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Abstract: Water consumption ensures crop production and grain security, and is influenced by
many factors. Analyzing the impact factors of water consumption during crop production will be
beneficial to the full use of water resources and crop growth. Jilin Province is one of the major crop
production areas in China and is facing water shortages. Using the water footprint as an indicator,
this study evaluated the water consumption of crop production in Jilin Province during 2000–2016,
explored the impacts of climatic and agricultural input factors on the water consumption of crop
production, and identified the most influential factors in years under different levels of rainfall.
The results indicate that the crop water footprint exhibited a decreasing trend during 2000–2016,
and the most influential factors of the crop water footprint changed over the years with different
levels of rainfall. Precipitation and the effective irrigation area were the most influential factors in the
drought year, and accumulated temperature, machinery power, and chemical fertilizer consumption
were the most influential factors in normal and humid years. The most influential factors of the crop
water footprint differed in different regions with the differences in natural and human interfered
conditions. Identifying the impacts of the most influential factors on the water consumption of crop
production would be conducive to optimizing farmland management and achieving sustainable
agricultural production.
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1. Introduction

Grain security is closely related to social well-being, stabile and sustainable economic
development [1], and crop production guarantees grain security. Crop growth requires large volumes
of water during the growing period. On a global scale, nearly 50% of water withdrawals are consumed
for crop production [2]. Therefore, water consumption is an important aspect of maintaining the
sustainable crop production. However, water consumption in crop production is influenced by many
factors [3–5]. Accurate accounting of water consumption in crop production and analyzing the impact
factors are necessary.

The water footprint (WF) concept was introduced by Hoekstra and Hung, referring to the amount
of water needed to produce products and services [6]. The mathematical formulations of the WF
provide a novel approach for assessing water consumption in crop production [7,8]. The WF of a
crop is defined as the volume of freshwater both consumed in the field and used to dilute pollutants
during crop growth [9]. The WF includes three components of water consumption: the green WF
(the consumption of rainwater stored in the soil for crop growth); the blue WF (irrigation water
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(surface and groundwater) consumption used for crop growth); and the gray WF (the volume of
freshwater required to assimilate the load of pollutants during crop growth) [10]. The WF of crop
production differs from the traditional accounting method used for agricultural water consumption,
since it measures not only irrigation water consumption (blue water) but also rainwater consumption
(green water) and the amount of water used to dilute pollutants (gray water), providing the most
extended and complete water accounting method. For the importance of green water, Flach et al.
assessed the water use in Brazil for four major rainfed crops (cotton, maize, soybean, and wheat) and
emphasized the positive role of green water in crop production [11]. As for the gray water, Borsato et
al. evaluated the gray WF of crops under the effects of agricultural practices and considered the gray
water not to be ignorable in agricultural water use [12].

The CROPWAT Model is a common approach to calculate crop WF, which employs many climate
indices, e.g., air temperature, precipitation, wind speed, relative humidity, sunshine hours, etc.,
to confirm the field evapotranspiration during crop growth, and the climatic conditions determine blue
WF, green WF, layout and structure of crop production [13]. Besides climatic conditions, the agricultural
management activities, e.g., irrigation, fertilization, mechanization, etc., influence the quantity and
quality of crop yield and also determine water consumption. Therefore, the crop WF is influenced by
many factors, including natural and related factors to field management. However, previous studies
on the WF of crop production mainly focused on the concept, quantification, and spatiotemporal
variations on global, national, and regional scales [14–19], and few involved the impact factors.

Among the studies regarding the impact factors for the WF of crop production, Cao et al. used the
partial least-squares regression to assess the driving factors of the crop WF in Jiangsu Province of China,
and they found that the main climatic and anthropogenic factors were precipitation and irrigation
parameters, respectively [20]. In the study of Arunrat et al., precipitation had a more obvious impact
on the WF of rice in Thailand [21], which was similar to the results about the WF of rice in China found
by Chen et al. [22]. Precipitation was also confirmed to be more influential to the water use of wheat
production in Zimbabwe and the sugarcane in Nigeria [23,24]. By the path analysis, the studies of Sun
et al. indicated that the main climatic factors on the WF of maize in Beijing and wheat in mainland
China were precipitation and sunshine hours, respectively [25,26]. Considering the agricultural inputs,
machinery power had a larger impact on the WF of maize in Beijing and Northeast China [25,27].
Irrigation was more important for the WF of wheat in Zimbabwe, Germany, Italy, and the irrigation area
of China [23,28,29], and was also vital to the WF of maize and soybean in Uruguay [30]. Using the Life
Cycle Assessment (LCA), Lovarelli et al. found that fertilization played a more important role in the
WF of maize production in Northern Italy [31]. Generally, these studies adopted one analysis method
and analyzed the impact factors of one single crop at a regional scale during a study period. There
were few studies which analyzed the impact factors of multiple-type crops over years with different
levels of rainfall and with multiple methods and obtained optimal controlling factors on the WF of
crop production in different subareas. Therefore, studying the impact factors of crop WF with multiple
methods and multiple-type crops would be conducive to identifying the most influential factors
of crop WF and analyzing the spatiotemporal variations of the most influential factors, and would
also help to deepen the understanding of the concept of WF. Furthermore, for the calculation of the
WF of crop production, previous studies usually adopted the optimal option called the ‘crop water
requirement option’ in the CROPWAT model, assuming that the crop was fully irrigated during its
growth and that the growing process was not limited by the water supplies [10]. However, in realistic
field production, not all crops are adequately irrigated due to the limitations of local water resources.
When full irrigation is not possible, the ‘irrigation schedule option’ in the CROPWAT model should be
adopted to calculate the WF of crop production. Thus, the calculations of crop WF should be varied
with changes in irrigation conditions of crops.

Jilin Province is a typical major crop production region in China [32] and is obviously different in
the natural, social, and economic conditions among subregions [33–35]. This study took Jilin Province
as the study area and could reflect the characteristics of crop production and regional differences.
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Three basic crops (rice, maize, and soybean) were chosen as the study objects. Because of the vast area
of cultivated land, rainfall is the main source of water consumption for crop production, and drought,
normal, and humid years were chosen as the typical years to analyze the crop WF and impact factors,
which could exhibit the changes in the crop WF and impact factors under different rainfall conditions.
To accurately calculate the WF of the different crops, this study adopted different options in the
CROPWAT model in accordance with the planting and irrigation characteristics of the local crops.
Combining path analysis and a geographically weighted regression model, this study assessed the
impacts of climatic and agricultural input factors on the WF of crop production.

The study aimed to (1) analyze the temporal and spatial variations of crop WF in Jilin Province
during 2000–2016; (2) identify the most influential factors of the WF of crop production in years
under different levels of rainfall; and (3) obtain the optimal managing factors in different regions
of Jilin Province. Results from this study provide a basis for the development of practicable
strategies for agricultural activities and the rational use of water resources for crop production
under different conditions.

2. Materials and Methods

2.1. Study Area

Jilin Province is located in Northeast China (40◦52′–46◦18′ N, 121◦38′–131◦19′ E) and is divided
into 48 counties (Figure 1). This province has a temperate continental monsoon climate. The annual
average temperature is 5.9 ◦C. The annual precipitation is 608.3 mm, of which summer rain contributes
>80%, and the precipitation decreases gradually from east to west across the province. The eastern
Jilin Province is a mountainous area, the middle is a plain area where the soil is fertile and vast,
and the western Jilin Province is a meadow area where salinization is serious, and the soil fertility is
lower [33,34]. Based on the characteristics of its diverse climate, topography, and soil, Jilin Province is
divided into four regions, namely, the eastern, central eastern, central, and western regions (Figure 1).

Figure 1. Location of Jilin Province and its counties.

Jilin Province is one of the most important crop production regions in China and plays an
important role in ensuring national grain security [32]. Maize, rice, and soybean are the main crops
grown in Jilin Province. These three crops consume nearly 70% of the total freshwater used for crop
production in Jilin Province, and the sum of their yield accounts for nearly 95% of the province’s total
crop yield [36,37]. Their planting area accounts for 93% of the province’s total crop planting area [37].
Therefore, this study chose these three major crops to show the general characteristics of the water
consumption for crop production in Jilin Province.

The development of the economy provides basic conditions for agricultural production in Jilin
Province. The gross domestic product (GDP) exhibited a significant developing tendency, which was
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182 billion yuan in 2000 and 1488 billion yuan in 2016 [38], and led to the increase in agricultural
input continuously. The mechanization in crop production was gradually popularized, and chemical
fertilizers were widely used, which greatly promoted the efficiency of crop production. Whereas the
levels of economic development among the regions are uneven, the central region has the highest level
of economic development [35]. Moreover, the cultivated area in the central and western regions is
vast, and in the eastern and central eastern regions is limited because of the topography. The main
agricultural management elements of the studied crops (rice, maize, and soybean) included the
input of machinery power (including mechanized cultivation and mechanized seeding), fertilization,
and irrigation (adequate irrigation for rice, inadequate irrigation for maize, and no irrigation for
soybean).

2.2. WF Calculation of Crop Production

The WF of crop production in Jilin Province was determined by WFrice, WFmaize, WFsoybean,
and their yields.

WFcrop =
WFrice ×Yrice + WFmaize ×Ymaize + WFsoybean ×Ysoybean

Yrice + Ymaize + Ysoybean
(1)

where WFrice, WFmaize, and WFsoybean are the WF of rice, maize, and soybean (m3/kg), respectively,
and Yrice, Ymaize, and Ysoybean are the total yields of rice, maize, and soybean (kg), respectively.

WFrice, WFmaize, and WFsoybean were estimated following the calculation framework developed by
Hoekstra et al. [10]. The WFtotal of one crop is the total water consumption during the crop growth
process, including the green WF, blue WF, and gray WF.

WFtotal = WFgreen + WFblue + WFgray (2)

where WFtotal is the total WF of one crop (m3/kg), WFgreen is the green WF (m3/kg), WFblue is the blue
WF (m3/kg), and WFgray is the gray WF (m3/kg).

The calculation of the gray WF was estimated as follows:

WFgray =
(α×AR)/(cmax − cnat)

Y
(3)

where Y is the crop yield (kg/hm2), AR is the quantity of nitrogen fertilizer applied (kg/hm2), α is
the leaching run-off fraction of nitrogen fertilizer, cmax is the maximum acceptable concentration of
nitrogen (kg/m3), and cnat is the natural concentration of nitrogen (kg/m3). In this study, α was 10%
of nitrogen fertilizer, cmax was 0.01 kg/m3, following the environmental quality standards for surface
water in China (GB3838-2002) [39], and cnat was assumed to be 0.

The nitrogen fertilizer applied (AR) to the crops in the different regions is shown in Table 1.

Table 1. Nitrogen fertilizer applied (AR) of rice, maize, and soybean in different regions of Jilin
Province (kg/hm2).

Eastern Central Eastern Central Western

Rice 170 180 200 230
Maize 160 170 190 200

Soybean 50 55 60 65

Sources: [40–42].

The green WF and blue WF were determined by crop water use and crop yield and were calculated
using the CROPWAT 8.0 model [13]. The model offers two alternative calculation options: the ‘crop
water requirement option’ (assuming optimal conditions during crop growth) and the ‘irrigation
schedule option’ (including the possibility to specify the actual irrigation supply in time) [10]. In Jilin
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Province, rice, maize, and soybean have different planting and irrigation patterns. Therefore, this
study adopted different options for calculating their green WF and blue WF, namely, the ‘crop water
requirement option’ for the green WF and blue WF of rice and the ‘irrigation schedule option’ for the
green WF and blue WF of maize and soybean.

Rice in Jilin Province is fully irrigated during its growth, according to the optimal conditions.
Under the ‘crop water requirement option’, the WFgreen and WFblue of rice were computed as:

WFgreen =
10× ETgreen

Y
(4)

WFblue =
10× (ETblue + PL)

Y
(5)

where ETgreen is the green water evapotranspiration (mm), ETblue is the blue water evapotranspiration
(mm), Y is the rice yield (kg/hm2), the factor of 10 converts the water depth (mm) into the water volume
per area (m3/hm2), and PL is the amount of percolation to groundwater (mm) obtained from a field
investigation and a review of the literature [43–45] (Table 2).

Table 2. Amount of percolation (PL) during rice production in different regions of Jilin Province.

Eastern Central Eastern Central Western

Daily percolation (mm/d) 1.5 2.0 2.6 1.3
Total percolation (mm) 195 260 338 169

The average period of rice growth is approximately 130 d [46].

The ETgreen and ETblue were then calculated as

ETgreen = min(ETc, Pe f f ) (6)

ETblue = max(0, ETc − Pe f f ) (7)

where ETc is the evapotranspiration calculated using the Penman–Monteith model (mm) [47–49],
and Peff is the effective precipitation during the growing period (mm), calculated according to the
method developed by the US Department of Agriculture [50].

Pe f f =

{
P(4.17− 0.2P)/4.17 P < 8.3mm
4.17 + 0.1P P ≥ 8.3mm

(8)

where P is the precipitation at a daily time step (mm).
In Jilin Province, the planting area of maize is the largest, accounting for nearly 75% of the total

crop area. The maize yield is also greater than that of other crops, accounting for nearly 77% of the total
crop yield. Due to the limited water resources and the wide planting area, maize cannot be irrigated
adequately during the growth period. The maize irrigation mode is to sow with water, in which the
maize seed is irrigated with a small quantity of water at the sowing time, creating a microenvironment
with sufficient soil water to ensure germination and seedling establishment [51,52]. The maize then
receives no irrigation water at any other stage.

Under the ‘irrigation schedule option’, the WFblue and WFgreen of maize were:

WFblue =
IU
Y

(9)

WFgreen =
10× ETc − IU

Y
(10)

where IU is the water used on the sowing day (m3/hm2), obtained from a field investigation and a
literature review [53,54] (Table 3).
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Table 3. Irrigation use (IU) of maize in different regions of Jilin Province in years under different levels
of rainfall (m3/hm2).

Eastern Central Eastern Central Western

Humid year - 20 30 40
Normal year - 30 40 50
Drought year - 50 60 70

Maize used no irrigation water in the eastern region because of the humid local climate.

Soybean is also one of the major crops in Jilin Province. Soybean grows depending on the natural
rainfall and uses no irrigation. Under the ‘irrigation schedule option’, the blue WF of soybean was 0,
and the green WF of soybean was:

WFblue = 0 (11)

WFgreen =
10× ETc

Y
(12)

2.3. Path Analysis

Wright proposed the concept of path analysis in 1921, which analyzes the correlation between
different variables [55]. When there are many independent variables, and their relationships are
complicated, it is appropriate to use path analysis. Path analysis separates the correlation between
independent and dependent variables into two parts: the direct influence of the independent variables
and their indirect influence through other related independent variables [56]. The path coefficient is
defined as the direct influence of the independent variable on the dependent variable. In multivariate
studies, path analysis has been proven more effective than other methods for identifying the most
influential factors.

Suppose that there are several independent variables X1, X2, . . . , Xn, and one dependent variable,
Y. The correlation coefficient between the independent variables is rij (i, j ≤ n), the correlation coefficient
between the independent and dependent variables is riy (I ≤ n), and Pi is the path coefficient of Xi on Y.
The equations formed by rij, riy, and Pi are as follows:

r1y = r11P1 + r12P2 + . . .+ r1nPn

r2y = r21P1 + r22P2 + . . .+ r2nPn

. . .
rny = rn1P1 + rn2P2 + . . .+ rnnPn

(13)

2.4. Geographically Weighted Regression Model

Fotheringham proposed the geographically weighted regression (GWR) model in 1998, which
extended the traditional regression framework by embedding the spatial location of the data into the
regression parameters [57]. The local estimation of the parameters with GWR is expressed as follows:

yi = β0(ui, vi) +
∑

k

βk(ui, vi)xik + εi i = 1, 2, . . . , n (14)

where i is the number of sample points, k is the number of independent variables, yi is the dependent
variable in the ith location, xik is the ith value of the kth independent variable, (ui, vi) is the coordinate
of the ith point, β0(ui, vi) is the intercept value, βk (ui, vi) is the regression coefficient of the continuous
function, and εi is the model residual.

To calculate the spatial distribution of the weightings, the optimal bandwidth is required.
Cross-Validation (CV) or the Akaike Information Criterion (AIC) is usually used for this calculation [58].
In this study, the AIC was chosen and was fixed by the maximum likelihood principle to determine the
optimal bandwidth.
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This study adopted the GWR model to show the spatial distribution of the impact factors. The WF
of crop production was treated as the dependent variable, and the impact factors of WF were regarded
as the independent variables.

2.5. Data Sources

Using the average annual precipitation (608.3 mm) during 1958–2016 as a baseline, years in which
the precipitation was >20% higher than the baseline were defined as humid years, years in which the
precipitation was >20% lower were defined as drought years, and years in which the precipitation was
within 10% higher or lower than the baseline were normal years [59,60]. According to the precipitation
characteristics and the available data sources for the WF calculation, the years 2000 (416.3 mm), 2008
(580.0 mm), and 2016 (759.3 mm) were categorized as drought, normal and humid years, respectively.

The data covered meteorological data and agricultural data. The meteorological data (2000–2016)
for Jilin Province were obtained from the China Meteorological Data Sharing Service System [61]
and included the monthly average minimum temperature, monthly average maximum temperature,
relative humidity, wind speed, sunshine hours, and precipitation. The agricultural data, including crop
sowing area, crop yield, agricultural machinery power, consumption of chemical fertilizers, effective
irrigation area, mechanically cultivated area, and mechanically seeded area, were obtained from field
investigations, literature review, and the statistical yearbooks (2000–2016) of Jilin Province.

3. Results

3.1. Spatiotemporal Characteristics of the WF of Crop Production

During 2000–2016, the WF of crops exhibited a fluctuating but decreasing trend (Figure 2a).
The largest WF of crops was 1.46 m3/kg in 2000, while the smallest WF of crops was 0.96 m3/kg in 2008
(Figure 2a). Comparing the WF of rice, maize, and soybean, the WF of maize was the lowest. Because
Jilin Province is located in one of the three major golden corn belts in the world, the natural conditions
are suitable for maize growth, and the yield is very high, leading to lower WF than other crops. For the
temporal change tendency, the WF of rice exhibited the largest downtrend, followed by the WF of
soybean, while the WF of maize showed little variation (Figure 2b–d).

Figure 2. Interannual variability of water footprint (WF) of (a) crops, (b) rice, (c) maize, and (d) soybean.

In 2000, 2008, and 2016, the spatial distributions of the WF of all three crops and of rice, maize,
and soybean are shown in Figure 3. The WF of crops in 2000, the drought year, was the highest among
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the three years due to the higher evapotranspiration and lower yield, and the highest values were
distributed in the western region, followed by the eastern region, while the lowest values were in the
central eastern region (Figure 3a). The WF of crops in 2008, the normal year, was the smallest because
of the normal evapotranspiration and higher yield, and the areas with higher values were concentrated
in the eastern region, while lower values were concentrated in the western and central regions. In 2016,
the humid year, the WF of crops in the eastern region was the highest, while the lower values were
located in the western and central regions. Among these three years, the WF of crops in the western
region changed significantly.

Figure 3. Spatial distributions of WF of (a) crops, (b) rice, (c) maize, and (d) soybean in 2000, 2008,
and 2016.

The WF of rice in 2000, the drought year, was the largest among the three years; the highest
values were distributed in the western region, and the lowest values were in the central eastern region
(Figure 3b). In 2008 and 2016, the lowest WF values of rice were in the western and central regions.
In 2000, the WF of maize was the highest in the western region and the lowest in the central eastern
region (Figure 3c). In 2008 and 2016, the WF of maize in the central region was lower. The WF of
soybean was the highest in the western region in 2000 and the lowest in the central eastern region
(Figure 3d). In 2008 and 2016, the highest WF values of soybean were mainly located in the eastern
region. Above all, the WF of crops, rice, maize, and soybean had similar spatial variations.

3.2. Analysis of the Impact Factors for the WF of Crop Production

The climatic conditions and agricultural inputs were the most important factors for crop WF.
To analyze the relationships between the crop WF and its impact factors, the path analysis used climatic
and agricultural input factors as the independent variables, and crop WF as the dependent variable.
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The climatic factors included the minimum temperature (X1, ◦C), maximum temperature (X2, ◦C),
accumulated temperature (X3, ◦C), relative humidity (X4, %), wind speed (X5, m/s), sunshine hours
(X6, h), and precipitation (X7, mm), which reflected the effects of natural conditions on crop growth
and water consumption. The average temperature was chosen as the impact factor for crop WF in the
previous studies [22,25,26], while this study chose accumulated temperature as the impact factor rather
than average temperature. Compared with average temperature, the accumulated temperature is the
sum of the daily average temperature of ≥10 ◦C during the crop growing period [62], determines the
length of crop growing period, and is more accurate and reasonable to reflect the impact of temperature
on the crop growth. The agricultural input factors included the agricultural machinery power (X8, kW),
chemical fertilizer consumption (X9, kg), effective irrigation area (X10, hm2), mechanically cultivated
area (X11, hm2) and mechanically seeded area (X12, hm2), which reflected the effects of human interfered
conditions on crop growth and water consumption.

The method of path analysis can not only show the impact extent of each factor under different
rainfall years but also identify the most influential factors. The path coefficients of the impact factors
on the WF of crop production revealed that in 2000, the drought year, the impacts of the climatic factors
from high to low were X7, X3, X2, X6, X1, X4, and X5 (Table 4). The climatic factor with the largest effect
was precipitation (X7), followed by accumulated temperature (X3), and both reached a statistically
significant level (p < 0.01). Precipitation had a positive impact on the WF of crop production because
precipitation was a source of blue water and green water for crop growth, which affected the amount
of general water resources consumed in crop production. However, accumulated temperature had a
negative impact on the WF of crop production since the accumulated temperature controlled the rate
of crop metabolic processes, further influencing crop growth. Increasing the accumulated temperature
could accelerate crop photosynthesis, increase crop yield, and decrease the WF of crop production.

Table 4. Path coefficients of the impact factors on the water footprint (WF) of crop production in 2000,
2008, and 2016.

2000 2008 2016

Climatic Factors

Minimum temperature (X1) 0.472 0.406 0.603
Maximum temperature (X2) 0.787 0.554 0.504

Accumulated temperature (X3) −0.829 * −0.981 ** −1.156 *
Relative humidity (X4) −0.205 −0.195 −0.242

Wind speed (X5) −0.099 0.132 0.341
Sunshine hours (X6) 0.518 −0.589 0.272

Precipitation (X7) 1.371 ** 0.909 * 0.790

Agricultural Input
Factors

Agricultural machinery power (X8) −0.481 −0.704 * −2.951 **
Chemical fertilizers consumption (X9) −0.192 −0.560 −1.487 **

Effective irrigation area (X10) −0.688 −0.363 −0.183
Mechanically cultivated area (X11) 0.012 0.367 0.404

Mechanically seeded area (X12) 0.053 0.152 0.412

p-values marked with ** and * indicate significance at p < 0.01 and p < 0.05, respectively.

For the agricultural input factors, their impacts from high to low were X10, X8, X9, X12, and X11.
The effective irrigation area (X10) had a larger impact than other agricultural inputs because, in the
drought year, irrigation made up for the lack of natural rainfall, ensured normal crop growth, and
tended to promote crop yield, further decreasing the WF of crop production.

In 2008, the normal year, the impacts of climatic factors from high to low were X3, X7, X6, X2, X1,
X4, and X5. Accumulated temperature (X3) had the strongest influence on the WF of crop production
and reached a significance level of p < 0.01. Among the agricultural input factors, the impacts from
high to low were X8, X9, X11, X10, and X12, and agricultural machinery power (X8) had the largest
impact on the WF of crop production, reaching a significance level of p < 0.05.
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In 2016, the humid year, the impacts of climatic factors from high to low were X3, X7, X1, X2,
X5, X6, and X4. The most important factor was accumulated temperature (X3), but the significance
level decreased to p < 0.05. The impacts of agricultural inputs from high to low were X8, X9, X12, X11,
and X10. The agricultural machinery power (X8) and chemical fertilizer consumption (X9) had the
strongest influence, and both reached a significance level of p < 0.01.

Above all, in the drought year, precipitation and the effective irrigation area were the most
influential factors. In normal and humid years, accumulated temperature was the most important
climatic factor, and machinery power and chemical fertilizer consumption were the most important
agricultural input factors.

3.3. Spatial Characteristics of the Impact Factors for the WF of Crop Production

Based on the results of path analysis, using a geographically weighted regression model, the spatial
variations of the most important climatic factors (precipitation and accumulated temperature) and the
agricultural input factors (machinery power, chemical fertilizer consumption, and effective irrigation
area) were analyzed. The R2 and adjusted R2 values in the model under AIC were approximately 0.700,
both representing almost 70% of the total variance in the WF of crop production (Table 5).

Table 5. R2 and adjusted R2 under the Akaike Information Criterion (AIC) in the geographically
weighted regression (GWR) model.

R2 Adjusted R2

Precipitation 0.754 0.716
Accumulated temperature 0.752 0.697

Machinery power 0.773 0.729
Chemical fertilizer consumption 0.756 0.693

Effective irrigation area 0.703 0.669

Among the three years, precipitation in the drought year had a greater impact on the WF of crop
production (Figure 4a), which was consistent with the result of the path analysis. In 2000, the drought
year, the areas with the largest effect from precipitation were distributed in the western and central
regions. In 2008, the normal year, precipitation also had a larger impact in the western and central
regions, but the areas experiencing stronger effects from precipitation shrank. In 2016, the humid year,
the greatest effect of precipitation was mainly distributed in the central and central eastern regions.
Therefore, as precipitation increased, the areas experiencing stronger effects of precipitation gradually
decreased. The uneven distribution of rainfall in the western and central regions was very obvious.
Because of water shortage (15% and 8% of the province’s total water resources in the central and
western regions, respectively [37]) and vast area of cultivated land (45% and 29% of the province’s total
sown area in the central and western regions, respectively [34]), when there was less rainfall in the
western and central regions, the precipitation had a larger impact on the amounts of blue and green
water, further influencing the WF of crop production.

In Jilin Province, the impact of accumulated temperature on the WF of crop production was
negative (Figure 4b). In 2000, the drought year, the impact of accumulated temperature was the greatest
in the eastern region. Due to the mountainous topography, the accumulated temperature in the eastern
region was lower than that in the other regions, and the diurnal temperature varied greatly; thus,
the change in temperature had a larger impact on crop growth and crop WF. In 2008, the normal year,
the greatest impact of accumulated temperature was also located in the eastern region. In 2016, the
humid year, except in a small part of the eastern region, the greater impact of accumulated temperature
was mainly in the western region, which might be attributed to the combined influences of favorable
temperature and precipitation.
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Figure 4. Spatial variation in the regression coefficients of (a) precipitation, (b) accumulated temperature,
(c) agricultural machinery power, (d) chemical fertilizer consumption, and (e) effective irrigation area
in 2000, 2008, and 2016.

Agricultural machinery power had a negative impact on the WF of crop production (Figure 4c).
In 2000, the impact of machinery power on the WF of crop production was not significant. In 2008,
the impact of machinery power became larger and was mainly concentrated in the central region.
In 2016, machinery power had a more significant impact on the WF of crop production than in
2008, and the areas experiencing greater effects expanded, covering the central and western regions.
To obtain a high and steady crop yield, a substantial amount of machinery power is used in crop
production. This power had a positive impact on the crop yield and a negative impact on the WF
of crop production. The arable land in the central and western regions is vast and flat, suitable for
mechanization. Thus, the effects of agricultural machinery power on crop WF were larger than that in
other regions. Moreover, with the rapid development of the economy in the central region, the input of
agricultural machinery power was the largest among regions, and the effect of agricultural machinery
power on crop WF was also the most significant.

The impact of chemical fertilizer consumption on the WF of crop production was negative in Jilin
Province (Figure 4d). In 2000, the area experiencing a greater effect of chemical fertilizer consumption
was distributed in the central eastern region. In 2008, the impact of chemical fertilizer consumption was
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larger in the western and part of the eastern regions. Chemical fertilizer consumption had the largest
impact in 2016 among the three years, and the areas experiencing a greater impact from chemical
fertilizer consumption expanded. Fertilization is one of the main countermeasures for crop production,
showing a gradually increasing tendency. The areas with low soil fertility are usually fertilized with
more fertilizer. Therefore, the larger effects of chemical fertilizer consumption on the crop WF were in
the western and eastern regions.

The impact of the effective irrigation area on the WF of crop production in 2000, the drought year,
was the largest among the three years, and the major influenced area was distributed in the western
region and part of the eastern region (Figure 4e). In 2008 and 2016, the normal and humid years,
the impact of the effective irrigation area decreased, and the area experiencing a greater impact was
only distributed in part of the eastern region. The increasing rainfall gradually met the water demands
of crop growth, and the requirement for irrigation decreased.

4. Discussion

WF accounting is the basis for measuring water consumption of crop production, while different
calculation options would cause different results. Comparing the WF in this study with those of
earlier studies, discrepancies were shown (Table 6). The average WF of rice in this study (1.72 m3/kg)
was similar to that in Chapagain and Hoekstra (1.75 m3/kg) [16], larger than those in Mekonnen
and Hoekstra (1.67 m3/kg) [15] and Sun et al. (1.29 m3/kg) [63], whereas much smaller than that in
Zhao et al. (2.90 m3/kg) [64]. The average WF of maize in this study (1.03 m3/kg) was smaller than
those in Mekonnen and Hoekstra (1.22 m3/kg) [15] and Gerbens-Leenes and Hoekstra (1.13 m3/kg) [65]
but larger than those in Sun et al. (0.88 m3/kg) [63] and Zhao et al. (0.80 m3/kg) [64]. The average WF
of soybean was 2.06 m3/kg in this study, which was similar to that in Zhao et al. [64] but smaller than
that in Mekonnen and Hoekstra [15].

Table 6. Comparison of WF of rice, maize, and soybean in earlier studies and this study.

Data Source Study Area Study Period
WF of Crop (m3/kg)

WFrice WFmaize WFsoybean

Mekonnen and
Hoekstra [15] Jilin Province 1996–2005 1.67 1.22 2.15

Chapagain and
Hoekstra [16] Jilin Province 2000–2004 1.75 − −

Sun et al. [63] Jilin Province 1999–2007 1.29 0.88 −

Zhao et al. [64] Jilin Province 1961–1990 2.90 0.80 2.00

Gerbens-Leenes and
Hoekstra [65] Jilin Province 1996–2005 − 1.13 −

This study Jilin Province 2000–2016 1.72 1.03 2.06

The main reason for the discrepancy between the study of Mekonnen and Hoekstra [15] and this
study was due to different calculation frameworks. The grid-based dynamic water balance model
was used in Mekonnen and Hoekstra’s study to calculate the crop water requirement. However,
this study used the CROPWAT model and adopted different options to calculate different crop water
consumptions, the ‘crop water requirement option’ for the water consumption of rice, and the ‘irrigation
schedule option’ for the water consumption of maize and soybean. Maize and soybean were not
irrigated fully during their growth, so the WFmaize and WFsoybean under the ‘irrigation schedule option’
were lower than those under the ‘crop water requirement option’. For the calculation of WFrice in this
study, the amount of percolation to groundwater during rice growth was included, which was also
considered in the study of Chapagain and Hoekstra [16] and was excluded in the study of Mekonnen
and Hoekstra [15]. In the study of Sun et al. [63], WFrice and WFmaize only included their green WF
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and blue WF and did not calculate their gray WF. The crop yield in Zhao et al. [64] was calculated
by the aboveground biomass, different from the crop yield in the statistical yearbooks. Additionally,
the different study periods and crop varieties might also cause some of the discrepancies.

Identifying the most influential factors of crop WF would be conducive to optimizing farmland
management and achieving sustainable agricultural production. However, the impact factors may vary
under different conditions and in different regions. Studying with multiple scenarios and multiple
methods would be more reflective of the real situation and changes in impact factors. In previous
studies, only one analysis method was usually used for the impact factors of crop WF, while this study
adopted two complementary methods (the path analysis and geographically weighted regression
model) to identify the influence of factors, and chose typical rainfall years of the drought, normal,
and humid to analyze the impact factors. The path analysis showed the extent of the impact factors on
the crop WF in different rainfall years and identified the most influential factors. The geographically
weighted regression model revealed the spatial variations of the impact factors and was conducive to
obtaining the optimal managing factors in different regions.

The results for the most influential factors in this study were compared with those from earlier
studies (Table 7). In this study, the most important climatic factor varied in Jilin Province in years
under different levels of rainfall. Precipitation was the most important climatic factor in the drought
year, and accumulated temperature was the most important climatic factor in the normal and humid
years; these results are inconsistent with earlier studies. Sun et al. [25] analyzed the impact factors for
the WF of maize in Beijing and found that the most important climatic factor was precipitation, which
was similar to the findings of this study. In contrast, accumulated temperature was also an important
climatic factor in this study. Accumulated temperature determines the length of the crop growing
period and influences the crop yield. Thus, this difference is related to the locations of the different
study areas. Jilin Province is located in Northeast China, and the accumulated temperature during
crop growth is lower than that in Beijing; therefore, the crop growing process was influenced more by
temperature in Jilin Province than in Beijing.

Table 7. Comparison of the most important climatic factors between earlier studies and this study.

Data Source Study Area Crop Study Period Most Important
Climatic Factor

Sun et al. [25] Beijing Maize 1978–2008 Precipitation

Sun et al. [26] China Wheat 2001–2010 Sunshine hours

Han et al. [29] People’s Victory Canal
irrigation area Winter wheat 1961–2013 Precipitation

Arunrat et al. [21] Thailand Rice 2017–2018 Precipitation

Govere et al. [23] Zimbabwe Wheat 1980–2010 Precipitation

Zemba and Obi [24] Nigeria Sugarcane 1981–2013 Precipitation

This study Jilin Province
Rice, maize,

soybean

2000 (drought) Precipitation

2008 (normal) Accumulated
temperature

2016 (humid) Accumulated
temperature

In addition, Sun et al. [26] analyzed the impact factors of the WF of wheat in China and
discovered that sunshine hours were the most important climatic factor influencing the WF of wheat.
This discrepancy was attributed to the crop species. Wheat is a long-sunshine-type crop that requires
8~12 h of sunshine per day to ensure its normal heading and flowering. Because of this special growth
characteristic, sunshine hours have a larger impact on the WF of wheat. In a study by Han et al. [29],
precipitation was the most important climatic factor influencing the WF of winter wheat in the People’s
Victory Canal irrigation area of China. This irrigation area is located in the Central Plains and has a
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warm temperate continental monsoon climate. Winter wheat is planted in September or October and
harvested in April or May of the next year, with less rainfall during this period. The jointing-heading
period of winter wheat is the key period of water demand for wheat growth; thus, precipitation became
the crucial climatic factor for winter wheat growth. In the study of Arunrat et al. [21], precipitation was
more important for the rice water consumption in Thailand, since their study area was located in the
lowland with much rainfall and the rainy season dominated the crop growing period. Precipitation was
also more influential to the water use of wheat production in Zimbabwe and the sugarcane in Nigeria,
due to the tropical climate in the two study areas, characterized by special lasting wet seasons [23,24].

With increasing human activities, changes in agricultural inputs have influenced the development
of agricultural modernization. This study found that the effective irrigation area was the most important
input factor in the drought year, and the machinery power and chemical fertilizer consumption were
the most important input factors in the normal and humid years. Because of the low natural rainfall,
irrigation became necessary to maintain normal crop growth in the drought year; with increasing
rainfall, the suitable climatic conditions helped increase the effect of machinery on crop yield. This result
was different from those of earlier studies due to the crop species, study periods, and study areas
(Table 8). In the studies of Sun et al. [25] and Duan et al. [27], the most important input factor for the
WF of maize in Beijing and Northeast China was the agricultural machinery power. During their study
periods, the late 20th century and early 21st century, machinery power had been gradually applied to
crop production, especially for maize sowing and harvesting because of the wide and concentrated
coverage. Therefore, the benefit of machinery for increasing maize yield was more obvious than the
benefit to other crops, and machinery had a larger impact on the WF of maize than on the WF of other
crops. In the study of Han et al. [29], the effective irrigation area was the most important input factor.
The People’s Victory Canal irrigation area is a typical irrigation area in China, and irrigation is very
important for ensuring normal winter wheat growth in that area. Darre et al. [30] found that irrigation
was crucial in the water consumption for maize and soybean production in Uruguay. Due to the special
climate and soil conditions, irrigated farming was more beneficial to the local crop yield. Irrigation was
also more influential to the wheat water use in Zimbabwe, because of the climatic condition and special
growing season, approximately 80% of the wheat was irrigated in Zimbabwe [23]. In the study of
Lovarelli et al. [31], fertilization could replenish soil nutrients and ensure the normal maize production
in Northern Italy.

Table 8. Comparison of the most important agricultural input factors between earlier studies and
this study.

Data Source Study Area Crop Study Period
Most Important

Agricultural Input
Factor

Sun et al. [25] Beijing Maize 1978–2008 Machinery power

Duan et al. [27] Northeast China Maize 1998–2012 Machinery power

Han et al. [29] People’s Victory Canal
irrigation area Winter wheat 1961–2013 Effective irrigation area

Darre et al. [30] Uruguay Maize, soybean 1996–2005 Irrigation

Govere et al. [23] Zimbabwe Wheat 1980–2010 Irrigation

Lovarelli et al. [31] Northern Italy Maize 2011–2015 Fertilization

This study Jilin Province
Rice, maize,

soybean

2000 (drought) Effective irrigation area

2008 (normal) Machinery power

2016 (humid) Machinery power and
Chemical fertilizers

This study showed that the most influential factors for the crop WF varied not only among years
under different levels of rainfall but also between different regions (Table 9). In the eastern and central
eastern regions of Jilin Province, water resources are abundant, and water is not the limiting factor for
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crop production. Accumulated temperature and chemical fertilizer consumption had a larger impact
on crop WF. This region is a mountainous area, the temperature controls crop growth, and the gray
WF of crop production caused by diffuse pollution were larger than those in other regions due to the
influence of the higher slopes. To avoid soil erosion and water pollution, chemical fertilizers should be
rationally consumed to ensure yield and increasing the amount of organic fertilizers, popularizing
crop rotation, or intercropping should be encouraged [66].

Table 9. Most important climatic and agricultural input factors in the four regions of Jilin Province.

Most
Important

Factors
Eastern Central

Eastern Central Western

Drought Climatic factor Accumulated
temperature

Accumulated
temperature Precipitation Precipitation

Agricultural
input factor

Effective
irrigation area

Chemical
fertilizers

Effective
irrigation area

Effective
irrigation area

Normal
Climatic factor Accumulated

temperature
Accumulated
temperature

Accumulated
temperature Precipitation

Agricultural
input factor

Chemical
fertilizers

Chemical
fertilizers

Machinery
power

Machinery
power

Humid
Climatic factor Accumulated

temperature
Accumulated
temperature

Accumulated
temperature

Accumulated
temperature

Agricultural
input factor

Chemical
fertilizers

Chemical
fertilizers

Machinery
power

Machinery
power

In the western and central regions, water resources are in short supply, so precipitation was
the most important climatic factor in the drought year, and accumulated temperature was the most
important climatic factor in the normal and humid years. For the agricultural input factors, the impact
of the effective irrigation area was larger in the drought year than in the other years, and the machinery
power was more impactful in the normal and humid years than in the drought year. The natural
rainfall was not sufficient in the drought year and could only meet a part of the water requirement for
crop growth; thus, artificial irrigation became critical to crop growth, especially for rice and maize.
According to the water requirements of crops and types of rainfall years, a reasonable water-saving
irrigation system should be developed to increase the utilization rate of water resources.

Meanwhile, increasing the planting proportion of crops consuming less water, such as maize,
should be encouraged. Besides, in the drought years, artificial irrigation (sow with water) should
be increased to establish a favorable moisture condition in soil, while in the humid years, excessive
irrigation is unnecessary and should be monitored properly. However, when water was not the
primary limiting factor, the machinery power became the most important agricultural input factor
influencing crop WF in normal and humid years. Agricultural machinery power could not only promote
labor productivity but also improve the efficiency of crop production and crop yield. Popularizing
agricultural mechanization is the safeguard for improving crop production in the western and central
regions. Thus, identifying the most influential factors of crop WF will help formulate the corresponding
countermeasures to promote crop production.

5. Conclusions

The most important factors influencing the WF of crop production varied among years under
different levels of rainfall and in different regions. The precipitation and effective irrigation area were
the most influential factors in the drought year, and accumulated temperature, machinery power,
and chemical fertilizer consumption were the most influential factors in the normal and humid years.
Moreover, the regional differences were clear. Accumulated temperature and chemical fertilizer
consumption were the most important factors in all years in the eastern and central eastern regions
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with rich water, while precipitation and effective irrigation area were the most important factors in
the drought year. Accumulated temperature and machinery power were the most important factors
in the normal and humid years in the western and central regions with water shortages. The most
influential factors for the WF of crop production varied with changes in the natural and human
interfered conditions. Identifying the impacts of the climatic and agricultural input factors on the
water consumption of crop production would be conducive to determining the optimal managing
factors for sustainable agricultural production.
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