
errors (NRMSE), normalized standard deviation (NSTD) and mean ab-
solute error (MAE) were used to evaluate model performance. Trends
in annual (total) ETc, LAIc, and other statistics factors for the period
2000–2015 were described by a simple linear regression model, and
the trends with p b .05 were considered to statistically significant linear
trend in this study. Partial correlation analysis was performed to exam-
ine the responses of ETc to LAIc to remove the covariate effects between
LAIc and meteorological variables. Pearson correlation coefficient was
also used to express the relation between the total ETc and selected
cropland management practice variables by t-testing on the Fisher-z
transformed correlation values against zero (p b .05 considered as statis-
tically significant). The spatio-temporal ETc changes related analyses
were performed on county scale by calculating the total/average raster
values of the cropland in each county to match county-level socio-
economic data. All the analyses were performed by using Matlab
2017b (Mathworks, United States), and the spatial maps were visual-
ized by using ArcMap 10.2 (ESRI, United States).

3. Results

3.1. Model validation

To validate the simulated daily ETc, our estimated daily winter
wheat ETc is compared to the winter wheat ETc of lysimeter measure-
ments from 2009 to 2015. A relatively good agreement was yielded
Fig. 3.Validation of the simulated ETc on the LP. (a) Validation of themodel simulated daily ETc
derived ETc at the monthly scale and (c) at the annual scale.
(R=0.69, NRMSE=0.18,MAE=0.56mm/day, Fig. 3a). Our simulated
ETc values were also compared with the results of ETWatch at monthly
scale and at annual scale from 2011 to 2015. The comparison of the an-
nual ETc values showed that the two models had similar values on the
annual ETc (Fig. 3b), with R from 0.95 to 0.98, the NSTD from 0.89 to
1.22, the NRMSE from 0.10 to 0.13, and the average MAE was
0.22 mm/day; a correspondence between the two during the crop
growing seasons (April–October) was generally achieved, with a R
ranging from 0.66 to 0.88, and NRMSE from 0.08 to 0.13 (Fig. 3c).

3.2. Spatiotemporal variations of ETc

During 2000–2015, the annual ETc (mm yr−1) distribution of each
grid on the LP span a full range of over 50–800 mm yr−1 and showed
a unimodal pattern with a certain extent of symmetry (Fig. 4a), which
reflected a large spatial variability of ETc in the region. The annual
mean ETc was 350 ± 38 mm yr−1 over the LP from 2000 to 2015. In
comparisonwith themulti-yearmean value (346mmyr−1), the annual
mean ETc gradually changed from a lower value than the multi-year
mean to a notably higher value than that, presents an increasing trend
(3.33 mm yr−2, p b .05) of the annual mean ETc.

Themean annual ETc on the LP showed a gradient increasing pattern
from the southeast to the northwest (Fig. 4b). The ETc was generally
higher than 350mmyr−1 in the southeastern part where the croplands
were dense, whereas the value was b200 mmyr−1 in the northwestern
area that corresponded to spare croplands.

The significant trend (p b .05) of the ETc presents a prominent spatial
heterogeneity (Fig. 4c). The increasing trend (about 44.68% of the study
with lysimetermeasurements in Changwu. (b) Comparison of the simulated and ETWatch-



Fig. 4. Spatiotemporal patterns in annual ETc (mm yr−1) over the LP from 2000 to 2015. (a) Probability density functions and mean values (diamond symbol) of ETc. The blue horizontal
line shows the multi-year mean ETc averaged over the whole region. (b) Spatial distributions of mean annual ETc. (c) Spatial distributions of trends in annual ETc. Grey indicate areas
without significant statistical trends (p N .05).
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counties) occurred in a strip-like pattern from the northeastern to the
southwestern of the LP, in which the highest value (N8 mm yr−2)
were occurred in the Yan'an, Yulin areas of Shaanxi Province. In con-
trast, only about 3.95% of the counties experienced a significantly de-
creasing trend in ETc, mainly distributed in Xi'an and Luoyang.

3.3. Spatiotemporal variations of total ETc

Probability density functions of the annual total ETc (km3 yr−1) of
the grids over the LP from 2000 to 2015 were quite similar in shape,
and showed spatial difference with variation ranging from 0 to
7.44 × 10−4 km3 yr−1 (Fig. 5a). The annual total ETc showed a signifi-
cant upward trend (0.31 km3 yr−2, p b .05) during the study period,
but fluctuated inter-annually (Fig. 5a). The lowest value of the total
ETc occurred in 2001 and 2011 (approximately to 60 km3 yr−1), and
the peak was reached in 2015 (70.79 km3 yr−1).

The spatial distribution of mean annual total ETc on the LP during
2000–2015 (Fig. 5b) showed that: the relatively higher total ETc
(N0.5 km3 yr−1) was found in some parts of Gansu Province and of
Inner Mongolia, etc.; for the remaining most areas, the total ETc was
b0.4 km3 yr−1, which showed no prominent spatial difference in total
ETc.

In comparison to ETc (mm yr−1), changes in annual total ETc
(km3 yr−1) showed amix of up and downpattern (Fig. 5c). The counties
(40.12%) with significantly increasing trend in annual total ETc were
mainly located in the northern LP, whereas the counties (27.66%) with
significantly decreasing trend mainly scattered in Yan'an of Shannxi
Province and eastern part of Qinghai Province.
3.4. Driving factors of the ETc changes

To examine the driving factors of the uptrend in ETc, we conducted a
factorial analysis of variance on the total ETc estimations of each county
over the LP during 2000–2015 (Fig. 6). On average, the changes in pre-
cipitation, relative humidity, and air pressure contributed positively
(0.21%, 0.09% and 0.008%, respectively) to the increase of total ETc,
whereas changes in sunshine duration, air temperature, and wind
speed contributed negatively (−1.45%, −0.78% and − 0.32%, respec-
tively) to the changes in total ETc. Comparedwith the positive contribu-
tion of cropland (including area and LAIc) changes (3.77%), the positive
or negative effects of all these climatic factors were relatively low
(Fig. 6a). The net contribution of climate changewas in general negative
throughout the whole period, andmuch lower than the positive contri-
bution of cropland changes to total ETc increase (Fig. 6b); the contribu-
tion in 2015 was slightly positive might because that 2015 had at least
52.62% larger increment in wind speed (2000 as baseline) compared
to other study years. In sum, cropland changes were the primary posi-
tive driver of the total ETc increase in the LP over the study period.

To further explain the effects of cropland changes on ETc of the LP,
we analyzed the changes in cropland area and LAIc (Fig. 7). During the
study period, 19.14 × 103 km2 of other land-use types were converted
to croplands (mainly distributed in the low-elevation valley plain area
in the southeast of the LP, Fig. 7b); while 29.63 × 103 km2 of croplands
were converted to other land-use types. In addition, 23.09 × 103 km2 of
the croplands were converted to woodlands and grasslands, and
5.02 × 103 km2 of the croplands were converted to built-up lands,
which accounted for 77.93% and 11.64% of the total decrease,



Fig. 5. Spatiotemporal patterns in annual total ETc (km3 yr−1) over the LP from 2000 to 2015. (a) Probability density functions of total ETc, and temporal changes of the anomalies in total
ETc. (b) Spatial distributions of mean annual total ETc. (c) Spatial distributions of trends in annual total ETc. Grey indicate areas without significant statistical trends (p N .05).
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respectively (Fig. 7a). That is to say, around 80% of the decreased crop-
lands were converted into grasslands and woodlands, and mainly dis-
tributed in the rain-fed agricultural area in the central semi-arid gully
area of the LP (Fig. 7b). Detailed cropland changes of the different period
Fig. 6. Factorial contributions of cropland (including area and LAIc) and climate on the total ETc
pressure (PA), air temperature (TA), relative humidity (RH), wind speed (WD), sunshine durati
on total ETc. (b) Yearly contributions of CL and sum of the meteorological factors (climate cha
are displayed in Supplementary Fig. S1 and Supplementary Table S1.
Analyses of satellite-derived LAIc showed that, on average, the LAIc in-
creased by 10.72% (p b .05) across the entire LP (Fig. 7c). Over 74.16%
of the counties showed significantly increasing trends, which mainly
over the LP from 2000 to 2015. (a) Contributions of cropland (CL) and climate factors (air
on (SD), precipitation (P)), and their two-way and higher-order interactive effects (Other)
nge) on total ETc.



Fig. 7. Cropland use change and LAIc trend over the LP from 2000 to 2015. (a) Cropland accumulative conversion areas. (b) Spatial distributions of cropland conversion. (c) Interannual
variations in annual mean LAIc. (d) Spatial distributions of trends in LAIc. Grey indicate areas without significant statistical trends (p N .05).
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distributed in the middle of the study area (N0.01 m2 m−2 yr−1). About
1.82% of the counties showed significantly decreasing trends, mainly
over Xianyang of Shaanxi Province and Luoyang of Henan Province
(Fig. 7d).

To better understand the causes of increasing LAIc, we performed a
correlation analysis between the increasing LAIc and human land-use
management factors such as total power of agricultural machinery
(AM), consumption of chemical fertilizer (CF), and consumption of
farm plastic film (PF) (Fig. 8a). Results showed that inter-annual varia-
tions of LAIc were significantly correlated with the variations in AM
(rmedian = 0.67, p b .05) and PF (rmedian = 0.45, p b .05), followed by
PF (rmedian = 0.35, p b .05). Our statistics also pictured general increas-
ing trends of these factors (Fig. 8b). The results showed that 32.83% of
the study counties experienced a significantly increasing CF trend,
whereas only 8.58% significantly decreased; the PF at 47.90% of the
study counties showed a significantly increasing trend, only 7.90%
showed a significantly decreasing trend; as for AM, 83% counties
showed a significantly increasing trend, whereas 3.4% significantly
decreased.

To additionally explore the causes of increasing LAIc in multiple
cropping and the outputs of grain and cash crops, we compared crops
output (such as cotton, oil bearing crops, garden fruits and vegetables,
with higher outputs) over the LP (Fig. 9). During the study period, the
multiple cropping index increased by 21.66%, and the ratio of grain out-
put to cash crops output decreased significantly by 25.33%. Ratio of grain
output to total crops output (the sum of cash crops output and grain
output) slowly decreased (from 43.56% to 36.56%), in other words, the
ratio of cash crops output obviously increased (from 56.44% to
63.44%). In detail, the vegetable output to total crops output ratio had
little change, maintained at around 37.72%; the fruit output to total
crops output ratio increased by 67.12% (the fastest), from 14.05% to
23.48%; both oil bearing crops output and cotton output to total crops
ratios showed a decreasing trend (about 26.03% and 81.81%,
respectively).
4. Discussion

In this study, we focused on the spatiotemporal distributions and
changes of ETc and its underlying driving factors of the LP. Our results
showed that in general, the ETc and the total ETc of the LP presented
an increasing trend during the study period. Factorial simulation sug-
gested that the main positive driving factor of the increase of the ETc
was cropland changes, which combined the contribution of cropland
area changes and LAIc changes. Some similar conclusions are drawn in
neighboring regions or in broader vegetation type in northwest China
(Bai et al., 2014; Chen et al., 2017; Tian et al., 2017; Xu et al., 2016;
Yang et al., 2018a). To better understand the main factor
(i.e., cropland changes) that contribute to the increase of the ETc, it is
worthwhile to extensively discuss on changes of the cropland.

Indeed, during the study period, cropland has been noticeably
changed on the LP, which was consisted of two aspects: changes of
cropland area, and changes of LAIc. It was shown that the cropland
area decreased by 10.5 × 103 km2, which was mainly converted to
grasslands and woodlands, followed by built-up lands. The decreased
area was generally well-aligned to the key area of the GFG project,
which mainly involves in converting cropland with a slope N25° to pe-
rennial vegetation for controlling the loss of soil and water (Feng
et al., 2016; Sun et al., 2015). Meanwhile, the decrease of the rural pop-
ulation and the increase of the GDP indicates a rapid development of ur-
banization over the LP (Supplementary Fig. S2), which correspond to
the conversion of cropland to built-up land.



Fig. 8. (a) Boxplot of correlations of the counties between the total power of agricultural machinery (AM), chemical fertilizer (CF), farm plastic film (PF) and LAIc over the LP from 2000 to
2015. The boxes indicate the medians, 25% and 75% quantiles of the correlations, while hanging bars indicate min and max of the correlations. Factors with p b .05 are marked with “*”.
(b) The distribution of counties with significant linear trend in AM, CF, and PF over the LP from 2000 to 2015.
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With a decreasing cropland area, the total ETc still showed increas-
ing trend. This might due to that the negative contribution of the de-
creasing cropland was overwhelmed by the positive contribution of
Fig. 9. Comparisons of crops output
the increasing LAIc. In fact, our results showed that the annual average
LAIc increased significantly in about three-quarters of the counties in
the LP. In addition, partial correlation analysis revealed that the ETc
over the LP from 2000 to 2015.
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was highly positively correlated to LAIc in most of the areas of the LP
during the study period (Supplementary Fig. S3). That is to say, although
our simulation showed that the main contribution of ETc change was
cropland that combined cropland area and LAIc together, the dominant
factor that drives the increase of the ETc and the total ETc on the LPwas
the increasing LAIc. This is consistentwith recentworks on ET trends es-
timation (Forzieri et al., 2018; Xu et al., 2018; Zhang et al., 2015; Zhang
et al., 2016).

Recent studies indicate that cropland greening contributed 32% to
the net increase in leaf area of China since 2000, which was mainly
caused by the human land-use management including fertilizer use,
farm plastic film, and farm mechanization, etc. (Chen et al., 2019; Jain,
2010). Our results also showed significant positive correlations between
increasing LAIc and these land-usemanagement practices inmost of the
counties on the LP during the period; simultaneously, the investments
on these practices have been significantly increased in a large propor-
tion of the study counties, which facilitated the agricultural intensifica-
tion and cropland greening. In addition, the impressive increase in the
output of cash crops (especially the garden fruits) and multiple
cropping also resulted in the increase of LAIc.

To sum, the effect of increasing LAIc on the ETc, which was mainly
promoted by human land-use management, overwhelmed the effect
of the decreased cropland area on the ETc, and increased thewater bud-
get in croplandof the LP during the study years. An underlinemessage is
that the improvement of human land-use management that is closely
related to socio-economic development may result in potential water
demand conflicts between cropland ecosystem and other ecosystems
such as urban ecosystem. In addition, increasing inputs in land-use
management factors such as agricultural film and fertilizers also led to
pollution of soil, surface water and ground water in this area
(Bodirsky et al., 2014; Chen et al., 2013; Lassaletta et al., 2014). This
highlights the potential need for a realistic representation of socio-
economic development and human land-use practices in the sustain-
able optimal allocation of agricultural water resources on the LP.

Some uncertainties and limitations about our study should also be
discussed. The limited number and uneven distribution of themeteoro-
logical stations in the study area affects the precise interpolation of
gridded atmospheric forcing data. The different spatial resolution of
the input maps in our model may cause discrepancy between observed
ET and estimated ET. In addition, our study may not fully reveal the ef-
fect of the complex inter-factor interactions on the ETc. For example, the
effects of change in cropland and climate on total ETc were separately
evaluated, whereas change in cropland such as surface roughness, al-
bedo and interception rates may affect regional climate (Albanito
et al., 2016; Findell et al., 2017; Raza et al., 2019), whichmake it difficult
to fully separate the effects of the two factors on total ETc. Despite the
above-mentioned uncertainties and limitations, our study can provide
meaningful insights on the changes in ETc and its driving factors.

5. Conclusion

Our study presented an increasing trend of the ETc and total ETc on
the LP during 2000–2015. Through a factorial simulation, we attributed
the driving causes of these uptrends to the change of cropland area and
the increase in LAIc. Importantly, our analysis on the two factors re-
vealed that the actual driving factor was the increasing LAIc. Further ex-
amination on the causes of the increasing LAIc related theuptrendof the
ETc to the ongoing optimization of the human land-use management
that is closely related to socio-economic development. Our study sup-
ports the conclusion that the development of agricultural management
practices and social economy is an important driver to the improvement
of the agricultural productivity and human-water relationship on the
LP. We believe that one of the first priority for studying the sustainable
allocation of agricultural water resources is the realistic spatiotemporal
representations of the socio-economic development and key land-use
practices. Our present and future study may contribute to better
understanding of the relationship between cropland water consump-
tion and agricultural management in the context of climate change
and cropland change, and providing references for the areas that are
or will experience similar evolutionary mechanisms of ETc; it may also
contribute to effective agricultural water management and food secu-
rity in this typical region.
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