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Beijing, the capital of China, is experiencing a serious lack of water, which is becoming a
main factor in the restriction of the development of the social economy. Due to the low
economic efficiency and high consumption proportion of agricultural water use, the
relationship between economic growth and agricultural water use is worth
investigating. The “decoupling” index is becoming increasingly popular for identifying
the degree of non-synchronous variation between resource consumption and economic
growth. However, few studies address the decoupling between the crop water
consumption and agricultural economic growth. This paper involves the water footprint
(WF) to assess the water consumption in the crop production process. After an evaluation
of the crop WF in Beijing, this paper applies the decoupling indicators to examine the
occurrence of non-synchronous variation between the agricultural gross domestic product
(GDP) and crop WF in Beijing from 1981 to 2013. The results show that the WF of crop
production in 2013 reduced by 62.1% compared to that in 1980— in total, 1.81 × 109m3.
According to the decoupling states, the entire study period is divided into three periods.
From 1981 to 2013, the decoupling states represented seventy-five percent of the years
from 1981 to 1992 (Period I) with a moderate decoupling degree, more than ninety percent
from 1993 to 2003 (Period II) with a very strong decoupling degree and moved from non-
decoupling to strong decoupling from 2004 to 2013 (Period III). Adjusting plantation
structure, technology innovation and raising awareness of water-saving, may promote the
decoupling degree between WF and agricultural GDP in Beijing.
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1 INTRODUCTION

Water is the fountain of life and an important material base for a city to sustain economic growth.
However, with the rapid development of the population and social economy, water demand increases
rapidly, and water scarcity is a global problem (Wang et al., 2016). To solve the water crisis in the
Middle East, Allan (1993) proposed the concept of “virtual water”, and, based on this concept,
Hoekstra et al. (2011) proposed the term “water footprint,” which refers not only to direct water use
but also to the indirect water use of a consumer or producer. Blue water footprint (WFblue), green
water footprint (WFgreen) and grey water footprint (WFgrey) are parts of the water footprint (WF).
WFblue refers to irrigation water drawn from surface water and ground water, WFgreen refers to
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rainwater, and WFgrey refers to the volume of freshwater that is
used to dilute the pollution generated in the crop production
process (Chapagain and Hoekstra, 2011).

The water footprint assesses the impact of human activities on
water resources and is critical for determining the link between
humans and the water environment. With the rapid development
of water footprint research, water footprint has become one of the
hot research topics (Zhang et al., 2017; Wu et al., 2021). China is
short of water resources, and the amount of water per capita is
lacking. In addition, the distribution of water resources and
economic conditions exist significant regional differences
(Deng et al., 2021). From the perspective of the industry
sector, the agricultural water consumption is the largest in
China. Due to the high consumption proportion of
agricultural water use, assessing the crop water use based on
water footprint indicator is significant for sustainable crop
production and water consumption.

To evaluate the relationship between economic growth and
energy consumption, some scholars have proposed the
decoupling theory. The decoupling theory comes from
physics, which refers to the lack of connection between two
or more physical quantities. The decoupling theory was first
mentioned in environmental research at the beginning of the
2000s by Zhang (2000) and was applied in the field of
agricultural policy by the Organization for Economic Co-
operation and Development (OECD) (OECD, 2002). At
present, studies on the decoupling theory are mainly involved
in CO2 emissions and economic growth. Due to the low
economic efficiency and high consumption proportion of
agricultural water use, the relationship between economic
development and agricultural water use is worth
investigating. However, few studies have been devoted to
analyzing the decoupling of the crop water footprint from
agricultural economic growth.

Beijing, the capital of China, is experiencing a serious lack of
water (Huang et al., 2015). Benefiting from the implementation of
the South-to-North Water Transfer Project, the total amount of
water resources in Beijing has increased significantly (Xu et al.,
2015). However, according to the Beijing Water Authority, the
average per capita water resources have decreased because of the
surging population. Clearly, the water shortage in Beijing is
becoming the main factor in the restriction of the
development of the social economy (Wang et al., 2013c). More
attention should be directed to agricultural water consumption,
as it represents a large proportion of total water consumption. It
has been predicted that Beijing agricultural water consumption
will be reduced 14% by 2020 compared to 1997; however, this will
still account for more than half of the total water consumption
(Hubacek et al., 2009).

Water footprint is a powerful tool for describing agricultural
production and water use because of its comprehensiveness (Cao
et al., 2021). After an evaluation of the crop water footprint in
Beijing, this paper serves as a preliminary attempt to apply the
decoupling theory to examine the occurrence of non-
synchronous variation between the agricultural GDP and the
crop water footprint in Beijing from 1981 to 2013. The findings of
this study provide scientific guidance for the management of

agricultural production in Beijing that ultimately aims to generate
the sustainable agricultural water use.

2 LITERATURE REVIEW OF THE
DECOUPLING ANALYSIS

Although the concept of the decoupling theory is easy to
understand, the calculation of methods and the divisions of
the decoupling degree are complicated. This section
summarizes the main research methods and makes a literature
review of the decoupling analysis.

2.1 Decoupling Theory
“Decoupling” is a term that is derived from physics. It has been
widely applied in the research on resources and the environment.
The decoupling index is becoming increasingly popular for
reflecting the degree of non-synchronous variation between
resource consumption and economic growth. The concept of
decoupling is mainly used in the study of the development of the
environment and economy. Issues about resources and the
environment are becoming increasingly significant; many
scholars have promoted further development of theoretical
and practical research on decoupling. Based on the previous
research, the study of decoupling mainly involves research in the
field of carbon emissions, water, and other aspects.

The decoupling theory has been widely used in the research on
CO2 emissions and GDP, such as decomposing a decoupling
relationship between energy-related CO2 emissions and
economic growth in China (Zhang and Da, 2015) and a
comparative study of decoupling analysis of four countries
(Wang et al., 2013a). In addition to the decoupling
relationship between energy use and economic growth, the
decoupling theory is applied to various areas, such as a
decoupling assessment of a rural settlement area and the rural
population in China (Song and Liu, 2014). Few studies have
examined water issues. Further exploration is needed both in
macro and micro areas. At present, only a small number of
studies have mentioned the connection between GDP and the
water footprint — for example, the decoupling analysis of water
consumption and economic growth in China (Wang et al., 2011).

2.2 Comparison of Decoupling Indicators
Decoupling theory that is applied in the research on the
relationship between resource consumption and economic
growth is still in the early stages. Many different kinds of
decoupling indicators have been proposed by different
scholars. According to the literature, the following six types of
decoupling indicators were widely adopted.

The OECD (2002) proposed a method of evaluating a
decoupling indicator and developed the decoupling degree
further in the report “Indicators to Measure Decoupling of
Environmental Pressure from Economic Growth.” Decoupling
was divided into two states: relative and absolute. “Relative
decoupling” occurs when the growth rate of energy use was
positive but less than the growth rate of GDP. “Absolute
decoupling” occurs when the growth rate of the energy use
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was zero or negative while the growth rate of the GDP was
positive. However, a decoupling factor cannot distinguish the
type of non-decoupling. As mentioned before, the decoupling
theory was first applied in the field of agricultural policy by the
OECD (2002). Accordingly, the decoupling method has been
widely adopted in many studies, including a study examining the
decoupling of environmental pressure from economic growth
(Yu et al., 2013).

According to the definition given by Tapio (2005) when he
studied the decoupling of transportation and GDP, we can
calculate %ΔGDP which is the percentage change of GDP in
the same period (Tapio, 2005). When %ΔGDP>0, the decoupling
state takes four cases (Tapio, 2005): weak decoupling, expansive
coupling, expansive negative decoupling and strong decoupling.
However, when %ΔGDP<0, the decoupling state takes another
four cases (Tapio, 2005): strong negative decoupling, weak
negative decoupling, recessive coupling and recessive decoupling.

Many researchers have measured the decoupling state using
this method— for example, an assessment of decoupling between
the rural settlement area and rural population in China (Song and
Liu, 2014), an evaluation of decoupling indicators of CO2

emissions from the tourism industry in China during the
1990–2012 period (Tang et al., 2014), an empirical study on
environmental pressure versus economic growth in China during
the 1991–2012 period (Zhang et al., 2015), and a study on the
decoupling of completely energy consumption and economic
growth in China’s economic sectors between 1995 and 2015
(Li et al., 2021).

With regard to the change of environmental stress, economic
growth, environmental stress per unit of GDP, etc., a decoupling
indicator was introduced by Vehmas et al. (2003). The degrees of
de-linking and re-linking environmental stress (ES) from the
GDP are shown in Table 1.

The decoupling indicator based on the IPAT Equation will be
introduced in detail in Section 3.3. Here, some examples using
this method are presented along with its advantages and
disadvantages. It is not common to find studies that have
adopted this method as it is slightly difficult to calculate and
cannot distinguish between types of non-decoupling. However, it
can be easily applied to relevant planning index calculations. For
example, Wang et al. (2013a) examined the decoupling
conditions of the domestic extraction of materials, energy use,
and sulfur dioxide (SO2) emissions from the gross domestic
product (GDP) of four countries. Lu et al. (2015) analyzed the
decoupling of an environmental mountain with case studies from
China.

A decomposition analysis used to assess the progress in
decoupling industrial growth from CO2 emissions in an EU
manufacturing sector revealed a new method of evaluating
decoupling degrees (Diakoulaki and Mandaraka, 2007). The
output effect and the non-output effect can be obtained by
decomposition analysis, and the calculation of decoupling
index based on the ratio of non-output effect and output
effect. Evaluating decoupling degrees with this method is clear.
A variety of studies use this method — for example, a
decomposition of the decoupling of energy-related CO2

emissions and economic growth in Jiangsu, China (Wang
et al., 2013b) and the decomposition of energy-related carbon
emissions and its decoupling from economic growth in China
(Zhang and Da, 2015).

To evaluate the degree of decoupling with the method of
statistical analysis, we should establish a functional relationship
between energy pressure and GDP using a regression analysis
followed by a relative coefficient that includes the Tapio method
to obtain the result. There are some advantages of this method.
We can ignore any unnecessary factors and focus on the key
factors. it can evaluate the degree of decoupling and quantitatively
analyze the driving factors — for example, the decoupling of
industrial energy consumption and CO2 emissions in energy
intensive industries in Scandinavia (Enevoldsen et al., 2007),
and the decoupling relationship between biophysical and
socioeconomic variables and runoff and sediment yield in
public catchments of Jiangxi province (Yu et al., 2021).

In the above method, the Tapio method fractionizes the
decoupling stated, making it more accurate than the OECD
method. Compared with the Tapio method, the statistical
analysis method shows higher precision. However, it requires a
pretty large amount of data. There is the same problem with the
index decomposition method. The Vehmas method is simple and
obvious but the critical state of the degrees was not considered,
nor can it contribute to the evaluation of a long-term plan.
Contrasting to other methods, the IPTA model is more easily
to apply to the calculation of relevant planning indicators.

As shown in Table 2, we can identify the characteristics of
these six methods. This paper attempts to apply the decoupling
index presented by Tapio and the IPAT model to examine the
occurrence of non-synchronous variations between GDP and the
water footprint in Beijing from 1980 to 2013 and compare the
results derived from these two methods.

3 METHODS AND DATA

3.1 WF Evaluation
The water footprint (WF) of crop production is calculated using
the following formulas (Hoekstra et al., 2011).

WF � WFblue +WFgreen +WFgrey (1)

WFblue � CWUblue

Y
× C � 10 × ETblue

Y
× C (2)

WFgreen � CWUgreen

Y
× C � 10 × ETgreen

Y
× C (3)

TABLE 1 | Degrees of de-linking and re-linking environmental stress (ES).

Degrees of de-linking
and re-linking

ΔGDP ΔES Δ(ES/GDP)

Strong re-linking <0 >0 >0
Weak re-linking <0 <0 >0
Expansive re-linking >0 >0 >0
Strong de-linking >0 <0 <0
Weak de-linking >0 >0 <0
Recessive de-linking <0 <0 <0
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WFgrey � (α × AR)/(Cmax − Cnat)
Y

× C (4)

whereWF is the water footprint of the crop (m3), CWUblue is the
blue water in crop water consumption (m3ha−1), CWUgreen is the
green water in crop water consumption (m3ha−1), 10 is the factor
that converts the water depth (mm) into water volume per area
(m3ha−1) (Hoekstra et al., 2011), ETblue is the blue water
evapotranspiration (mm), ETgreen is the green water
evapotranspiration (mm), Y is the crop yield per unit area (kg
ha−1) (Hoekstra et al., 2011), C is the crop yield (t), AR is the
amount of fertilizer used per unit area (kg hm−2), α is the leaching
rate (the proportion of pollutants into the water out of all the
fertilizer), Cmax is the maximum allowable concentration (kg
m−3), and Cnat is the natural background concentration (kg m−3).

3.2 Decoupling Indicator Based on Tapio
Based on the calculation formula used in evaluating the CO2

emission-economic growth linkage (Tapio, 2005), we can
examine the occurrence of decoupling between the growth
rates in economic activity and the crop product water
footprint from energy consumption in the calculation
framework as follows.

T � %ΔWF

%ΔGDP
� %(WF −WF’)/WF’

%(GDP − GDP’)/GDP’
(5)

where T is the decoupling index; WF and WF’ are the water
footprint from the target year and base year (m³), respectively;
GDP and GDP’ are the agricultural GDP from the target year and
base year (yuan), respectively.

The decoupling state takes the following eight cases:

(1) If 0 < T ≤ 0.8, %ΔWF >0, %ΔGDP> 0, weak decoupling is
indicated.

(2) If 0.8 < T ≤ 1.2, %ΔWF >0, %ΔGDP> 0, expansive coupling is
indicated.

(3) If T > 1.2, %ΔWF >0, %ΔGDP> 0, expansive negative
decoupling is indicated.

(4) If T ≤ 0, %ΔWF <0, %ΔGDP> 0, strong decoupling is
indicated.

(5) If T ≤ 0, %ΔWF >0, %ΔGDP< 0, strong negative decoupling
is indicated.

(6) If 0 < T ≤ 0.8, %ΔWF <0, %ΔGDP<0, weak negative
decoupling is indicated.

(7) If 0.8 < T ≤ 1.2, %ΔWF <0, %ΔGDP<0, recessive coupling is
indicated.

TABLE 2 | Comparison of different methods for measuring decoupling.

References Method Area Environmental/resources
pressure

Socioeconomic
drivers

Period Classification
of

decoupling

Yu et al. (2013) The decoupling indicator
based on OECD

China CO2, SO2, soot, waste water,
COD and ammonia nitrogen

Economic growth 1978–2010 2

Peng et al. (2020) The decoupling indicator
based on OECD

30 provinces in China Climate change Economic output 2005–2015 2

Zhang and Yang,
2014

The decoupling indicator
based on Tapio

The Heilongjiang land
reclamation area, China

Water consumption and
environmental impact

Crop production
yield

2000–2009 8

Zhang et al.
(2015)

The decoupling indicator
based on Tapio

China Waste water, SO2 emissions and
solid waste

Economic growth 1991–2012 8

Wu et al. (2018) The decoupling indicator
based on Tapio

USA, FRA, GRB, DEU,
RUS, CHN, BRA, IND

CO2 emissions Economic growth 1965–2015 8

Wang et al.
(2019)

The decoupling indicator
based on Tapio

Beijing and Shanghai, China Carbon emissions Economic output 2000–2015 8

Vehmas et al.
(2003)

The decoupling indicator
based on Vehmas

European Union, Japan,
USA, China, India and Brazil

Total primary energy supply and
CO2 emissions

Economic growth 1973–1999 6

Wang et al.,
2013a

The decoupling indicator
based on IPAT equation

China, Russia, Japan,
and the United States

Domestic extraction of materials,
energy use and SO2 emissions

Economic growth 2000–2007 3

Lu et al., 2015 The decoupling indicator
based on IPAT equation

China Energy consumption, crude steel
production, cement production,
CO2 emissions, and SO2

emissions

Economic growth 1985–2010 3

De Freitas and
Kaneko, 2011

The decoupling indicator based on
index decomposition analysis

Brazil CO2 emissions Economic growth 2004–2009 3

Andreoni and
Galmarini, 2012

The decoupling indicator based on
index decomposition analysis

Italian CO2 emissions Economic growth 1998–2006 3

Wang and Yang,
2015

The decoupling indicator based on
index decomposition analysis

Beijing–Tianjin–Hebei
economic band, China

Carbon emissions Regional industry
development

1996–2010 3

Zhang et al.
(2019)

The decoupling indicator based on
index decomposition analysis

China Electricity consumption Economic activity
effect

1990–2016 3

De Bruyn and
Opschoor, 1997

The decoupling indicator based
on statistical analysis

19 countries Environmental pressure Income 1966–1990 8

Enevoldsen et al.
(2007)

The decoupling indicator based
on statistical analysis

Sweden, Norway and Denmark Industrial energy consumption
and CO2 emissions

Economic growth 1991–2001 8

Classification of decoupling indicates the types of the decoupling states.
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(8) If T > 1.2, %ΔWF <0, %ΔGDP<0, recessive decoupling is
indicated.

3.3 Decoupling Indicator Based on an IPAT
Equation
The decoupling indicator of IGT is derived from a famous IPAT
Equation (Commoner, 1972; Ehrlich and Holdren, 1972):

I � P × A × T (6)

where I is environmental impact, P is the population, A is the per
capita GDP, and T is technology (impacts/unit of GDP).

G � P × A (7)

Substituting Eq. 7 into Eq. 6, we can obtain the following IGT
Equation (Lu and Mao, 2003; Lu, 2005, 2007, 2008, 2009):

I � G × T (8)

where G is the GDP, which we regard as agricultural GDP; I is
redefined as resource use, which we regard as the water footprint;
and T is resource use per unit of agricultural GDP.

To evaluate the decoupling between agricultural GDP and the
water footprint, Eq. 8 is deduced from the following Equation (Lu
et al., 2011),

I0 � G0 × T0 (9)

where G0 is the agricultural GDP in the base year, I0 is the water
footprint in the base year, and T0 is the resource use per unit of
agricultural GDP in the base year.

We define g as the agricultural GDP growth rate (which is
positive when the agricultural GDP growth rate increases and is
negative when it decreases) and t as the decreasing rate of the
water footprint per unit of agricultural GDP (which is positive
when the water footprint per unit of agricultural GDP decreases
and is negative when the water footprint increases).

Thus, we can obtain these Equations as follows (Lu et al.,
2011).

In � Gn × Tn (10)

Gn � G0 × (1 + g)
n (11)

Tn � T0 × (1 − t)n (12)

where Gn is the agricultural GDP in the target year, In is the water
footprint in the target year, and Tn is the resource use per unit of
agricultural GDP in target year.

Substituting Eqs 11, 12 into Eq. 10, we can obtain this useful
Equation (Lu et al., 2011):

In � G0 × T0 × [(1 + g) × (1 − t)]n (13)

When n � 1, Eq. 13 can be written as follows (Lu et al., 2011):

I1 � G0 × T0 × (1 + g) × (1 − t) (14)

We define kr as the increasing rate of the water footprint, thus
(Lu et al., 2011),

kr � I1 − I0
I0

(15)

Substituting Eqs 9, 14 into Eq. 15, we can obtain another
Equation (Lu et al., 2011):

kr � (1 + g) × (1 − t) − 1 (16)

When the water footprint remains constant, a critical
condition has been derived — that is (Lu and Mao, 2003; Lu,
2007, 2005, 2008, 2009),

tk � g

1 + g
(17)

where tk is the critical value of t and g is the agricultural GDP
growth rate.

Three possible cases are presented as follows:

If t � tk, the water footprint will remain constant.
If t < tk, the water footprint will increase.
If t > tk, the water footprint will decrease.

Thus, the ratio t/tk is the key to evaluating the decoupling
between the water footprint and agricultural GDP. This ratio was
defined as the decoupling indicator for waste emissions by Lu
et al. (2011):

Dr � t

tk
(18)

where Dr is the decoupling indicator for waste emissions,
which we regard as the decoupling indicator for the water
footprint.

Substituting Eq. 17 into Eq. 18, we can obtain the final
formula of the decoupling indicator for waste emissions (Lu
et al., 2011):

Dr � t

g
× (1 + g) (19)

The values of Dr in the different decoupling conditions are
shown in Table 3.

3.4 Data
When evaluating the water footprint of crop production, we
obtained the climate data (1980–2013) in Beijing from the China
Meteorological Data Sharing Service System (CMA, 2014),
including the relative humidity, hours of sunshine, wind
speed, monthly average minimum temperature, monthly
average maximum temperature, and precipitation.
Agricultural data (1980–2013) were obtained from the
Beijing Statistical Yearbook (BBS, 1981-2014), including
nitrogen fertilizer data, crop planting area, arable land, and
crop production. We also used CROPWAT 8.0 to calculate the
crop water requirements and irrigation requirements according
to the climate and soil as well as the crop data. Agricultural GDP
data were collected from the Beijing Statistical Yearbook (BBS
1981-2014).
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4 RESULTS

4.1 Temporal and Spatial Pattern of Crop
WF in Beijing
Eight main types of crops were chosen for our study. We
calculated their WF from 1980 to 2013 in Beijing. As shown in
Figure 1, among the eight main types of crops, the WF of
wheat, rice, potatoes, peanuts and maize experienced a
gradual downward trend. The WF of wheat and rice fell
sharply approximately 2003. The WF of wheat, rice,
potatoes, peanuts and maize decreased from 2.17 × 109 m³,
5.54 × 108 m³, 7.63 × 107 m³, 2.14 × 108 m³, and 1.42 × 109 m³
to 3.52 × 108 m³, 2.16 × 106 m³, 8.84 × 106 m³, 2.90 × 107 m³,
and 9.35 × 108 m³, respectively. The WF of soybeans and
vegetables experienced different trends in different periods
from 1980 to 2013, which was a gradual upward trend from
1980 to 2002 followed by a downward period from 2003 to
2013. The WF of soybeans in 2013 is much lower than in 1980,
and when compared with soybeans, we can see that the WF of
vegetables is very different — 1.6 times greater than the WF
from 34 years ago. The WF of melons changed irregularly with
the passage of time.

Beijing is divided into 16 districts and counties: Dongcheng
district, Xicheng district, Chaoyang district, Haidian district,
Fengtai district, Shijingshan district, Changping district,
Daxing district, Tongzhou district, Shunyi district, Fangshan
district, Mentougou district, Huairou district, Pinggu district,
Miyun county and Yanqing county. The first six districts is
the central municipal district, and the crop yield of them is
small. Figure 2 show the spatial pattern of crop WF in Beijing.
The agriculture Census Yearbook is the only public source that
can directly provide detailed districts and counties agricultural
data. However, only two agricultural censuses in Beijing were
carried out in 1996 and 2006, respectively. This study depicted the
spatial pattern of crop WF in Beijing in 1996 and 2006.

As shown in Figure 2, comparing 1996 and 2006, the WF of
grains in each district and county decreased to different degrees.
For other crops, the overall trend was WF decrease in the central
municipal district and increase in other districts. The total crop
WF in central municipal district in 2006 was reduced by 80.71%
compared to theWF in 1996, which is attributed to the municipal
development planning of Beijing.

4.2 Decoupling Indicator Based on Tapio
The decoupling state during the 1981 to 2013 period is presented
in Figure 3. The WF presented expansive negative decoupling
with agricultural GDP growth in 1991, 1992, 1996, 2004, 2005
and 2006. Among these, the decoupling indexes in 2004, 2005 and

2006 were 3.19, 9.01 and 33.63, respectively. The development in
1986, 2008, 2009 and 2011 presented expansive coupling. Weak
decoupling appeared in 1983, 1988, 1994 and 1995. However,
strong decoupling occurred in the other years of the study period.
Six decoupling indexes stand out, which is the period from 1998
to 2003. The decoupling indexes were −9.34, −2.85, −18.54, −9.21,
−5.76 and −11.24, respectively. As a whole, during the 33-years
study period, 6 years presented expansive negative decoupling,
4 years presented expansive coupling, 4 years presented weak
decoupling and 19 years presented strong decoupling.

4.3 Decoupling Indicator Based on the IPAT
Equation
When we use the method based on the IPAT Equation, we can
obtain the decoupling degree for every year, which are shown in
Figure 4. This figure vividly describes the decoupling states, in
which the agricultural GDP growth rate (g) is on the x-axis, the
decoupling indicator for resource use (Dr) is on the y-axis, and t is
on each curve. When Dr is positive, it is above the origin or below
the origin.

Two lines in the chart are particularly important. One is
line t � 0, which means that the resource use increases or
decreases contemporaneously with agricultural GDP. The
other line is Dr � 1, which means that the resource use
remains constant, regardless of how agricultural GDP
changed.

As shown in Figure 4, a similar conclusion can be drawn as in
Section 4.2. The WF presented non-decoupling with agricultural
GDP growth in 1991, 1992, 1996, 2004, 2005, 2006, 2008, 2009
and 2011. Among these years, the decoupling indexes (Dr) in
2004, 2005 and 2006 were -2.19, -8.01 and -32.63, respectively.
The decoupling indexes (Dr) in 2008, 2009 and 2011 were -0.01,
-0.20 and -0.03, respectively, which are close to relative
decoupling. Relative decoupling appeared in 1983, 1986, 1988,
1994 and 1995. However, absolute decoupling occurred in the
other years during the study period. As in Section 4.2, the period
from 1998 to 2003 was unique. The decoupling indexes (Dr) for
this period were huge, which means a high degree of absolute
decoupling. To summarize, during the 33-years study period,
9 years presented non-decoupling, 5 years presented relative
decoupling and 19 years presented absolute decoupling. Thus,
more than seventy percent of the years in the study period
presented decoupling. In Figure 4, for the majority of the
points, four points (in 1982, 1988, 2000 and 2006) are outside
of the figure area.

5 DISCUSSION

As shown in Figures 3, 4, we can obtain similar outcomes.
However, we can see that the outcome is described in more
detail when based on Tapio. Consequently, we analyze the result
based on Tapio to obtain a better evaluation of the decoupling
degrees of WF growth from agricultural GDP growth. As vividly
depicted in Figure 3, during the study period, the decoupling
state changed significantly and experienced different trends in

TABLE 3 | The values of Dr in the different decoupling conditions.

GDP growth rate
increase

GDP growth rate decrease

Absolute
decoupling

DrS1 Dr≤0

Relative decoupling 0 < Dr<1 0 < Dr<1
Non- decoupling Dr≤0 DrS1
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different periods from 1981 to 2013. According to the decoupling
states, the entire study period is divided into three periods. We
define 1981–1992 as Period I, 1993–2003 as Period II and
2004–2013 as Period III.

Although the decoupling states represent seventy-five percent
of Period I, the decoupling degree of this period is not strong.
Since China launched its open-door policy and economic reform
program in the later part of 1978, the government has attached

FIGURE 1 | Changes in the crop WF in Beijing from 1980 to 2013.
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great importance to the development of agriculture. From 1982 to
1986, the Central Committee of the Chinese Communist Party
successively released five “No. 1” documents (the No.1 document

originally denoted the first document released by the Central
Committee of Chinese Communist Party each year; the No. 1
document now is defined as an issue that is significant for issues

FIGURE 2 | The crop WF for districts and counties in Beijing in 1996 and 2006. Panel 2A–D show the spatial pattern of grain WF, oil crops WF, melon WF and
vegetables WF respectively.
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related to agriculture, the countryside and the rural population).
Beijing, the capital of China, actively responded to the national
call. Agriculture was suitably prioritized in the national economy,
and the agricultural market demand was expanded. Due to these
policies that proceeded from the realities of rural life and the
respect shown for the wishes of the rural population, the
enthusiasm of this population improved. All in all, the
agricultural GDP was not only stable but continued to
growing. However, because of the lag in agricultural
technology, the problem of the low efficiency of irrigation
water was extremely serious. The WF experienced a gradual
upward trend in Period I (Xu et al., 2015). To some extent,
agricultural development relied on water.

Period 1993–2003 is defined as Period II. More than ninety
percent of theWF presented a strong decoupling with agricultural
GDP growth in these years. From the decoupling indexes, we can
see the degree of decoupling is strong. During Period II, Beijing
seriously lacked water resources; therefore, the development of
water-saving agricultural practices was of great importance. From
1995 to 2000, 4 × 104hm2 new fields were equipped with water-
saving irrigating systems. The area of fields that were irrigated
with reclaimed water was 1.47 × 104hm2, and the amount of
farmland that was equipped with water-saving irrigating systems
totaled 26.67 × 104hm2 (BWCB, 2000). At the same time, with the
application of pest control and the mechanization of farming,
agricultural productivity and land use efficiency improved
greatly. Because the government was vigilant to constantly

improve agricultural productivity and strengthen the
contribution made by the technological effect of saving water,
a harmonious relationship between theWF and agricultural GDP
was created.

Finally, the trend in Period III changed from expansive negative
decoupling to strong decoupling. As time passed, new difficulties in
agricultural development arose. The development imbalance between
the urban and rural areas was serious. The decelerating growth of the
agricultural GDP led to expansive negative decoupling from 2004 to
2006. In the face of this difficult situation, the Central Committee of
the Chinese Communist Party released a new “No. 1” document every
year beginning in 2004. The main idea of these documents was to
increase the farmers’ income, improve agricultural productivity and
develop modern agricultural practices. As a result, agricultural GDP
increased rapidly. Furthermore, the government optimized the water-
saving irrigation system. Significant progress was made in the water
efficiency of irrigation. According to the statistics, the water efficiency
of irrigation in Beijing increased from 0.675 in 2007 (BWA, 2008) to
0.69 in 2013 (BWA, 2014). We can see that the WF experienced a
downward trend in the latter part of Period III. From 2007 to 2013,
although the WF decreased from 2.3 × 109m3 to 1.8 × 109m3, the
agricultural GDP increased from 1.0 × 1010RMB to 1.6 × 1010RMB.
Moreover, the decoupling indexes changed from −1.1 to −3.1, and the
degree of decoupling became much stronger. Along with the
implementation of the Strictest Administration of Water Resources
in Beijing, which was issued by the State Council of China in 2012, the
government emphasized the importance of high efficiency water

FIGURE 3 | The degrees of coupling and decoupling of WF growth from agricultural GDP growth (based on Tapio).
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saving practices (Fana et al., 2015). With the improvement of the
water-saving system, water consumption was successfully controlled.
The result suggested that harmonious and sustainable development
between WF and agricultural GDP can be realized with effort.

Beijing is experiencing a serious lack of water, which is
certainly a main factor in the restriction of the development of
the social economy. To ease the local water pressure, Beijing is
accelerating progress on the South-to-North Water Transfer
Project. It is said that Beijing will benefit from the important
strategic project and import 12,000 million tons of fresh water
annually by 2020 (Kim, 2003), which will greatly support and ease
pressure on the local water supply. Although large amounts of
freshwater will be imported, this program cannot promote the
degree of decoupling between WF and agricultural GDP. Thus,
we should take some other action to improve the situation.

Irrigation water consumption is directly affected by structural
changes in agricultural production. It is advisable to adjust
plantation structures and plant crops with high yields and
lower water demands. Water-intensive crops such as rice are
not recommended for planting in Beijing. Thus, large quantities
of crop products are imported from geographically adjacent
provinces like Hebei, Shandong, and Henan (Xu et al., 2015).
Beijing no longer grows rice as a main staple food but instead
relies entirely on imports (Huang et al., 2012).

Furthermore, since the water-saving technology achieved
remarkable success during Period II and Period III, we must
continue to develop water-saving techniques and use more
modern facilities in the course of agricultural modernization.

Therefore, the original agricultural infrastructure will be replaced
by a better infrastructure. For instance, compared with traditional
irrigation methods, drip irrigation technology can reduce labor
intensity as well as increase crop production. In addition, to
some extent, destruction of the environment by human activities
cannot be neglected.Wemust implement more policies that serve to
improve awareness of the importance of saving water, such as the
Strictest Administration of Water Resources in Beijing, which was
issued by the State Council of China in 2012 (Fana et al., 2015).

The occurrence of non-synchronous changes between
agricultural GDP and crop WF can be investigated by
structural indicators, which play an important role in
promoting sustainable water use. However, some other
socioeconomic drivers have not been considered yet. For
instance, population, urbanization level and technical level
may have a significant impact on environmental/resources
pressure (Wei et al., 2017). The relationship between these
socioeconomic drivers and crop WF is complex, which is
worth further investigating.

6 CONCLUSION

This study evaluated the WF of eight main types of crops in
Beijing from 1980 to 2013 and serves as a preliminary attempt to
apply the decoupling theory to examine the occurrence of
decoupling between agricultural GDP and the crop water
footprint. For Beijing, the WF of crop production in 2013

FIGURE 4 | The degrees of coupling and decoupling of WF growth from agricultural GDP growth (based on the IPAT equation).
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was reduced by 62.1% compared to theWF in 1980; this totals 1.81 ×
109m3. The WF of wheat, rice, potatoes, peanuts and maize
experienced a gradual downward trend. The WF of soybeans and
vegetables experienced a gradual upward trend from 1980 to 2002
and then saw a downward trend from 2003 to 2013. The WF of
soybeans in 2013 was much lower than in 1980, while the WF of
vegetables is 1.6 times greater than the WF from 34 years ago.

Furthermore, this study obtained similar outcomes by using two
different decoupling indicators. From 1981 to 2013, the decoupling
states represented seventy-five percent of the years between 1981 and
1992 (Period I) with a moderate decoupling degree, more than
ninety percent from 1993 to 2003 (Period II) with a very strong
decoupling degree and experienced a shift from non-decoupling to
strong decoupling from2004 to 2013 (Period III). Overall, more than
seventy percent of the years in the study period presented
decoupling. As a water-deficient region, adjusting the plantation
structure, improving water-saving technology, using more modern
facilities and launching more policies to raise awareness of the
importance of saving water can promote the degree of
decoupling between WF and agricultural GDP.
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