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Crop  production  consumes  and  pollutes  large  volumes  of water.  Previous  literature  predominantly
discusses  a single  indicator  of  agricultural  water  consumption  or environmental  impact  from crop  pro-
duction.  This  study  integrates  a water  footprint  method  into  a decoupling  analysis.  The  water  footprint
method  uses  multidimensional  indicators  to illustrate  agricultural  water  consumed  or  polluted  in  crop
production  according  to  its  elements  and  sources.  Using  the  largest  commodity  grain  in  China  during  the
ecoupling
ater footprint

rop production
gricultural water consumption

years  2000–2009  as  a case  study,  this  research  focuses  on  the  analysis  of decoupling  agricultural  water
consumption  and  environmental  impact  from  crop  production  based  on  two  indexes,  DY−WC and  DY−WEI.
The  results  show  the following:  (1)  a strong  decoupling  trend  occurred  more  in  the  analysis  of decoupling
agricultural  water  consumption  from  crop  production;  (2)  weak  decoupling  occurred  more  often  in the

ricult
nvironmental impact analysis  of  decoupling  ag

. Introduction

The term “decoupling” (or de-linking) originates from the
eld of physics with the idea of “uncoupling”, meaning that the
utual relationship between two or more physical quantities no

onger exists. Decoupling refers to breaking the link between
environmental bads” and “economic goods”, and decoupling envi-
onmental pressure from economic growth is one of the primary
bjectives of the OECD Environmental Strategy for the First Decade
f the 21st Century (OECD, 2002). The decoupling state has been
dopted as a policy goal in the European Union, and decoupling
uman well-being from resource consumption is at the heart of
he Green Economy Initiative of UNEP (UNEP, 2011).

Decoupling analysis is becoming increasingly popular for mea-
uring the relationship between resource use (environmental
mpact) and economic activity (OECD, 2003; Tapio, 2005; Jarmo
t al., 2007; Enevoldsen et al., 2007; Lu et al., 2007; Massimiliano
nd Roberto, 2008; Mazzanti, 2008). A stylized representation of
esource decoupling and impact decoupling is shown in Fig. 1

UNEP, 2011). In studies of agricultural production, the available
iterature focuses on decoupling cultivated land occupancy from
DP growth, but the topic of crop production is addressed less
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frequently. For example, He et al. (2005) carried out an agricul-
tural eco-environment assessment according to a decoupling index
system on soil erosion, Yu (2008) generated a set of criteria for
decoupling crop production from irrigation water, and Xu et al.
(2010) analyzed the relationship between fertilizer application and
crop production using panel data (1999–2007) of 31 provincial
areas in China.

Water is an element of production and the base of the ecosys-
tem; the properties of water resources and the water environment
are inseparable. In the field of agricultural production, the dual
properties of agricultural water include both water consump-
tion and water environmental impact due to the application of
fertilizers and pesticides. Therefore, the analysis of decoupling
agricultural water from crop production inevitably involves two
factors: agricultural water consumption and water environmen-
tal impact. The water footprint (WF) method integrates the dual
properties of water and tracks the footprints of agricultural water
in terms of the blue water footprint, the green water footprint and
the gray water footprint of crop production. However, a decoupling
analysis of agricultural water from crop production based on the
water footprint has not been reported to date.

2. Study area
The Heilongjiang land reclamation area (HLRA) is located in the
world-famous Blacklands of China; it has an area of approximately
57,600 km2, including 113 farms located on 9 branches (Fig. 2). The

dx.doi.org/10.1016/j.ecolind.2014.02.010
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Fig. 1. Stylized representation of two 

limate ranges from humid to semi-humid, with an average pre-
ipitation of approximately 540 mm/year, and the growing season
recipitation (May–September) accounts for 80–90% of the yearly
ainfall. The study area is divided into two parts: the humid east-
rn four branches and the semi-humid western five branches. Crops
ppropriate for the HLRA include rice, corn, soybean and wheat; the
ields of these crops accounted for 94% of the sum total in 2011. In
he HLRA, the cultivated land area per capita is 15 times greater than
he national average, and the crop yield per unit area exceeds that
f the USA; thus, this area represents highest production capacity

n China.

Economic growth in the HLRA has been very costly, especially
n terms of water resources and the water environment. Since
000, the rice planting areas in the eastern Sanjiang plain have

Fig. 2. Location of the Heilongjiang land
s of decoupling (source: UNEP, 2011).

increased in size quickly because of economic factors, while local
irrigation systems lag behind and well-irrigated areas for rice
makeup 80–90% of the entire rice planting area. As a result, land
subsidence occurs widely, and the average groundwater recession
in the eastern Sanjiang plain is 2.5 m (Liu et al., 2006). Moreover, the
non-point source pollution caused by chemical fertilizers in crop
production constitutes over 80% of the total pollution in the HLRA,
which has become the largest hidden threat to food and ecological
security. Using this largest green grain production base in China as
an example, do the high yields come with high energy costs, high

material consumption, and high pollutant emission in the HLRA?
By focusing on these questions, decoupling analysis of agricultural
water from crop production contributes to constructing an “eco-
logical, intelligent and low carbon” agricultural production system.

 reclamation area (HLRA) in China.
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Fig. 3. Diagram of calculating the water footprint of a primary crop in the HLRA. It is adapted from Chapagain and Orr (2008), Aldaya and Llamas (2008) and replenished
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alculating of the gray water footprint. The formulas used to calculate the blue, gree
iterature Hoekstra and Hung (2005), Chapagain and Hoekstra (2010).

. Material and methods

.1. Method of water footprint

Similar to the concept of ecological footprint, the concept of
ater footprint was introduced by Hoekstra and Hung (2002) and
as subsequently elaborated on by Hoekstra and Chapagain (2008).

he water footprint of a product (alternatively known as “virtual
ater content”, Allan, 2003), is the sum of the water footprints of

he process steps taken to produce the product measured over the
ntire supply chain within a country or a region. Its multidimen-
ional indicators show water consumption volumes by sources and
olluted volumes by type of pollution (Mekonnen and Hoekstra,
011; Hoekstra et al., 2011). Three elements of the water footprint
the green, blue and gray water footprints) are specified geographi-
ally and temporally. The blue water footprint refers to the volume
f surface and groundwater consumed (it does not include blue
ater use insofar as this water is returned to where it came from)
uring crop production, and the green water footprint refers to
he rainwater consumed (rainwater stored in the soil as soil mois-
ure) during crop growth (Hoekstra et al., 2011). Thus, the total
olume of agricultural water consumed for crop production is the
um of the blue and green water footprints (Falkenmark, 1995;
oekstra, 2003; Graham, 2006; Monireh et al., 2009; Zeng et al.,
012). Additionally, fertilizers and pesticides applied during crop
rowth often cause water pollution, and the gray water footprint
efers to the volume of freshwater that is required to assimilate
he load of pollutants, based on existing ambient water quality
tandards (Hoekstra et al., 2011). From the perspective of crop pro-
uction, Mekonnen and Hoekstra (2011) estimated the green, blue
nd gray water footprints of 126 crops globally during 1996–2005
ith high spatial resolution.
The importance of using the water footprint method in a
ecoupling analysis is that it offers a wider perspective on the
tudy of agricultural water, taking into account the total volumes
f water consumed and polluted in the annual production of a
 gray water footprints and the meaning of the related variables can be found in the

certain crop. The virtual water and water footprints of crops in the
HLRA (2000–2009) are calculated as Fig. 3.

3.2. Data sources

The data sources used for the water footprint accounting in this
study include climate data and crop production data. Climatic data
include average monthly rainfall, evapotranspiration, temperature,
sunshine, humidity, wind speed and radiation data as inputs for the
CROPWAT model (FAO, 2010; Allen et al., 1998). Climatic data were
obtained from China Meteorological Data Sharing Services System
(http://cdc.cma.gov.cn/home.do) and 8 weather stations near the
HLRA (stations at Fujin, Jiamusi, Jixi, Mudanjiang, Hailun, Harbin,
Nenjiang and Qiqihar).

The CROPWAT model for water footprint accounting in crop
production also requires crop and soil parameters to model evapo-
transpiration and crop irrigation requirements. Crop parameters
included rooting depths, crop coefficients, planting and harvest
dates, and lengths of developmental stages for each crop, as
described in studies by Allen et al. (1998) and Chapagain and
Hoekstra (2004). The predominant soil types are black soil, meadow
soil and Baijiang soil in the study area, and soil parameters included
maximum infiltration rate, values of available soil water con-
tent, maximum rooting depth, and initial soil moisture depletion.
Available soil water content and the maximum infiltration rates
were obtained from the soil nutrient database of Heilongjiang
Academy of Land Reclamation Sciences. Crop yield data came from
the Statistic Yearbook of the Heilongjiang land reclamation area
(2001–2010). Agricultural water environmental impact is based
on the standard of the United States Environmental Protection
Agency (Environmental Protection Agency (EPA), 2005). The fer-
tilizers applied included urea, diammonium phosphate, potassium

chloride and potassium sulfate. Nitrogen (the most substantial
component of the fertilizers) is used as the case pollutant. The nitro-
gen leaching rates of rice, wheat, corn, and soybeans during crop
growth came from field research conducted by Zhang, et al. (2000),

http://cdc.cma.gov.cn/home.do
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Table 1
Criteria for degrees of decoupling/coupling agricultural water consumption and environmental impact from crop production.

Degrees of decoupling/coupling Relationship between crop
yield and water consumption

Relationship between crop yield
and water environmental impact

Strong decoupling �WC ≤ 0, �Y > 0 �WEI  ≤ 0, �Y > 0
Strong coupling �WC  ≥ 0, �Y < 0, DY−WC ≤ 0 �WEI  ≥ 0, �Y < 0, DY-WEI ≤ 0
Weak decoupling �WC  > 0, �Y > 0, 0 < DY−WC < 1 �WEI  > 0, �Y > 0, 0 < DY-WEI < 1

 0, DY−
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water footprint is 0.987 at the 0.01 significance level. Using crop
production as the independent variable, x, and the gray water foot-
print as the dependent variable, y, the equation used to relate these
two factors is y = 11.266 + 0.021x; the R2 value is 0.975 and the

Fig. 4. Crop yield and the blue-green water footprint in the HLRA (2000–2009).
Expansive coupling �WC  > 0, �Y >
Weak coupling �WC  < 0, �Y <
Recessive decoupling �WC  < 0, �Y <

an, et al. (2003) and Zhang et al. (2007); these rates were 14%,
3%, 12%, and 5% in the eastern areas, and 12%, 11%, 10% and 4% in
he western areas, respectively.

It should be noted that international scientific research on gray
ater footprint accounting only considers pollutants from fertilizer

pplication; pesticides and herbicides have not been considered
ecause of their complexity. The application of chemical pesticides

n the HLRA is only 3.69 kg/ha (pure quantity), which is far below
he national standard (15.23 kg/ha). In this regard, the gray water
ootprint reported in this study is relatively conservative; however,
t may  reflect the status of agricultural production in the HLRA.

.3. Indicators of decoupling analysis

Different methods have been applied to the decoupling analysis
f resource use or environmental impact from economic devel-
pment, including decoupling indexes, comprehensive analysis of
ariation, elasticity indexes, the IPAT model, metrological anal-
sis, descriptive statistical analysis, and differential regression
oefficients.

Our research on the decoupling issue addresses changes in agri-
ultural water consumption (WC), changes in agricultural water
nvironmental impact (WEI), and changes in crop yield (Y). Refer-
ing to the available literature on the elasticity indexes approach
Tapio, 2005; Zhong et al., 2010; Wu et al., 2011), this research
onstructs two decoupling elastic indexes: DY−WC for decoupling
ater consumption from crop yield, and DY−WEI for decoupling
ater environmental impact from crop yield. These indexes are

omputed using the following formulas:

Y−WC = %�WC
%�Y

= (WCi/WCi−1 − 1)
(Yi/Yi−1 − 1)

(1)

Y−WEI = %�WEI
%�Y

= (WEIi/WEIi−1 − 1)
(Yi/Yi−1 − 1)

(2)

In the above formulas, WC  is the sum of the blue water foot-
rint and the green water footprint (i.e., the blue-green water
ootprint) in crop production; WCi and WCi−1 represent agricul-
ural water consumption in the last phase and the base period,
espectively. Similarly, WEI  is the volume of the gray footprint
n crop production; WEIi and WEIi−1 represent agricultural water
nvironmental impact in the last phase and the base period, respec-
ively. Yi and Yi−1 represent the crop yield in the last phase and
he base period, respectively. Using the difference (�)  between the
olume of agricultural water consumption, agricultural water envi-
onmental impact or crop yield at two points in time (the time
nterval is one year in this study), %�WC  is the growth rate of agri-
ultural water consumption between the last phase and the base
eriod, %�WEI  is the change rate of agricultural water environmen-
al impact from the last phase to the base period, and %�Y is the
rowth rate of crop yield from the last phase to the base period. Six

ossible combinations of change in the variables WC,  Y and WC/Y
an be interpreted as different degrees of the decoupling/coupling
rocess. The six possible combinations of change in the variables
EI, Y and WEI/Y can be interpreted in the same way (Table 1).
WC ≥ 1 �WEI  > 0, �Y > 0, DY−WEI ≥ 1
DY−WC < 1 �WEI  < 0, �Y < 0, 0 < DY−WEI < 1
WC ≥ 1 �WEI  < 0, �Y < 0, DY−WEI ≥ 1

Based on the measuring model and criteria for decoupling analysis,
this study analyzes the relationship between crop production and
agricultural water consumption and water environmental impact
in the HLRA (2000–2009).

4. Results

4.1. Relationship between crop yield and the blue-green water
footprint

The changes in the crop yield and agricultural water consump-
tion (expressed by the blue-green water footprint in crop growth)
in the HLRA (2000–2009) are shown in Fig. 4; the correlation coef-
ficient, R, between crop yield and the blue-green water footprint
is 0.797 at the 0.01 significance level. Using crop production as the
independent variable, x, and the blue-green water footprint as the
dependent variable, y, the equation used to relate the two factors is
y = 53.825 + 0.039x. The R2 and adjusted R2 values of this equation
are 0.636 and 0.590, respectively, and the F test value is 13.962,
which is close to 11.3 at the 0.01 significance level and passes the
F test.

4.2. Relationship between crop yield and the gray water footprint

The changes in crop yield and water environmental impact
caused by fertilizer application (expressed as the gray water foot-
print in crop growth) in the HLRA (2000–2009) are shown in Fig. 5;
the correlation coefficient, R, between the crop yield and the gray
Fig. 5. Crop yield and the gray water footprint in the HLRA (2000–2009).
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Table  2
Decoupling/coupling agricultural water consumption from crop production in the HLRA.

Year Crop yield
(104 t)

Growth rate of
crop yield (%)

Blue-green water
footprint (108 m3)

Growth rate of blue-green
water footprint (%)

DY−WC Degrees of
decoupling/coupling

2000 796.133 – 94.28 – – –
2001 832.17 4.53 89.4 −5.18 −1.14 Strong decoupling
2002  761.31 −8.52 76.25 −14.71 1.73 Recessive decoupling
2003  717.41 −5.77 72.48 −4.94 0.86 Weak coupling
2004  901.22 25.62 91.3 25.97 1.01 Expansive coupling
2005  973.10 7.98 87.36 −4.32 −0.54 Strong decoupling
2006  1065.11 9.46 92.77 6.19 0.65 Weak decoupling
2007  1210.07 13.61 115.57 24.57 1.81 Expansive coupling
2008  1337.51 10.53 114.38 −1.02 −0.10 Strong decoupling
2009  1631.90 22.01 105.96 −7.36 −0.33 Strong decoupling

Table 3
Decoupling/coupling agricultural water environmental impact from crop production in the HLRA.

Year Crop yield
(104 t)

Growth rate of crop
yield (%)

Gray water footprint
(108 m3)

Growth rate of gray
water footprint (%)

DY−WEI Degrees of
decoupling/coupling

2000 796.13 – 29.05 – – –
2001 832.17 4.53 27.75 −4.48 −0.99 Strong decoupling
2002  761.31 −8.52 27.3 −1.62 0.19 Weak coupling
2003  717.41 −5.77 25.2 −7.69 1.33 Recessive decoupling
2004  901.22 25.62 29.9 18.65 0.73 Weak decoupling
2005  973.10 7.98 30.72 2.74 0.34 Weak decoupling
2006  1065.11 9.46 34.47 12.21 1.29 Expansive coupling
2007  1210.07 13.61 38.2 10.82 0.79 Weak decoupling
2008  1337.51 10.53 38.42 0.58 0.06 Weak decoupling
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tion and environmental impact from rice production in the HLRA
in the period 2000–2009, the trend of weak decoupling was typ-
ical in those branches with large rice planting areas (including

Table 4
Comparison of international gray water footprint of rice (average for the years
2000–2004). Data in the table are from Hoekstra and Chapagain (2008).

Country (region) Gray water footprint
of rice (unit: m3/t)

Heilongjiang land reclamation area 312
China 117
America 101
India 116
Indonesia 118
Bangladesh 103
Vietnam 127
Thailand 116
Burma 50
Japan 61
Philippines 78
2009  1631.90 22.01 44.68 

djusted R2 value is 0.971. The goodness of fit of the equation is
igh, and the high R2 value indicates a close relationship between
he gray water footprint and the crop yield, especially in the years
008 ; and 2009.

.3. Decoupling agricultural water consumption from crop
roduction

Based on the criteria for decoupling degrees (Table 1) and the
lue-green water footprint, the results of the decoupling/coupling
nalysis are shown in Table 2.

In the period 2000–2009, the trend of strong decoupling
ccurred for 4 years, and recessive decoupling and weak decoupling
ccurred for 1 year each. The volumes of agricultural water con-
umption did not increase in proportion with crop yield in the HLRA
n the years 2001, 2005, 2008 and 2009. However, the expansive
oupling state is a warning of the problem of groundwater overex-
loitation, especially for the eastern branches with large planting
reas.

.4. Decoupling agricultural water environmental impact from
rop production

Based on the perspective of the gray footprint, the results
f decoupling/coupling agricultural water environmental impact
rom crop production in the HLRA (2000–2009) are shown in
able 3.

The results show that the trend of weak decoupling occurred for
 years, strong decoupling and recessive decoupling occurred for 1
ear each, and weak coupling and expansive coupling occurred for

 year each. These findings indicate that even if we  estimate the

ater pollution associated with the use of nitrogen fertilizer only

n crop production, water environmental stress caused by fertil-
zer application still exists in the HLRA; there is much room for
mprovement in building a green agricultural production system.
16.29 0.74 Weak decoupling

4.5. Example: decoupling agricultural water consumption and
environmental impact from rice production

Rice is a globally important cereal plant and a primary source of
food, and rice accounts for a larger share of consumptive water use
in cropland in the HLRA. In the period 2000–2009, the blue-green
water footprint of rice constituted 50% of all crops’ blue-green water
footprint, and the gray footprint of rice constituted 56% of all crops’
gray footprint in this area (as shown in Fig. 6 and Table 4).

Further results of the analysis decoupling agricultural water
consumption and environmental impact from rice production
(average of the years 2000–2009) are shown in Table 5.

In the case study of decoupling agricultural water consump-
Brazil 61
North Korea 84
Pakistan 88
Average 109
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Fig. 6. Water footprints of the main crops in the HLRA (2000–2009).

Table 5
Decoupling analysis of agricultural water consumption and water environmental impact from rice production in the HLRA. (Average of the years 2000–2009).

Branch Growth rate of
rice yield (%)

Growth rate of
blue-green water
footprint of rice (%)

Growth rate of gray
water footprint of rice
(%)

DY−WC DY−WEI Decoupling
degrees of
WC  from Y

Decoupling
degrees of
WEI  from Y

BQL branch 0.06 0.03 0.02 0.50 0.33 Weak decoupling Weak decoupling
HXL  branch 0.03 0.01 0.02 0.33 0.67 Weak decoupling Weak decoupling
JSJ  branch 0.13 0.09 0.09 0.69 0.69 Weak decoupling Weak decoupling
MDJbranch 0.04 0.02 0.03 0.50 0.75 Weak decoupling Weak decoupling
BA  branch 0.52 0.29 0.02 0.56 0.04 Weak decoupling Weak decoupling
JS  branch 0.06 0.05 0.03 0.83 0.50 Weak decoupling Weak decoupling
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QQHbranch 0.07 0.04 0.06 

SH  branch 0.01 −0.01 0.03
HB  branch 0.05 −0.06 0.06 

iansanjiang branch, Mudanjiang branch, Hongxinglong branch,
nd Baoquanling branch in Table 5). It is possible for these branches
o achieve the strong decoupling state by improving water use and
ertilizer application efficiency. In particular, more attention should
e paid to preventing groundwater overexploitation for the east-
rn branches. For branches with small rice planting areas, Suihua
ranch and Harbin Branch achieved strong decoupling of water
onsumption from rice production but had expansive coupling of
ater environmental impact from rice production; it is urgent

o improve fertilizer application efficiency in these branches. At
resent, testing soil for formulated fertilizers has been instituted

n 90% of the HLRA, and tracking and evaluating the gray water
ootprint of crop production will contribute to protecting the water
nvironment.

. Discussion and conclusion

Establishing a resource-saving and environmentally friendly
gricultural production system is the goal of China’s agricultural
evelopment. As for agricultural water use, we have not yet found
ays to properly address problems of water scarcity and pollution,

nd the lack of methods for integrating the dual properties of water
esources and the environment hampers the evaluation of agricul-
ural water use. Different from the conventional way of measuring
reshwater use by gross water withdrawals, the “water footprint”

ethod measures consumptive water use and the volume of water
olluted (Hoekstra, 2013). In this study, the water footprint method

s employed for the first time in a decoupling analysis of agricultural
ater use and crop production.

The water footprint provides a framework to analyze water
onsumption volumes by source and polluted volumes by type of

ollution from a wider perspective. Much work needs to be per-
ormed to perfect this method, such as further separating the use
f green and blue surface and groundwater to create more effective
uman intervention towards a better eco-environment; calculating
0.57 0.86 Weak decoupling Weak decoupling
−1.0 3.00 Strong decoupling Expansive coupling
−1.20 1.20 Strong decoupling Expansive coupling

the gray water footprint associated with the use of pesticides and
herbicides (other than nitrogen fertilizers) in crop production for
a more comprehensive water environmental evaluation; and most
importantly, building water footprint benchmarks for water-using
processes to provide an incentive to producers to reduce the water
footprint of their products (Hoekstra, 2013). All these improve-
ments will contribute to a more objective decoupling analysis of
agricultural water use and crop production.

Using the water footprint indicators and building two elastic
indexes (DY−WC and DY−WEI), this research analyzed the relation-
ship between crop production and agricultural water consumption
and agricultural water environmental impact in the Heilongjiang
land reclamation area. The results show that crop production was
not impacted by agricultural water consumption in the period
2000–2009 over the entire study area, but the problem of ground-
water overexploitation cannot be ignored in the eastern branches.
Moreover, the weak decoupling trend was prominent according to
our results (in this study, we have quantified the gray water foot-
print related to nitrogen use only), and the threat of water pollution
still exists. These results will help local decision-makers to adopt
active human interventions toward improving agricultural water
management and achieving a green agricultural production system.
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