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Abstract: The marginal water productivity (MWP) model for the real irrigation water use performance and productivity 
assessment, applies to the regional scale was established in this study.  The temporal-spatial patterns and attribution analyses 
of the indicator were conducted using spatial autocorrelation and path analysis methods.  The results showed that with an 
average annual increase of 3.4%, the national MWP was estimated to be 0.542 kg/m, between 1998 and 2010.  The spatial 
autocorrelation analysis results showed the global Moran’s I inspection values (Z) were higher than the confidence level, and 
the provinces, municipalities and autonomous regions (PAMs) with similar MWP values showed significant aggregation.  
Regions with a high value are centered in the middle and lower streams of the Yellow River, and those regions with a lower 
MWP were distributed in northeastern China and south of the Yangtze River.  The precipitation and temperature are the major 
meteorological factors that determined the indicator, while extending the fertilizer and agricultural machinery input is the 
effective approach for improving the regional MWP.  The major grain producing areas of North and Northeast China should 
take measures to raise their MWP, ensure food security and the sustainable use of water resources. 
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1  Introduction  

With an annual grain production of more than 500 M ton in 
recent years[1], the populous country of China has successfully 
ensured the per capita food production.  Farmland irrigation used 
approximately 300 G m3 of the blue water resources (accounting 
for 90% of the total agricultural water use) and produced 75% of 
the national grain outputs[2,3], played an irreplaceable role in grain 
production and water utilization of China.  Meanwhile, the 
country faced a shortage of water supply and degeneration of the 
ecology due to the unrestrained use of water resources in 
agricultural production[4-7].  Since agriculture plays the largest part 
in the water use[3,8], the promotion of water use efficiency in 
agriculture production is critical for alleviating the crucial shortage 
of water resources.  The theories and methodologies of the 
agriculture water utilization evaluation have been a hot topic for 
research in water resources and environmental management[9-12]. 

The two categories of parameters-irrigation efficiency and 
water productivity-are most commonly used in the water utilization 
evaluation in the process of agricultural production[13].  Irrigation 
efficiency is a complex and useful measure of the irrigation 
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performance and can be expressed by various indicators, such as 
irrigation efficiency and net or effective irrigation efficiency[14].  
The classical irrigation efficiency refers to the ratio between the 
irrigation water consumed by the crops of an irrigation farm or 
project and the water diverted from a river or other natural water 
source into the farm project’s canal or canals[15,16].  This concepts 
ignored the irrigation water return flow that re-enters the water 
supply, and the effective irrigation efficiency was defined as the 
crop consumptive use of the applied irrigation water divided by the 
effective use[16,17].  Such terminologies as irrigation water 
withdrawal, water application efficiency, evapotranspiration, water 
consumption, return flow, and net depletion[14,16] are closely related 
to the irrigation efficiency assessment.  The water productivity 
indicators are used to account for the products generated per unit of 
water consumed or used in many scientific disciplines[18].  The 
agriculture water productivity, which was originally defined by 
Molden[19], is used to measure the relationship between the crop 
yield and the amount of water involved in the process of crop 
production and is expressed as the crop production per unit volume 
of water resources[20,21].  The numerator was expressed in terms of 
the crop yield (kg/hm2), and several options are available to define 
the volume of water per unit of area (m3/hm2) in the denominator.  
For various water input options, the agriculture water productivity 
can be defined or named as the crop water use efficiency (WUE), 
gross inflow water productivity, generalized water productivity, 
evapotranspiration water productivity and irrigation water 
productivity[22,23].  Promoting water productivity is a direct and 
efficient way to achieve efficient water use and has been 
extensively studied in water resources management[10,24-27].  
Associated discussions have pointed out the primary ways by 
which water productivity can be increased, such as increasing the 
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productivity per unit of evapotranspiration, minimizing the 
non-beneficial depletion by reducing pollution and flows to sinks, 
reusing the return and drainage flows, and reallocating water from 
the lower value to higher value uses within the basin[27].  The 
irrigation water is the most important water resource and is also a 
part of the water input of the water productivity; hence, the water 
productivity and irrigation efficiency indicators were usually 
combined in the water utilization evaluation, especially in the 
irrigation system.  The effects of irrigation on the crop yield, 
water use and water productivity in the macro scale area were 
gradually became a concern for scholars.  An investigation 
conducted by Gao[28] concluded that the grain yield in the cropland 
equipped with irrigation was approximately one to two times of 
that fed only by precipitation.  Liu et al.[29] simulated the role of 
irrigation in the winter wheat yield and crop water productivity in 
China by using a GIS-based crop model.  Based on a 
crop-model-coupled-statistics approach, Cao et al.[3,30] evaluated 
the water utilization and production of the main grain crop for the 
irrigated and rain-fed farmlands in China. 

Irrigation increased the crop yield and the field water use 
efficiency, especially in the arid areas.  However, this finding also 
means that more blue water resources are needed for crop 
production.  The reduction of irrigation water in agriculture 
production is feasible and meaningful for water resources 
management.  An appropriate indicator is needed to account for 
the water utilization and crop production.  By extending the 
notion of crop water productivity, and based on the crop-water 
relationship in the irrigated and rain-fed croplands assessed at 
multiple scales, a category of indicators for the role of irrigation 
accounting was established in this study.  The purpose of this 
study is to calculate the MWP in grain production and to quantify 
their temporal-spatial distribution and effect factors in China.  In 
addition, based on the MWP performance and its effect factors, 
strategies for the regional water resources management and food 
security were also discussed.  

2  Materials and methods  

2.1  Marginal water productivity (MWP) 
The marginal benefit refers to the annual percentage return on 

the last additional unit of resources input, and can be calculated as 
follows[31]: 

Δ
Δ
OutputMP
input

=                   (1) 

As we all know, the water resources investment and crop yield 
were higher in the irrigated cropland compared to the rain-fed 
cropland.  The marginal benefit of irrigation (marginal water 
productivity, MWP) can be defined as follows: 
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where, YI and YR are the crop yield of irrigated and rain-fed 
cropland, respectively, in the unit of kg/hm2; IWU is the irrigation 
water use for the per unit irrigation area in the unit of m3/ha.  The 
provincial irrigated crop yield (YI) is estimated via a weighted 
mean: 
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where, i
IDY  is the crop yield in the ith irrigation district, kg/hm2; 

and Ai is the irrigation area of the ith irrigation district, hm2.  The 

rain-fed crop yield can be calculated by 
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where, GOT is the provincial total output of the grain products, t; AI 
and AR are the areas of the irrigated and rain-fed farmland, hm2. 

Similar to the water productivity (WP), the unit of the marginal 
water productivity (MWP) is kg/m3.  MWP belongs to the 
category of water productivity indexes and quantifies the additional 
grain production per unit blue-water input.  The water 
productivity (WP) can be defined as the ratio between the crop 
yield achieved and the irrigation water withdrawal, the total water 
use or the consumptives water use, when evaluating the 
performance of the irrigation systems[22,23].  Conversely, the 
marginal water productivity (MWP) cannot be replaced by any 
other form of a water productivity index.  The MWP reveals the 
role of irrigation in crop production and water utilization.  
Improving the MWP is the fundamental measure for reducing the 
agricultural blue water resource usage to maintain regional water 
and ecological security. 
2.2  Spatial autocorrelation analysis 

The spatial autocorrelation analysis method correlates the 
variables with spatial locations and reflects the degree of spatial 
dependence between the values of the variables 
geographically[32-34].  Moran’s I, Geary’s C, and Getis are the 
most commonly used methods in the spatial autocorrelation 
analysis[35], and Moran’s I is the most often used method of these 
three.  Moran’s I is a weighted correlation coefficient that detects 
departures from the spatial randomness and determines whether the 
neighboring areas are more similar than expected under the null 
hypothesis[36].  The global Moran’s I[37,38] was used to detect the 
global spatial autocorrelation of the MWP in this study and to 
disclose the spatial pattern of the MWPs with the Z score at the 
province level.  A statistically significant estimate of Moran’s I 
indicates that the neighboring counties have a similar prevalence 
rate of the MWP, and the cases are likely to cluster at the PAMs 
level.  The local Moran’ I[38] is used to measure the overall 
clustering t reveal the location of the clusters.  The bivariate 
spatial autocorrelation scatterplot is a graphic tool for detecting the 
local spatial association.  It provides a way to categorize the 
nature of the spatial autocorrelation into four types: high-high (HH), 
low-low (LL), high-low (HL) and low-high (LH).  The first two 
indicate the potential spatial clusters of similar MWP, i.e., positive 
autocorrelation with high or low similar values.  The latter two 
express the potential spatial clusters of dissimilar values.  The 
significance of the global and local Moran statistics was evaluated 
with Monte Carlo randomizations based on a non-parametric 
conditional randomization approach, where the value x at site i is 
held fixed and the remaining values are randomly permutated over 
the other locations in the global dataset[39].  Since the local Moran 
statistics calculated for each PAMs are not independent due to the 
overlapping neighborhoods, the p values were corrected with a 0.01 
level of significance.  The software GeoDaTM 0.9.5-i[39] was used 
to conduct the spatial autocorrelation analysis of the MWP in this 
study. 
2.3  Path analysis (PA) 

In this study, the path analysis (PA) method was used to 
determine the effect of the various factors on the MWP.  The PA 
is based on multiple regressions, and then decomposes the 
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correlation coefficient.  The direct effects, indirect effects and 
comprehensive effects of a certain variable on the dependent 
variable (MWP) are expressed by the direct path, indirect path and 
total path coefficient, respectively[40].  PA provides an effective 
way to find the direct and indirect effects between the independent 
variable and the dependent variable.  The primary process of the 
PA is as follows: for the general multiple linear regression analysis, 
the independent variables is x1, x2,..., xk, the dependent variable is y, 
and the relationship between x and y can be expressed by the 
following the regression equation[41]: 

y=β0+β1·x1+β2·x2+……+βK·xK             (6) 
Using the least squares method to solve the regression 

coefficient and the number of changes, a simple correlation 
coefficient decomposition can be evaluated by following equations: 
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where, rij is the simple correlation coefficient between xi and xj; riy 
is the simple correlation coefficient between xi and y; PIy is the 
direct path coefficient which represents the direct effect of xi on y, 
and rijPjy is the indirect path coefficient, showing the indirect effect 
of xi on the dependent variable y by xj.  Eight factors relative 
humidity (RH), average temperature (AT), precipitation (P), 
sunshine duration (SSD), fertilizer rate per sown area (FR), dosage 
of pesticide per sown area (DP), agricultural machinery power per 
sown area (AM), irrigation proportion of arable land (IP) and 
irrigation efficiency (IE) were selected for the path analysis in this 
study. 
2.4  Data sources 

Following the definitions used in the Chinese National 
Statistics, grain crops include cereals (i.e., rice, wheat, maize), 
legumes (soybean and other leguminous crops), and tubers (potato, 
sweet potato and other types of tubers).  The irrigation water 
capacity (IWC, the irrigation water), crop yield (Y), irrigation 
efficiency (IE) and irrigated area of 459 irrigation districts in 31 
province autonomous regions and municipalities (PAMs) of China 
(Figure 1) were collected from the National Center of Irrigation and 
Drainage Development, Ministry of Water Resources.  The 
meteorological parameters, including relative humidity (RH),  

 
Figure 1  Distribution of the 459 irrigation districts and 

regional delimitation 

average temperature (AT), precipitation (P) and sunshine duration 
(SD), were downloaded from the Climatic Data Center of China’s 
Meteorological Administration (http://data.cma.cn). The provincial 
total output of grain products (GOT), irrigated rain-fed farmland 
(sown area, AI and AR) and population were collected from the 
China Statistical Yearbooks in 1999-2011.  The water resources 
and agricultural water withdrawals of China were referenced from 
the China Water Resources Bulletins in 1998-2010. 

3  Results 

3.1  MWP 
The national MWP was calculated to be approximately   

0.542 kg/m3 in the period between 1998 and 2010, indicating that 
no more than 0.600 kg of grain product could be gained when 1 m3 
water resources were diverted to the irrigation farmland of China.  
Considering the representativeness, provincial values of the MWP 
in the starting year (1998), middle year (2005) and last year (2010) 
of the observing period 1998-2010 are shown in Figure 2.  To 
determine the change rate of the MWP over time, Figure 2 also 
shows the average annual change rate of the MWP for each of the 
PAMs.  In addition, the primary statistics for the MWP in the 
different years were calculated and listed in Table 1 for the 
interregional differences that the MWP revealed. 

It is illustrated in Figure 2 that from 1998 to 2010, the MWP in 
almost all the PAMs showed a tendency to increase over time, and 
the national value increased from 0.414 kg/m3 to 0.665 kg/m3 
(Table 1) with an average annual change rate of approximately 
3.4%.  The national irrigation efficiency and farmland irrigation 
rate increased from 0.420 and 41% in 1998 to 0.492 and 50% in 
2010, and the irrigation water consumption was reduced from 
approximately 8900 m3/hm2 to 7300 m3/hm2, which is the reason 
that the MWP increased over time.  In addition, the primary 
statistics for the MWP in different years were calculated for the 
water resources input due to the increase of irrigation efficiency.  
The change of the MWP has not remained consistent among the 
PAMs.  With an average annual growth rate of 7% and 6.5%, 
respectively, Inner Mongolia and Sichuan were the fastest growing 
PAMs in China.  The average annual growth rate of these two is 
significantly higher than that of the other PAMs.  The yearly 
growth of the MWP in Gansu, Xizang, Liaoning, Anhui, Guizhou 
and Jiangsu is rapid as well, and each of them held an average 
annual change rate of approximately 5.3%.  More than half of the 
PAM (16) has an average annual increase of approximately 2.5% to 
4.5%, while Jiangxi and Hainan have the lowest rates of change, 
only 1.7% and 1.5%, respectively. 

 

Table 1  National value and main statistics for the MWP at 
the regional and field scales 

Year
National 

value
/kg·m-3

Max 
/kg·m-3

Min 
/kg·m-3 

Mean 
/kg·m-3 

Standard 
deviation (SD) 

/kg·m-3 

Coefficient of
Variation 

(CV) 

1998 0.414 0.982 0.194 0.447 0.229 0.512 

2005 0.548 1.253 0.247 0.535 0.280 0.523 

2010 0.665 1.436 0.262 0.661 0.340 0.514 

98-10 0.542 1.224 0.242 0.548 0.279 0.510 
 

As shown in Figure 2 and Table 1, the changing extent of the 
MWP in each of the PAMs is small, and the size relationship of the 
MWP among the PAMs is similar in different years.  At the same 
time, the primary statistics, such as the maximum, minimum and 
average, increased over time consistently with the national values.  
The coefficient of variation (CV) of the MWP for 31 PAMs 
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remained constant at approximately 0.515 in each of the selected 
years.  Thus, the average values of the three representative years 
for each of the PAMs were calculated and used as the multi-year 
average values for the MWP comparison at the provincial level.  
The results show that the MWP in Shaanxi reached 1.224 kg/m3, 
ranking the highest of all regions in the country.  The MWPs in 
Shandong, Hebei and Henan were above 1.000 kg/m3 as well, and 
these are the PAMs with a high marginal efficiency of irrigation 
water resources.  In addition, the MWP in the other 8 PAMs was 

estimated to exceed the national value (0.542 kg/m3), including 
Shanxi, Beijing, Tibet, Hubei, Sichuan, Gansu, Anhui and Ningxia.  
In contrast, the MWP was no more than 3.000 kg/m3 in the seven 
PAMs of Guizhou, Jilin, Guangxi, Hainan, Guangdong, Fujian and 
Shanghai.  Almost all of the PAMs with a low MWP are located 
in southern China.  Although the MWP in the northwestern PAMs 
was lower than the national value due to the natural drought 
condition, it still reached approximately 0.500 kg/m3 and was 
higher than the southern PAMs. 

 
Figure 2  Actual water productivity of the irrigation (MWP) and its change rate for 31 PAMs of China.   
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3.2  Spatial-temporal pattern of the MWP 
The spatial autocorrelation method is used to explore the 

spatial distribution pattern of the MWP and its change with time 
at the provincial level in China, and the global Moran's I value 
and its test of the MWP in the selected years are calculated and 
listed in Table 2.  Almost all of the global Moran’s I values were 
significantly greater than 0 and above 0.4000, and none of the Z 
scores were below 2.58 (p=0.01).  The average global Moran’s I 
and Z score values of the MWP during 1998-2010 reaches as high 
as 0.4344 and 4.1398, respectively.  It is concluded that a 99% 
confidence interval of the Moran’s I value is positive, which 
demonstrates that a high global spatial autocorrelation of the 
MWP is detected at the provincial level of China during the study 
years.  The spatial association clustering and distribution 
features analysis, based on the local Moran’s I, were also 
conducted.  The difference of both the value of the global 
autocorrelation Moran’s I and the Z score of the MWP among  
the three studied years is tiny (see Table 2).  To further analyze 
the local spatial distribution pattern of the MWP, the local 
Moran’s I value of the PAMs are calculated, and the local 
autocorrelation attribute can be judged.  Finally, a LISA (Local 
indicators of spatial association) cluster map is formed, as shown 
in Figure 3. 

 

Table 2  Moran’s I test for the marginal water 
productivity (MWP) of 1998, 2005, 2010 and the period 

1998-2010 
Indicator 1998 2005 2010 98-10 

Moran’s I 0.3988 0.4664 0.4136 0.4344 
Z Score 3.8313 4.4547 3.9117 4.1398 
P-value 0.0007 0.0002 0.0007 0.0003 

 

Figure 3 illustrates that the color of 28 regions in the observed 
years are identical.  In the other words, the local spatial 
autocorrelation pattern of the MWP is similar in different phases.  
The PAMs with different colors among the MWP are in the humid 
areas of the Yangtze River (such as Jiangxi, Anhui and Chongqing).  
The amount of precipitation may be the main reason for the spatial 
pattern difference of the irrigation water productivity.  Most 
PAMs show the High-High (HH) and Low-Low (LH) 
autocorrelation type.  HH PAMs are distributed in north of the 
Yangze River and the plain of the middle and lower reaches of the 
Yellow River.  LL ones are distributed in the southern Yangze 
River and the northeast of China.  Most of the PAMs (such as 
Xinjiang, Qinghai and Inner Mongolia) located in the northwest 
belong to the LH type.  The 10 regions belonging to the HH type 
include Sichuan, Beijing, Hebei, Shaanxi, Ningxia, Henan, 
Shandong, Hubei, Gansu and Shanxi, and 9 regions belonging to 
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the LL type include Jilin, Heilongjiang, Yunnan, Guizhou, Hunan, 
Guangxi, Guangdong, Fujian and Zhejiang, account for 32.2% and 
29.0% of PAMs, respectively.  The other regions with an MWP 
belonging to the Low-High (LH) type are Tianjin, Liaoning and 
Hainan.  Only Xizang (Tibet) belongs to the High-Low (HL) type 

in all of the WP indexes[23].  MWP in Liaoning and its neighbors, 
Heilongjiang, Jilin, Hebei and Inner Mongolia, were 0.687, 0.536 
2.080 and 1.402 kg/m3 in 1998-2010, respectively.  Liaoning’s 
local spatial pattern is classified into low-high clusters due to the 
significant influence from Hebei and Inner Mongolia. 

 
a. 1998 b. 2005 c. 2010 

 

Figure 3  LISA cluster map of the marginal water productivity for 31 PAMs in 1998, 2005 and 2010 
 

The spatial autocorrelation analysis results show that the MWP 
at the provincial level in China are significantly clustered, both 
globally and locally.  The provinces with similar irrigation water 
productivity values show significant similarity on MWP.  The 
provinces with high WPs are centered in the Huang-Huai-Hai Plain, 
while the provinces with low WPs are distributed in the south and 
the northeast of China.  The southwest-to-southeastern coastal 
area is a region with abundant rainfall and a significant yield of 
grain crops can be reached under no irrigation condition.  The 
effect of irrigation on crop production is not as good as that of 
Huang-Huai-Hai Plain and the surrounding provinces.  Although 
Jilin and Heilongjiang’s crop output per unit area is high in 
northeast, the MWP local spatial autocorrelation attribute has been 
LL due to the extensive management and extensive waste of 
irrigation water resources while planting a large amount of high 
water consumption rice.  Due to the natural and agricultural 
production as well as the economic and social conditions, the 
provinces of Inner Mongolia, Liaoning, and Jiangsu are in the HH 
and LL areas.  The MWP in Xinjiang, Qinghai and Tianjin is in 
the middle level but is significantly less than the neighboring 
provinces with similar conditions.  Therefore, the LISA attribute 
presents as LH.  Chongqing and Anhui swing in the HH and LL, 
which is related to the rapid economic development and 
agricultural production levels in the middle and lower reaches of 
the Yangtze River, resulting in the local feature of the MWP being 
changed between HH and LL’s intensity of radiation.  Jiangxi 
changed from the HL area in 1998 into the later LL area, which 
was affected by a slower MWP growth rate of that province and the 
smaller gap between the southYangtze River provinces. 
3.3  Impact factors of MWP 

The results of the path analysis are shown in Table 3.  Table 3  
shows the positive total impact of meteorological and agricultural 
production inputs on the MWP, except for the average temperature 
(AT).  The remaining factors are positively correlated with the 
MWP, and the correlation between the precipitation (P) and 
irrigation proportion of arable land (IP) is strong while the 
correlation between the relative humidity (RH) and the average 
temperature (AT) is weak.  However, it is necessary to define the 
actual impact degree and the influencing method of each factor to 
improve the MWP, while the direct and indirect observation of the 
coefficient should be integrated.  On the aspect of the direct effect, 

the average temperature (AT), the agricultural machinery power 
per sown area (AM) and the fertilizer rate per sown area (FR)’s 
positive direct impact is greater, while the precipitation (P) and the 
amount of sunshine duration (SSD)’s negative direct impact are 
larger.  The dosage of pesticide per sown area (DP), relative 
humidity (RH), irrigation proportion of arable land (IP) and 
irrigation efficiency (IE) did not significantly affect the MWP in 
space.  The difference of the specific indicator between the direct 
path coefficient and the total coefficient of influence is explained 
by the indirect influence.  For instance, the farmland irrigation 
rate has the greatest effect on the MWP, but it cannot explain how 
the MWP increases the irrigation proportion of arable land (IP) 
directly because it mainly affects the MWP indirectly through the 
agricultural machinery, the average temperature (AT), and the 
fertilizer rate per sown area (FR).  The relative humidity (RH) and 
dosage of pesticide per sown area (DP) also impacted the MWP 
indirectly through the precipitation (P) and agricultural machinery 
power per sown area (AM), respectively.  As the most commonly 
used indicator of the efficiency of the irrigation water resources 
utilization, the direct path coefficient of the irrigation efficiency is 
low, and it did not obviously impact the MWP. 

The average temperature affects the crop growth process and 
the agricultural production pattern.  Higher temperature is 
beneficial to the formation of the crop growth and yield, also 
enlarge the region’s multiple cropping indexes.  This significantly 
increases the grain output per unit area, and significantly increases 
the MWP in the case of different crop irrigation needs.  The input 
of fertilizer and agricultural machinery power is the primary factor 
to improve the agricultural production efficiency and output 
capacity, and the two inputs can play active roles in improving the 
crop yield and water use efficiency.  Therefore, this approach can 
promote the improvement of the MWP.  Precipitation is an 
important source of water during the crop growth (green water), 
and abundant rainfall can guarantee the level of grain yield per 
hectare without irrigation at a large extent, thus limit the effect of 
irrigation on the crop yield promotion.  Therefore, precipitation 
can directly reduce the area’s MWP.  The regional irrigation rates 
and irrigation efficiency reflect the irrigation development.  
However, these two factors also reflect the irrigated area and the 
engineering level in the construction.  The development of the 
irrigation scale can enhance the regional food security capacity, but 
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it will not affect the real productivity of the irrigation water 
resources.  In addition, the irrigation efficiency of different 
regions has minor difference, average efficiency values locate in 
the range of 0.45-0.60, which is an important factor in contributing 

to the smaller influence coefficient between the irrigation 
efficiency and the MWP.  The results of the path analysis 
described the relationship between different factors and MWP, also 
revealed the way to enhance the regional MWP. 

 

Table 3  Path analysis result of the impact of the influencing factors on the marginal water productivity 
Indirect path coefficient 

Factors Direct path 
coefficient RH AT P SSD FR DP AM IP IE 

Total 
influence 

RH 0.008  0.209 –0.314 0.196 0.067 –0.051 –0.076 –0.004 –0.008 0.020 

AT 0.325 0.005  –0.268 0.123 0.141 –0.068 –0.025 0.015 –0.021 –0.097 

P –0.404 0.006 0.215  0.149 0.064 –0.057 –0.087 0.001 –0.019 0.273 

SSD –0.239 –0.007 –0.167 0.253  –0.038 0.028 0.075 0.004 0.008 0.156 

FR 0.206 0.003 0.223 –0.126 0.044  –0.069 0.089 0.024 0.012 0.199 

DP –0.108 0.004 0.205 –0.213 0.062 0.132  0.038 0.021 0.001 0.250 

AM 0.292 –0.002 –0.027 0.120 –0.061 0.063 –0.014  0.019 0.028 0.125 

IP 0.043 –0.001 0.114 –0.010 –0.024 0.113 –0.053 0.130  0.011 0.281 

IE 0.074 –0.001 –0.092 0.103 –0.024 0.035 –0.002 0.109 0.007  0.135 

Note: Factors in Table 3 are relative humidity (RH), average temperature (AT), precipitation (P), sunshine duration (SSD), fertilizer rate per sown area (FR), dosage of 
pesticide per sown area (DP), agricultural machinery power per sown area (AM), irrigation proportion of arable land (IP) and irrigation efficiency (IE). 

 

4  Discussion 

The development of irrigation can increase the crop yields and 
ensure food security, and the country’s food production may 
increase to 170 million tons[3].  However, this technology also 
faces the problem of water use efficiency.  The MWP reflects the 
true performance of the irrigation water inputs and the extent of the 
irrigation development, determine whether a region is suitable for 
continued irrigation.  And apparently, such consideration should 
also include the local water resources, farmland sustainability and 
any environmental sustainability requirements as well. 

Irrigation can increase the food production across the country.  
And some regions in China had large MWP, indicating that small 
farmland irrigation rate is capable to have significantly impact (in 
the second quadrant of Figure 4).  With the consideration of water 
resources exploitation degree and food production situation, this 
treatment should be encouraged.  The northwest PAMs including 
Ningxia, Gansu, Shanxi, Shaanxi and Qinghai provinces belong to 
high water pressure area (Figure 4), the WSI (the water withdrawal 
criticality ratio arising from water withdrawal from water 
availability) is more than 0.4 although the irrigation rate of these 
regions has increased potential.  In these regions, limited water 
resource restricts the further expansion of the irrigated area, 
provides only a small grain production and a limited contribution to 
the country.  In addition, water resources are the key elements to 
maintain the ecological development of these arid and ecologically 
fragile areas.  Therefore, expansion of the irrigation area should 
be limited to restrict the occupation of water resources.  Although 
the MWP is smaller in the southwestern provinces (except Sichuan), 
these provinces are rich in water resources and belong to low or no 
water resource stress areas.  At the same time, the grain 
production capacity in these provinces has a contribution rate of 
more than 2.00%, and the farmland irrigation rate is lower than the 
national level.  Thus, these areas should further expand the 
irrigated area to increase the grain output, make a more important 
contribution to national food security.  The main grain producing 
areas in the northeast (Heilongjiang, Jilin, Liaoning and Inner 
Mongolia) is China's most important granary, these four provinces 
provides 1/4 of the country's grain production.  However, these 
four provinces are in the third quadrant, and WSI are all more than 

0.4, which means they are facing the problem of severe water 
resources limitation and the irrigation water resources output 
capacity is small and wasteful.  Therefore, the northeastern 
provinces should focus on the development and promotion of 
efficient water-saving irrigation technology to reduce the input of 
the irrigation water resources and alleviate the pressure of the water 
resources, ensuring the smooth progress of grain production and the 
stability of national food security. 

In Figure 4, the intersection point of the coordinates axes is the 
national value of the MWP and IP; the number of brackets after the 
province name is the proportion of grain contribution in this region; 
the water resources pressure index is the ratio of water 
consumption to total available water resources. 

The main grain producing areas of the North China Plain, 
including Henan, Shandong and Hebei, contributed 22.71% of 
China's grain production.  This area has similar food and virtual 
water output as the Northeast China[8], but faces high water 
pressure.  The MWP in these regions is almost the highest in the 
country, and the space for saving irrigation is relatively   
limited.  In this area, it is possible to achieve a sustainable 
supply of water resources without reducing the food production 
by changing the irrigation patterns while considering inter-basin 
diversion.  As the food production is mostly negligible, Beijing, 
Shanghai and Tianjin may consider reducing their investment in 
agricultural water use, allocating the limited water resources for 
domestic and industrial requirement.  The MWP of the major 
grain-producing areas (Jiangxi, Hunan, Hubei, Anhui and Jiangsu) 
in the Yangtze River Basin is close to the national level.  In 
these regions, water resources are abundant and the generally 
high proportion of irrigation limits the space for further 
expansion, thus irrigated area can be increased to further 
improving the MWP.  Applying water resources to 
socio-economic development will achieve comprehensive social 
progress.  Other areas in the southeastern provinces are more 
developed and abundant in water resources.  At the same time, 
the MWP of these provinces is low.  These areas belong to the 
food and virtual water input areas in China.  They should 
actively improve their irrigation water production capacity and 
total grain output, reduce their external dependence to ease the 
water pressure in the northern grain output area. 
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Figure 4  Distribution of the marginal water productivity and irrigation proportion of arable land (IP) in China 

 

5  Conclusions 

In order to split up the role of precipitation in the crop yield 
formation, the MWP was presented in this study.  It can 
accurately reflect the performance and production capacity of the 
irrigation water resources in an agricultural production system.  
Therefore, the most direct way to improve the efficiency of 
irrigation water use in a region is to improve the MWP.  The 
growth of MWP in China, approximately 3.4% per year, is the 
reason of continuously increased food production during 
1998-2010 based on stable agricultural water application.  
However, the current MWP of China is only 0.665 kg/m3, allows a 
considerable room for improvement.  The Moran’s I of MWP was 
around 0.400 and it has a spatial distribution pattern that does not 
change over time.  The temperature and precipitation are the 
primary factors that affect the MWP, which are the primary reasons 
for the significant aggregation of the MWP in space.  In addition, 
the impact of the fertilizer and agricultural machinery power per 
sown area on the MWP cannot be ignored, and the MWP can also 
be further promoted by improving agricultural production 
conditions.  Given the pattern of the temporal and spatial 
distribution of MWP, each region should develop specific 
strategies to improve the irrigation water use efficiency on their 
own water resource endowments and the extent of irrigation 
development, ensure the national food security and develop the 
sustainable use of water resources.  Improving irrigation 
efficiency and reducing irrigation water per unit area is a direct 
measure to improve MWP.  In addition, ameliorating crop 
varieties and raising crop yield can also contribute significantly to 
the promotion of regional MWP. 
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