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a b s t r a c t

The overall goal of this paper is to analyze the impacts of the urbanization on regional and national
agricultural production through its impact on water use in agriculture in China. Given the historical
trend of water use in agriculture and its correlation with urbanization, the change in agricultural water
use due to urbanization is estimated. Then the impacts of this change on regional crop production are
simulated based on the China Water Simulation Model (CWSM). Within CWSM, a positive mathematical
programming (PMP) optimizes water allocation among crops and between irrigated and rainfed areas
within a crop in each of ten river basins in China. The results show that water use in China has an
obvious increasing trend, particularly in the industrial and domestic sectors, while the share of water
use in agricultural sector has been dropping. A 1-percentage-point increase in urbanization can result
in a 0.47 percentage-point decline in share of water use. Based on the model simulation, this will lead
to the further decrease of irrigated areas and the increase of rainfed areas at both the national and river
basin levels, particularly for water intensive crops (such as rice and wheat). Accordingly, average yields

and total production will also decrease. A river basin with large production of either rice or wheat (or
both) decreases more in irrigated area as urban area expands. Adaptation measures are recommended
for both authorities and farmers to ensure food security, such as providing incentive for farmers to adopt
water saving technology, implementing appropriate institutional and policy innovations (e.g., water use
association, water pricing and water use rights).

© 2015 Elsevier B.V. All rights reserved.
. Introduction

Urbanization in China is one of the most important driving forces
hat will shape China and global development during the twenty-
rst century (Fang, 2009). Urbanization is an inevitable trend in
evelopment for China, which is the most populous country in
he world. Until 2011, China’s urban population was 682 million,
ccounting for almost one-fifth of the world’s urban population
nd exceeding China’s rural population for the first time in history
NBS of China, 2012). It took six decades for China’s urbanization to
xpand from 10% to 50%; this same process took 150 years in Europe
nd 210 years in Latin America and the Caribbean (UNDP, 2013).

his rapid transition will continue, and, according to the United
ations (2012), China’s urbanization level will exceed the world
verage (53.4%) in 2014 and reach nearly 70% in 2030.

∗ Corresponding author. Tel.: +86 10 64889841; fax: +86 10 64856533.
E-mail address: jxwang.ccap@igsnrr.ac.cn (J. Wang).

ttp://dx.doi.org/10.1016/j.ecolmodel.2014.12.021
304-3800/© 2015 Elsevier B.V. All rights reserved.
Policy makers in China also have considered urbanization as an
important driver for promoting socioeconomic development. It has
been well documented that urbanization can play a significant role
in unleashing enormous consumption and investment demand,
and creating numerous job opportunities (Friedmann, 2006; World
Bank, 2014). After an average GDP growth rate of about 10% in
1978–2008, the growth rate of China’s economy has slowed down
recently. To maintain its high economic growth, Chinese govern-
ment has used urbanization to one of major growth engines. For
example, urbanization in China was set as one of the key national
development strategies for the first time in the 10th Five-Year Plan
(2001–2005) (Liu, 2004). The roles of urbanization on China’s devel-
opment have particularly been emphasized in the 12th Five-Year
Plan (2011–2015). The plan of the government’s top leaders is to
increase the rate of urbanization over the next 10 years by 10 per-

centage points.

Therefore, since the roles of urbanization in socio-economic
development and ecological environment are significant (Zhang
et al., 2009; Ji, 2011), there has been growing concern on the

dx.doi.org/10.1016/j.ecolmodel.2014.12.021
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2014.12.021&domain=pdf
mailto:jxwang.ccap@igsnrr.ac.cn
dx.doi.org/10.1016/j.ecolmodel.2014.12.021
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Table 1
Increase and growth rate of water use by sector in different periods in China (1949–2011).

Total increase within each period (%) Annual growth rate (%)

Total Agriculture Industry Domestic Total Agriculture Industry Domestic

1949–1965 166 154 654 200 6.31 6.01 13.46 7.11
1965–1980 62 45 152 1456 3.26 2.53 6.37 20.08
1980–1993 17 3 98 70 1.23 0.24 5.41 4.15
1993–2000 6 −1 26 21 0.80 −0.13 3.33 2.77
2000–2011 9 −1 28 37 0.79 −0.10 2.29 2.93
1949–2011 481 274 5991 13065 2.88 2.15 6.85 8.19
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esources Bulletin (1997–2011), Ministry of Water Resources.

mpacts of rapid urbanization on shifting resources from agri-
ulture to non-agriculture and potential impact on China’s food
ecurity (Satterthwaite et al., 2010). Based on literature review,
ost of recent studies have focused on the impacts of urbaniza-

ion on food security through its impacts on cultivated land. For
xample, Chen (2007) found that in the past 30 years, 21% of the
otal loss of cultivated land was converted to urban use. How-
ver, Deng et al. (2012) pointed out that urbanization might slow
own the rate at which cultivated land is lost in China. In addi-
ion to land, rapid urbanization also places a strain on water
llocation between rural and urban areas. Some studies have sug-
ested that urbanization can result in large decrease of water use
n agriculture (Meinzen-Dick and Appasamy, 2001; Kendy et al.,
007; Wu and Tan, 2012). Interestingly, although water is very
carce and its important role on sustaining agricultural produc-
ion and ecological system has been significantly addressed by

any scholars (such as Boelee, 2011; Wang et al., 2013), lit-
le study has examined the impacts of urbanization on regional
nd national agricultural production through its impacts on water
ses.

Faced with rapid urbanization and its pressure on food security,
everal questions can be raised: What are impacts of urbanization
n agricultural water use or how much water used in agricul-
ural sector will be reallocated to other sectors due to urbanization
n China? What are the potential impacts of falling water use in
griculture due to urbanization on regional and national crop pro-
uction and production structure? Specifically, given the change in
gricultural water supply in each region, how will water allocation
o different crops and the irrigated and rainfed areas of each crop
hange in each region? What are likely impacts on crop yield and
roduction at regional and national levels? What are implications
o China’s food security?

The overall goal of this paper is to provide some answers to
he above questions through analyzing the impacts of urbaniza-
ion on agricultural water use and resulted impacts on crop areas,
ield and production at the regional and national level in China. In
rder to realize the goal, we have conducted the following stud-
es. First, based on historical data, we examine the relationship
etween urbanization and agricultural water use in China. Then the
hange in total agricultural water use due to urbanization is esti-
ated by using econometric method. Second, the impacts of the

hange in agricultural water use due to urbanization on regional
rop production are simulated based on the China Water Simulation
odel (CWSM). CWSW divides China into ten river basins (Liaohe,

onghuajiang, Haihe, Huaihe, Yellow, Yangtze, Pearl, Southeast,
outhwest and Northwest river basins). Within CWSM, a positive
athematical programming (PMP) can optimize water allocation

mong crops and between irrigated and rainfed areas within a crop

n each of ten river basins in China. Finally, based on CWSM simu-
ation, the impacts of urbanization through water on crop yield and
roduction are further explored at each river basin and China as a
hole.
t 50 Years, 1999, published by China Water Power Published Press. (2) China Water

The rest of this paper is organized as follows. Section 2 analyzes
China’s historical trend of water use and the correlation between
urbanization and agricultural water use. The parameter measuring
the impacts of urbanization on agricultural water use obtained in
this section is used in a shock to a simulation model, the China
Water Simulation Model (CWSM), which is briefly introduced in
Section 3. Section 4 presents the simulation results on the impacts
of urbanization on irrigated and rainfed crops areas, crop yield and
production at both the river basin and national levels. Section 5
concludes with policy implications.

2. The relationship between trends of water use by sector
and urbanization

2.1. Trends of China’s water use

Over the past 65 years, water use in China has displayed an obvi-
ous increasing trend, particularly before 1993. From 1949 to 2011,
the total water use in China rose by 481% and the annual growth
rate reached 2.88% (Table 1). Due to low levels of water use and
socioeconomic development, the rate of increase of total water use
was highest in 1949–1965. For example, during this period, total
water use increased by 166% with an average annual growth rate
of 6.31%. The second highest growth rate occurred in 1965–1980.
In this period, the total increase of water use was 62% and the aver-
age annual growth rate was 3.26%. From 1980 to 1993, total water
use in China continued to rise with socioeconomic development.
Although the growth rate of water use has been falling, its total
use still increased by 17% with an average annual growth rate of
1.23% in 1980–1993. After 1993, despite further demand for water
use from various sectors, the growth rate of water use decreased
substantially, because of the rising pressures of water scarcity and
increasing water use efficiency in various sectors (Huang et al.,
2009; Hubacek et al., 2009; Wang et al., 2009a,b). In 1993–2011,
the total water use increased by about 15% and the average annual
growth rate fell to less than 1%. Consistent with the change trend of
total water use, water use in three sectors (the agricultural, indus-
trial, and domestic sectors) had high rates of increase until 1993, at
which point the growth began to decrease significantly.

Despite presenting similar trends, both the industrial and
domestic sectors had much higher growth rates than the agri-
cultural sector did. For example, since 1949, industrial water use
increased by nearly 60 times and domestic water use increased
by 130 times, while the total use by the agricultural sector only
increased by 274%. Similar results can be found for various periods.
After 1980, agricultural water use has had a much lower rate of
increase (an annual increase of 0.24% from 1980 to 1993), and since
1993, the rate has been in decline, since 1993, both industrial and

domestic water use have displayed increasing trends.

With the rapid expansion of industrial and domestic water use
and the constraints on its limited water supply, China’s agricul-
tural sector has faced serious competition pressure for water. For
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Fig. 1. Water use competition among sectors.
Source: Authors’ calculation based on water data from the following several source:
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xample, in 1949, 97% of total water use was allocated to the
gricultural sector, while 3% was allocated to the industrial
nd domestic sectors (Fig. 1). With the rapid increase of non-
gricultural water use from the industrial and domestic sectors,
gricultural water use declined to 88% prior to the beginning of
ural reform in 1978. Presently, agricultural water use accounts for
nly 63% of total water use, while the share of industrial water use
s now 24% and the share of domestic water use is 13%. In the future,
t will be impossible for China to significantly increase water use for
ll its sectors because of water supply limitations. In order to sat-
sfy increasing demand from non-agricultural sectors, part of water
esources may have to be reallocated from the agricultural sector.

.2. Relationship between agricultural water use and
rbanization

As discussed above, agricultural water use has been challenged
y increasing industrial and domestic water use. Many factors have

ed to increases of industrial and domestic water use, urbaniza-
ion is one of the major causes. As urbanization expands, increasing
umbers of rural residents move to cities, and their domestic water
se increases because of improved living standards. For example,
rom 2006 to 2010, the per-capita water use quota for urban resi-
ents was 208 l, or nearly three times that for rural residents in
hina (Ministry of Water Resources of China, 2006–2010). Indus-
rial water use has also experienced an increasing trend with the
xpansion of industry under the development of urbanization.
herefore, in order to have a better understanding of future change
n the trend of agricultural water use in China, it is necessary to
nalyze the relationship between agricultural water use and urban-
zation. The purpose of this section is to examine this relationship
ased on descriptive statistical analysis and regression estimation.

Historical data for the past 20 years indicate an obvious nega-
ive correlation between the share of agricultural water use and the
rbanization rate in China. As shown in Fig. 2, from 1993 to 2011,
he share of agricultural water use in China declined from 73% to
3%, a decline of 10%. At the same period, the urbanization rate

ncreased from 28% to 51%, an increase of 23%. This implies that
n approximate 2-percentage-point increase in China’s urbaniza-
ion rate may result in a 1-percentage-point drop in the share of
gricultural water use (Fig. 3).

In order to further quantify the relationship between agricul-

ural water use and urbanization in China, based on historical data
rom 1993 to 2011, we specify the following regression model:

t = F(Ut) (1)
Fig. 2. Correlation between agricultural water use and urbanization.

In the above model, we use the following three alternative indi-
cators to measure agricultural water use in year t (Wt), quantity
(108 m3) of agricultural water use, linear and log form of ratio of
agricultural water use to total water use. For the independent vari-
able Ut, the level of urbanization is measured in two alternative
ways, the urbanization rate (ratio of the urban population to the
total population) and the log form of urbanization rate.

Based on alternative measurements of the dependent and inde-
pendent variables, we run three kinds of regressions. The results
are presented in Table 2. The estimation results show that all three
models perform well. The adjusted R2 ranges from 0.22 to 0.95,
which implies that the urbanization rate is an important variable
in explaining the share of agricultural water use. The t-statistical
values of the urbanization rate are all negative and statistically
significant, which indicates that urbanization significantly reduces
the share of water used in agriculture in China. This is consistent
with the above descriptive statistical analysis. Since the second
regression has the highest adjusted R2, we use its estimation result
for the following simulation analysis. According to this model, a
1-percentage-point increase in urbanization reduces the share of
China’s agricultural water use by 0.47 percentage points.

3. Simulation model

To examine the impacts of urbanization on regional and national
water allocation and crop production in China, we use CWSM
model. CWSM balances water demand and supply and allocates
water among its users in each of major river basins in China (Wang
et al., 2013). CWSW includes all ten river basins in China. The
model includes two major components, water balance and water
allocation components. When water balance between the water
supply and water demand changes because of policy adjustments or
socioeconomic development (such as urbanization), water is real-
located among sectors (agricultural, industrial and domestic water
users) and within agricultural sector (among nine groups of crops,
rice, wheat, maize, soybean, sugar crops, edible oil crops, cotton,
vegetable and other crops). The detail introduction about water bal-
ance component of CWSM can be found in Wang et al. (2013). In the

following discussion, we mainly focuses on water allocation com-
ponent for agricultural sector, which has been further developed
based on the study of Wang et al. (2013).
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Fig. 3. Locations of

The major approach used in water allocation within agricultural
ector in CWSM is the positive mathematical programming (PMP)
odel (Wang et al., 2013). Howitt (1995) firstly formalized the
odel and then it has been further developed by several scholars

hereafter (such as Helming, 2005; He et al., 2012). It is a method
or calibrating models of agricultural production with resource con-
traints using nonlinear production or cost functions, avoiding the
orner solution in linear optimization model. The method is imple-
ented in three stages. First, calibration constraints are added to

he primal problem. Second, the marginal values from the calibra-
ion constraints are used to estimate the parameters of a new cost
unction. At last, a non-linear objective function is specified and it
emoves the calibration constraints and reproduces the base-year
ctivity levels, closely or exactly, as unconstrained solution values
o verify model calibration. In the literature, some scholars used
nput–output approach to analyze water allocation and manage-

ent issues (Zhang et al., 2011; Chen and Chen, 2013; Han et al.,
014).
In the previous study by Wang et al. (2013), an undesirable
ature of the original PMP model is that the production of the same
rop using different technologies (e.g., irrigated wheat and rainfed

able 2
egression results on the impacts of urbanization on agricultural water use in China.

Dependent variable

Quantity of agricultural water use

Ratio of urban population over
total population

−947.28***

(2.27)

Ratio of urban population over
total population (log form)

R-squared 0.2691

ote: There are 16 observations; absolute value of t statistics in parentheses.
*** Significant at 1%.
er basins in China.

wheat) is treated as multiple and totally different activities. In addi-
tion, the direct link between water and yield was not established.
That is, when water supply has been affected by urbanization,
the yield of irrigated crop cannot change accordingly. In order
to overcome these two shortcomings, we have made two major
improvements. First, according to the approach proposed by Röhm
and Dabbert (2003), we have added more calibration constraints to
obtain higher substitution elasticity between irrigated and rainfed
production of the same crop. Second, we have introduced a yield
function to better depict the relationship between crop yield and
irrigation water.

The optimal water allocation program used in this study
includes the following equation system:

Max{
A

}˘ =
∑

xc

[Ar,xc,irri(Yr,xc,irriPr,xc − ACr,xc,irri)
Ar,xc,rf

+ Ar,xc,rf (Yr,xc,rf Pr,xc − ACr,xc,rf )] (2)

Ratio of agricultural water use Ratio of agricultural water use (log form)

−0.47***

(17.07)

−0.27***

(16.35)

0.9541 0.9503
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xc

(Ar,xc,irri + Ar,xc,rf ) ≤
∑

xc

(Ar,xc,irri + Ar,xc,rf ) (3)

∑
xcETr,xcAr,xc,irriIr,xc

�r
≤ Wr (4)

r,xc,irri = �r,xcI2
r,xc + �r,xcIr,xc + Yr,xc,rf (5)

r,xc = ar,xc (1 − e−br,xc
Ar,xc,irri∑

l
Ar,xc,l

) (6)

Ar,xc,irri ≤ Ar,xc,irri(1 + ε1) [�r,xc,irri] (7)

Ar,xc,rf ≤ Ar,xc,rf (1 + ε1) [�r,xc,rf ] (8)

∑
xc

(Ar,xc,irri + Ar,xc,rf ) ≤
∑

xc

(Ar,xc,irri + Ar,xc,rf )(1 + ε2) [�r,xc]

(9)

here Eq. (2) is the objective function, which is used to maximize
he producer’s profit

∏
subject to land constraints (3), water con-

traints (4), yield constraints (5), irrigation level constraints (6),
nd calibration constraints (7)–(9). The subscript r refers to river
asins (Liaohe, Songhuajiang, Haihe, Huaihe, Yellow, Yangtze, Pearl,
outheast, Southwest, and Northwest River Basins); xc refers to
rops (rice, wheat, maize, soybean, sugar crops, edible oil crops,
otton, vegetables, and other crops); irri refers to irrigated land and
f refers to rainfed land.

The following are the definitions of variables in the model sys-
em:

Ar,xc,irri and Ar,xc,rf: the main choice variables in this model, indicat-
ing the areas of irrigated and rainfed production by crop in each
river basin;
Yr,xc,irri and Yr,xc,irri: yield of irrigated and rainfed crops in each river
basin;
Pr,xc: output price by crop in each river basin;
ACr,xc,irri and ACr,xc,rf: average production cost of irrigated and rain-
fed crops in each river basin;
Ar,xc,irri and Ar,xc,rf : observed sown area of irrigated and rainfed
crops in each river basin in the base year;
Ir,xc: irrigation level of irrigated crops in each river basin, Ir,xc ∈ [0,
1];
ETr,xc: net evapotranspiration by crop in each river basin;
�r: irrigation water use efficiency in each river basin;
Wr: irrigation water supply in each river basin;
�r,xc,irri and � r,xc,irri: parameters representing the relationship
between irrigated crop yield and irrigation in each river basin;
ar,xc,irri and br,xc,irri: parameters representing the relationship
between irrigation and the share of irrigated land area in each
river basin;
ε1 and ε2: small positive numbers, ε2 < ε1;
�r,xc,irri, �r,xc,rf and �r,xc: the shadow values of calibration con-
straints, associated with irrigated area, rainfed area and total sown
area of each crop, respectively.

In the objective Eq. (2), a crop’s profit is defined as the difference
etween revenue and the cost of crop production. A crop’s average
evenue is the product of its yield and its output price. The average
ost of crop production in the first step of PMP is the summation of
ll kinds of costs per hectare, including material and water costs.
and constraints (3) require that the total area allocated to crops
nder irrigated and rainfed production does not exceed the total

and available. Water constraints (4) imply that irrigation water

se in each river basin cannot be more than the irrigation water
upply. Irrigation water use is equal to the result of dividing agri-
ultural water demand for all crops (a crop’s net evapotranspiration
ultiplied by crop area) by irrigation efficiency.
ing 318 (2015) 226–235

Given the responses of crop yields to irrigation water, we apply
a non-linear yield function for Eq. (5). The crop yield of irrigated
land in the equation is not constant, but a variable determined by
the observed rainfed yield and the irrigation level. The parameters
in this function (�r,xc,irri and � r,xc,irri) are derived using observed
information and based on Eq. (10) (expression of yield response to
ET), proposed by the FAO (Doorenbos and Kassam, 1979):(

1 − Ya

Yx

)
= Ky

(
1 − ETa

ETx

)
(10)

where Yx and Ya are the maximum and actual yields, respec-
tively, ETx and ETa are the maximum and actual evapotranspiration,
respectively, Ky is a yield response factor representing the effect
of a reduction in evapotranspiration (ET) on yield losses, and the
values of Ky are from the FAO’s Irrigation and Drainage Paper No.
66 (Steduto et al., 2012). China’s elasticity of crop yield to irrigation
water is about 0.35 overall, ranging from 0.04 to 0.9 for nine crops in
ten river basins, which is comparable with the elasticities in related
studies (Cortignani and Severini, 2009; Graveline and Mérel, 2014).

As assumed in irrigation level constraints (6), the irrigation level
of a crop is positively correlated with the ratio of the irrigation area
to the total sown area. Irrigation level measures to what extent
the net irrigation demand of a crop is satisfied and is defined as
the ratio of the actual irrigation water used by a crop to its net
demand for irrigation. The more serious the water shortage is, the
more reduction the irrigation area and irrigation level will experi-
ence. Parameter br,xc,irri, which is 1.045 for the whole country and
significant at the 1% level, which is estimated based on the field
survey data collected by the Center for Chinese Agricultural Policy
of Chinese Academy of Sciences. Parameter ar,xc,irri is derived using
the observed data in the base year. Without considering technol-
ogy improvements, the irrigation level changes only slightly with
the share of the irrigation area. Thus, in our model, farmers can
choose an irrigation level within a reasonable range (within 10%
of the given irrigation level at the base year) instead of choosing
among certain irrigation methods (such as deficit irrigation at 5%
or 10% in Cortignani and Severini (2009)).

There are three calibration constraints represent by (7)–(9). The
shadow values of these constraints are used in the new average cost
function:

ACr,xc,irri = ˛r,xc,irri + 1
2

ˇr,xc,irriAr,xc,irri + 1
2

�r,xc(Ar,xc,irri + Ar,xc,rf )

(11)

ACr,xc,rf = ˛r,xc,rf + 1
2

ˇr,xc,rf Ar,xc,rf + 1
2

�r,xc(Ar,xc,rf + Ar,xc,rf ) (12)

in which,

{
˛r,xc,irri = Cr,xc,irri,material + Cr,xc,irri,water Ir,xc,irri

˛r,xc,rf = Cr,xc,rf,material
,{

ˇr,xc,irri = �r,xc,irri/Ar,xc,irri

ˇr,xc,rf = �r,xc,rf /Ar,xc,rf
(for nonzero activities), and

�r,xc = �r,xc/(Ar,xc,irri + Ar,xc,rf ). These substitutions make the
calibration constraints redundant, and the objective function (2)
with the new cost functions (11) and (12) is maximized subject
to the constraints (3)–(6), where the base year information can
be fully replicated. The definition of ˇ does not allow the consid-
eration of activity that is not present in the base year. Although
this limitation is considered as a shortcoming and is overcome by
Cortignani and Severini (2009), it suits our model well because
unobserved activities, such as rice production without irrigation
in northern China, are unlikely to develop. Additional information,
such as the actual land value of each river basin, is used to calibrate

the least profitable crop and activity following the procedure in
Röhm and Dabbert (2003).

Using the extended PMP model, cropping patterns can be
quantified by (Ar,xc,irri + Ar,xc,rf), while irrigation strategies can be
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uantified by Ar,xc.irri for irrigated areas, Ar,xc,rf for rainfed areas and
r,xc,irri for the irrigation level. In this case, the simulation’s results
re more practical and reasonable than those under the original
MP model.

. Simulated results on the impacts of urbanization on crop
rea and production by river basin

.1. Scenarios’ design

We design two scenarios for the impact simulations. The first
cenario is the optimal allocation scenario. This is done by running
he PMP model of CWSM to obtain the optimal solutions of water
llocations among crops and by irrigated and rainfed areas within
ach crop in each of ten river basins in 2010 (or the base year). To
void unreasonable results on changes in irrigation, we also impose
maximum of 10% (either positive or negative) change in irrigation

evel for each crop in each river basin.
The second scenario is the urbanization scenario. That is, on

he top of the optimal scenario, we consider a 1-percentage-point
ncrease in urbanization. Based on econometric results in Section
, we know that a 1-percentage-point increase in urbanization
educes the share of agricultural water use by 0.47 percentage
oints in China. We incorporate this result (−0.47%) in the PMP
odel of CWSM for all river basins to re-simulate the optimal

llocations of water, since we mainly focus on the impacts of urban-
zation through agricultural water use.

The differences on irrigated and rainfed areas by crop and by
iver basin between the above two scenarios are the impacts of a
-percentage-point increase in urbanization. Finally, based on the
hanges in irrigated and rainfed areas by crop, the impacts of urban-
zation on average crop yields and production at the river basin
nd national level can be estimated. In the following discussion,
e mainly focus on the impacts of a 1-percentage-point increase

n urbanization on each crop area and production at the river basin
nd national level.

.2. The impacts of urbanization on irrigated, rainfed and sown
rea

The simulation results show that because of the decrease in
gricultural water use under the urbanization scenario, the total
rrigated area decreases, while rainfed area increases throughout
hina. If the urbanization rate increases by a 1-percentage-point

rom the base year, the total irrigated area for all crops in China
ecreases by 0.48%, while rainfed area increases by 0.31% (columns
–3, Table 3).

Similar change trends are also found in all ten river basins
columns 2–3, Table 4). The decrease of irrigated areas in all river
asins ranges from 0.21% in the Northwest River Basin to 0.64% in
he Yangtze River Basins, and increase of rainfed areas in all river
asins ranges from 0.12% in the Yellow River Basin to 0.73% in the
orthwest River Basin. Among ten river basins, decreases of irri-
ated areas in five river basins (Liaohe, Haihe, Yangtze, Peal and
outheast River Basins) are higher than national average level; and
ncreases of rainfed areas in six river basins (Liaohe, Haihe, Yangtze,
outheast, Huaihe and Northwest) are higher than national average
evel. Obviously, the lowest decrease of irrigated areas and highest
ncrease in rainfed areas all take place in the Northwest River Basin.
owever, due to low precipitation and limited water supply, the

urther development opportunity for rainfed agriculture in North-

est River Basin is very limited and presently, rainfed agriculture

n this river basin only consists of 23% of total production. There-
ore, under the urbanization background, how to ensure sufficient
rrigation water supply in the Northwest River Basin is a challenge.
ing 318 (2015) 226–235 231

However, the impacts of urbanization on irrigated and rainfed
areas differ largely by crop (columns 2–3, Table 3). In China, most
crops (except soybeans) reduce irrigated areas and increase rainfed
areas with urbanization. In general, for crops with relatively higher
water sensitivity under irrigation, such as rice and wheat, farm-
ers prefer to stop irrigating in some areas when the water supply
shrinks due to urbanization. When urbanization increases by a 1-
percentage-point, which result in 0.47 percentage-point decline in
agricultural water use when other factors have been kept constant
(those factors influences by urbanization, such as labor wage, land
allocation between rural and urban regions), rice declines its irri-
gated areas by as high as 0.83%. Following with rice, the reduction
of irrigate areas for both wheat and maize also reach by 0.58% and
0.38%, respectively, and meantime their rainfed areas increase by
0.45% and 0.24%. The reduction of irrigated areas for other crops
(such as sugar crops, oil crops, cotton, vegetable and other crops)
are all lower than that for rice, wheat and maize, ranging from 0.06%
to 0.11%. Different from most crops, both irrigated and rainfed areas
of soybean tend to increase (by 0.12% and 0.35% respectively). The
results imply that faced with reduction of agricultural water sup-
ply resulted from urbanization, farmers tend to reallocate land from
other crops to soybeans to ensure their profit.

Similar to the simulation results at the national level, the
changes in irrigated area also vary by crop in each river
basin (column 2, Table 4). When urbanization increases by a
1-percentage-point and keeping constant of other factors, the
reduction of irrigated areas for rice in the Huaihe (1.04%) and
Yangtze River Basin (0.87%) are higher than other eight river basins.
For wheat, except in the Pearl River Basin (where wheat irrigated
areas increases by 0.38%), its reduction of irrigated areas (6.42%)
is obviously higher in the Liaohe River Basin than other eight river
basins (near or lower than 1%). Unlike rice and wheat whose irri-
gated areas decline in most river basins, irrigated areas for maize
in most river basins tend to increase and only decrease in two river
basins, Liaohe and Haihe River Basin. It possibly implies that maize
requires less irrigation but having relatively higher profits among
grain crops. If the river basin is not with serious water shortage
(not like in the Liaohe and Haihe River Basin), farmers tend to
switch some irrigated areas from those grain crops that require
more irrigation but having lower profit (such as rice and wheat) to
maize. Like maize, irrigated areas for soybean and oil crops increase
in most river basins due to their relatively lower irrigation require-
ment and higher profit. For sugar crops, cotton and vegetable, when
urbanization increases, their irrigated areas present decrease trend
in most of river basins and such change trend is similar to rice and
wheat.

Different from the change trends of irrigated areas, rainfed
areas show less diversity (column 3, Table 4). When urbaniza-
tion increases by a 1-percentage-point, and keeping constant of all
other factors, wheat in Songhuajiang, Yangtze and Southwest River
Basins, sugar crops in Liaohe and Songhuajiang River Basins, veg-
etable in Haihe and Southwest River Basins will decrease slightly.
Other than those, most crops in most of river basins their rainfed
areas present increase trend. For example, rainfed areas for wheat
increase by 6.55% in the Liaohe River Basin, which is much higher
than that in other river basins. Rainfed areas for maize increase
by 0.76% in the Northwest River Basin and 0.46% in the Liaohe
River Basin. In these two River Basins, rainfed areas for cotton will
also increase by 0.29% (column 3, Table 4). Under urbanization, the
increases of rainfed areas in ten river basins mainly come from grain
crops, namely rice in Yangtze, Pearl and Southeast River Basins,
wheat in Huaihe, Yellow and Northwest River Basins, maize in

Liaohe, Haihe and Southwest River Basins, and Soybean in Songhua-
jiang River Basin.

Finally, simulation results indicate that urbanization leads to
change in sown area of each crop but the change differs among
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Table 3
Impacts of a 1-percentage-point increase in urbanization on crop production in China.

Sown area (%) Irrigated area (%) Rainfed area (%) Average yield (%) Total production (%)

Total area 0.00 −0.48 0.31
Rice −0.29 −0.83 1.19 −0.15 −0.44
Wheat −0.01 −0.58 0.45 −0.10 −0.11
Maize 0.08 −0.38 0.24 −0.05 0.03
Soybean 0.31 0.12 0.35 −0.02 0.29
Sugar crops 0.03 −0.08 0.05 0.00 0.03
Oil crops 0.16 −0.07 0.21 −0.01 0.14
Cotton 0.03 −0.18 0.26 −0.03 0.00
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Vegetable 0.00 −0.06
Other crops 0.03 −0.11

ource: Simulation results from CWSM model.

rops (column 1, Tables 3 and 4). At the national level, sown areas
f only two crops (rice and wheat) decrease with urbanization
Table 3). Since rice mainly depends on irrigation, it is not surpris-
ng to find the highest decrease of sown area for rice. For other
rops, although their irrigated areas tend to decrease, possibly due
o higher increase of rainfed areas (such as higher increase per-
entage of rainfed areas for soybean, oil crops and cotton), their
rop sown areas have not been reduced. As for the results by river
asin (column 1, Table 4), mostly the changes of crop sown areas
re consistent with that at the national level.

.3. The impacts of urbanization on average crop yield and
roduction

Since urbanization results in fall in irrigated areas for most crops,
he average yield of most crops in China decrease with urbaniza-
ion accordingly (column 4, Table 4). Simulation results show that
hen urbanization increases by a 1-percentage-point, except for

ugar crops, the average yield of all crops decreases. The highest
eduction in average yield is found in rice (by 0.15%) at the national
evel. The second and third major crops having higher reduction of
verage yield are wheat and maize, reducing by 0.15% and 0.10%,
espectively. The yield reduction for other crops range from 0.01%
o 0.05%. As for the impacts of urbanization on crop yield by river
asin, although they differ across ten river basins, the directions
f impacts are similar to those at the national level. Reduction in
ice yield is highest in the Pearl River Basin (0.15%) and for wheat
nd maize, their yield reduction is highest in the Liaohe River Basin
1.52%) and Haihe River Basin (0.15%).

The impacts of urbanization on crop production are estimated
ased on the simulated results of changes in crop sown area and
verage yield. The results are presented in the last column of
ables 3 and 4. Interestingly, the fall in production in China is found
nly for rice, wheat and vegetables (Table 3), the most intensive
ater use crops. In fact, the reduction of production of rice or wheat
roduction is not only due to reduction of its average yield, but also
he reduction of its sown areas. For vegetable, reduction of its pro-
uction is mainly due to the decline of average yield since its sown
reas has not been changed. For other crops, even their average
ields decline, their productions do not fall. The major reason is
hat their sown areas increase, which offsets the negative impact
f urbanization on yield reduction.

The results on the impacts of urbanization on crop production
y river basin show that the nature of impacts highly depends on
he type of crops planted and composition of crops in each river
asin. For those regions with more production in rice and wheat,
he more negative impacts on crop production are evidenced (last

olumn, Table 4). In addition to rice and wheat, in many river basins,
he productions of several other crops with relatively less intensive
se of water rise slightly. Therefore, urbanization can also result in
he changes in crop structure in each river basin.
.04 −0.01 −0.01

.06 −0.01 0.02

Finally, we want to address that CWSM is still under the devel-
opment stage and the stability of magnitude of simulation results
need to be further improved in the future study. Presently, some
key parameters (such as elasticity of crop yield to irrigation water
and elasticity of irrigation level to the share of irrigated area) are
mainly based on literature review and do not vary by river basins.
Although the directions of simulation results (such as the impacts
of urbanization on crop irrigated and rainfed areas, crop yields
and production) are stable, their magnitudes are sensitive to the
assumption of these key parameters. For example, the negative
impact of urbanization on rice production at national level ranges
from 0.2% to 0.6% under different assumptions on these parame-
ters. In the future, these parameters need to be verified based on
empirical study in various regions in China.

5. Conclusion and policy implications

This study analyzes the impacts of urbanization on agricultural
water use and resulted impacts on crop areas, yield and production
at the regional and national level in China. The results of economet-
ric analysis show that the falling share of water used in agriculture
has been significantly correlated with the rise of urbanization. A
1-percentage-point rise in the share of urban population has been
associated with nearly a half percentage decrease in the share of
water used in agriculture. To simulate the impact of urbanization
through its impact of agricultural water use, an optimal water allo-
cation program under a water supply and demand balance model
is developed.

Simulation results indicate that the larger negative impact of
urbanization is in water intensive using crops such as rice and
wheat. With a 1-percentage-point rise in urbanization, the total
irrigated areas for all crops in China decrease by 0.48%, while rain-
fed areas increase by 0.31%. The largest falls in irrigated areas are
in rice and wheat. Given the yield gap between the irrigated and
rainfed crops, the changes in the irrigated areas, together with the
corresponding rise in rainfed, result in the falls of rice and wheat
production in China by 0.44% and 11%, respectively. A very mild
negative impact is also found in vegetable production (0.01%). On
the other hand, all other crops that use relatively less water per
hectare increase their production slightly, ranging from nearly no
change in cotton to a rise of 0.29% in soybean production. For grain
as a whole, a 1-percentage-point rise in urbanization reduces grain
production by about 0.17%.

The impacts of urbanization on crop production through its
impact on water availability differ by river basin. Among ten river
basins, decreases of irrigated areas in five river basins are higher
than national average level; and increases of rainfed areas in six

river basins are higher than national average level. In general, a
river basin with large production of either rice or wheat (or both)
decreases more in irrigated area as urban area expands. The impacts
of urbanization on irrigated and rainfed areas of each crop also
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Table 4
Impacts of a 1-percentage-point increase in urbanization on crop production by river basin.

Sown area (%) Irrigated area (%) Rainfed area (%) Average yield (%) Total production (%)

Liaohe RB
Total area 0.00 −0.51 0.35

Rice −0.50 −0.50 0.00 0.00 −0.50
Wheat −0.58 −6.42 6.55 −1.52 −2.01
Maize 0.07 −0.55 0.46 −0.10 −0.03
Soybean 0.18 0.16 0.19 0.00 0.18
Sugar crops −0.11 −0.09 −0.11 0.00 −0.10
Oil crops 0.09 −0.52 0.21 −0.03 0.05
Cotton 0.05 −0.20 0.29 −0.03 0.01
Vegetable 0.00 −0.11 0.11 −0.02 −0.02
Other crops 0.05 −0.46 0.13 −0.03 0.02

Songhuajiang RB
Total area 0.00 −0.45 0.19

Rice −0.64 −0.78 2.62 −0.06 −0.71
Wheat −0.94 −1.13 −0.76 0.00 −1.00
Maize 0.03 0.03 0.03 0.00 0.03
Soybean 0.37 0.32 0.37 0.00 0.36
Sugar crops −0.20 −0.17 −0.22 0.00 −0.20
Oil crops 0.28 0.24 0.29 0.00 0.28
Cotton 0.01 −0.34 0.35 −0.06 −0.05
Vegetable −0.02 −0.10 0.23 −0.03 −0.05
Other crops 0.03 0.04 0.03 0.00 0.03

Haihe RB
Total area 0.00 −0.50 0.55

Rice −0.38 −0.38 0.00 0.00 −0.38
Wheat −0.10 −0.57 0.98 −0.12 −0.22
Maize 0.06 −0.97 0.66 −0.15 −0.09
Soybean 0.26 0.22 0.27 0.00 0.26
Sugar crops 0.00 −0.34 0.34 −0.04 −0.04
Oil crops 0.11 0.02 0.20 −0.01 0.10
Cotton 0.04 −0.32 0.21 −0.03 0.01
Vegetable −0.03 −0.08 0.17 −0.01 −0.04
Other crops 0.02 −0.11 0.09 −0.01 0.01

Huaihe RB
Total area 0.00 −0.43 0.40

Rice −0.86 −1.04 1.51 −0.07 −0.93
Wheat 0.15 −0.51 0.64 −0.09 0.06
Maize 0.18 0.21 0.17 0.00 0.18
Soybean 0.37 0.31 0.44 0.00 0.37
Sugar crops −0.34 −0.34 0.00 0.00 −0.34
Oil crops 0.16 0.01 0.30 −0.01 0.14
Cotton −0.05 −0.61 0.66 −0.11 −0.16
Vegetable −0.03 −0.04 −0.03 0.00 −0.04
Other crops 0.06 −0.21 0.18 −0.05 0.01

Yellow RB
Total area 0.00 −0.27 0.12

Rice −0.07 −0.07 0.00 0.00 −0.07
Wheat −0.05 −0.64 0.38 −0.19 −0.24
Maize 0.03 −0.06 0.06 −0.01 0.03
Soybean 0.05 −0.03 0.06 0.00 0.04
Sugar crops 0.01 −0.08 0.07 −0.02 −0.01
Oil crops 0.03 0.00 0.04 0.00 0.03
Cotton 0.01 −0.02 0.03 0.00 0.01
Vegetable 0.00 −0.01 0.01 0.00 0.00
Other crops 0.00 0.00 0.00 0.00 0.00

Yangtze RB
Total area 0.00 −0.64 0.33

Rice −0.17 −0.87 1.17 −0.16 −0.32
Wheat −0.02 −0.02 −0.03 0.00 −0.02
Maize 0.15 −0.57 0.28 −0.04 0.11
Soybean 0.24 −0.33 0.39 −0.03 0.21
Sugar crops 0.07 −1.09 0.20 −0.04 0.03
Oil crops 0.18 −0.38 0.24 −0.01 0.17
Cotton 0.08 −0.14 0.14 −0.01 0.07
Vegetable 0.01 −0.07 0.05 −0.01 0.01
Other crops 0.04 −0.25 0.08 −0.01 0.03

Pearl RB
Total area 0.00 −0.50 0.29

Rice −0.15 −0.75 1.04 −0.15 −0.30
Wheat 0.44 0.38 0.45 0.00 0.43
Maize 0.11 0.12 0.11 0.00 0.11
Soybean 0.39 0.34 0.40 0.00 0.39
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Table 4 (Continued)

Sown area (%) Irrigated area (%) Rainfed area (%) Average yield (%) Total production (%)

Sugar crops 0.06 0.05 0.06 0.00 0.06
Oil crops 0.15 −0.04 0.17 −0.01 0.14
Cotton 0.06 −0.04 0.08 0.00 0.05
Vegetable 0.01 −0.04 0.04 −0.01 0.01
Other crops 0.02 −0.12 0.06 −0.01 0.01

Southeast RB
Total area 0.00 −0.63 0.45

Rice −0.13 −0.84 1.30 −0.13 −0.26
Wheat −0.32 −4.32 1.08 −0.40 −0.72
Maize 0.27 −0.34 0.36 −0.02 0.24
Soybean 0.49 −0.40 0.59 −0.03 0.47
Sugar crops 0.12 0.11 0.13 0.00 0.12
Oil crops 0.22 −0.37 0.29 −0.02 0.20
Cotton 0.18 −0.23 0.22 −0.01 0.17
Vegetable 0.02 −0.09 0.07 −0.01 0.01
Other crops 0.06 −0.15 0.08 −0.01 0.05

Southwest RB
Total area 0.00 −0.42 0.18

Rice −0.22 −0.57 1.18 −0.14 −0.35
Wheat −0.13 −0.11 −0.14 0.00 −0.12
Maize 0.13 −0.97 0.32 −0.08 0.04
Soybean 0.24 0.21 0.24 0.00 0.24
Sugar crops 0.02 0.02 0.02 0.00 0.02
Oil crops 0.09 0.08 0.10 0.00 0.09
Cotton 0.04 −0.50 0.17 −0.04 −0.01
Vegetable −0.01 −0.01 −0.01 0.00 −0.01
Other crops 0.01 0.01 0.01 0.00 0.01

Northwest RB
Total area 0.00 −0.21 0.73

Rice −0.10 −0.10 0.00 0.00 −0.10
Wheat −0.25 −1.05 3.25 −0.27 −0.49
Maize 0.09 −0.03 0.76 −0.04 0.05
Soybean 0.31 −0.03 1.68 −0.21 0.13
Sugar crops −0.16 −0.16 0.00 0.00 −0.16
Oil crops 0.21 0.25 0.15 0.00 0.22
Cotton 0.06 0.03 0.23 −0.01 0.05
Vegetable 0.01 0.01 0.00 0.00 0.01
Other crops 0.01 0.01 0.01 0.00 0.01
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iffer slightly among ten river basins. For crops with relatively
igher water sensitivity, farmers tend to reduce irrigated area
nd expand rainfed area when the water supply shrinks due to
rbanization. Meantime, rainfed areas for all crops in most of river
asins increase with urbanization. When we examine the impacts
f urbanization on crop production by river basin, we also find
hat the river basins with more rice or wheat production are more
egatively influenced by urbanization.

The results of this paper have several policy implications. First,
hile the roles of urbanization in development are obvious, its
egative impacts on the irrigated agriculture, particular the pro-
uctions of rice and wheat, the most important food grain in China,
hould get more attention. Second, given the constant of all other
actors, urbanization tends to favor the rainfed crop expansion
nd change regional cropping pattern, which may also have pol-
cy implications on investment priority in rainfed agriculture. The
ast but not the least, in order to reduce the loss of irrigated agri-
ulture from rapid urbanization, adopting water saving technology
nd providing incentive for farmers to improving irrigation water
se efficiency are essential (Blanke et al., 2007). In this regard, in
ddition to increase investment in water sector, more efforts should
lso focus on appropriate institutional innovations (e.g., water use

ssociation, privatization of irrigation facilities) (Wang et al., 2007,
010) and policies (e.g., water pricing and water allocation policies
hrough establishing water use rights) (Heaney et al., 2006; Huang
t al., 2010).
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