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Abstract

The water-economy spatial relationship constitutes a key research focus in wa-
ter resources studies of arid and semi-arid regions. Elucidating the evolution
patterns and causal relationships of water-economy spatial distribution can pro-
vide theoretical and decision-making references for optimizing rational water re-
sources allocation and formulating industrial restructuring policies. This study
applies water footprint theory to calculate the crop water footprint of various
prefectures and autonomous prefectures in Xinjiang from 1991 to 2015, and inte-
grates information entropy theory to analyze the spatial evolution patterns and
causal relationships of entropy values for crop water footprint, gross domestic
product, and primary industry added value across Xinjiang’ s prefectures and
autonomous prefectures. The results demonstrate that: the spatial evolution of
crop water footprint, primary industry added value, and gross domestic product
in Xinjiang is progressing toward equilibrium and order overall, with the spatial
imbalance of water-economy gradually diminishing; the crop water footprint
in Xinjiang significantly influences the spatial evolution of its primary industry
added value, with an impact period of 1-5 years, and the spatial distribution
of the agricultural economy is constrained by the spatial distribution of agricul-
tural water use in the long term; no causal relationship in spatial evolution exists
between crop water footprint and gross domestic product, the economic devel-
opment of the entire region is transitioning toward the secondary and tertiary
industries, and the agricultural economy no longer exerts significant influence
on the overall economic development of Xinjiang.
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Abstract: The spatial relationship between water and economy represents a
critical research frontier in arid and semi-arid regions. Understanding the evo-
lution patterns and causal mechanisms of water-economic spatial distributions
provides theoretical and decision-making support for optimizing water resource
allocation and adjusting industrial structures. This study employs water foot-
print theory to calculate crop water footprints across Xinjiang’s prefectures from
1991 to 2015, and analyzes their spatial evolution and economic relationships
using information entropy theory in conjunction with primary industry value-
added, GDP, and crop entropy values. Results demonstrate that the spatial
evolution between crop water footprint and primary industry value-added/GDP
exhibits a balanced, well-organized trend with gradually deflating spatial dise-
quilibrium. Crop water footprint significantly influences the spatial evolution of
primary industry value-added with a 1-5 year lag period, indicating that agri-
cultural economic distribution is chronically constrained by agricultural water
resource distribution. No causal relationship exists between crop water footprint
and GDP, suggesting Xinjiang’ s economic development is transitioning toward
secondary and tertiary industries, with agriculture no longer significantly affect-
ing overall economic growth.

Keywords: water resources; spatial analysis; cointegration equation; crop wa-
ter footprint; lag period; Xinjiang

2 Data and Methods

2.1 Data Sources and Processing

Meteorological data (1991-2015) including precipitation, temperature, humidity,
sunshine hours, and wind speed were obtained from the Xinjiang Meteorolog-
ical Bureau. Crop data comprising planting area, yield, and growth period
were sourced from the Xinjiang Statistical Yearbook and Bureau of Statistics.
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Economic data including primary industry value-added and GDP were derived
from the Xinjiang Statistical Yearbook and regional statistical databases. The
CROPWAT model was utilized to calculate reference evapotranspiration (ET )
and crop water requirements.

2.2 Research Methods

2.2.1 Water Footprint Calculation

Following the Water Footprint Assessment Manual framework, crop water foot-
print (WF) comprises green water footprint (WF__green) and blue water foot-
print (WF_ blue):

WF =WF, o+ WFEue

green

where WF__green represents rainwater consumption and WF__blue represents
irrigation water consumption, both in m? - kg 1.

The calculation formulas are:

CWUgreen 10X ET 00
WFgreen = Y = Y

WF,,. = Cnglue _ 10X 5Tblue

where CW Uy, and CWU, are crop water use (m®-hm 2), Y is crop yield

green
(kg - hm 2), and the factor 10 converts mm to m?® - hm 2.

Green and blue evapotranspiration are calculated as:

ET = min(ET,, P,)

green

ET e = max(0, ET, — P,)
where ET, is crop evapotranspiration (mm) and P, is effective precipitation
(mm). ET, is computed using:
ET, = K, x ET,

where K is the crop coefficient and ETj is reference evapotranspiration (mm),
calculated via the CROPWAT model.

Effective precipitation P, is determined using the USDA SCS method:
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~J Piee x (125 = 0.6 X Py,.) if Py, < 230
© 1254 0.1 x Py, if Py, > 20

where P, is monthly precipitation in mm.
2.2.2 Entropy Model

Information entropy measures system disorder. For crop water footprint and
economic indicators, entropy values (H) are calculated as:

==Y Par)

where P; represents the proportion of region ¢© s water footprint or economic
value.

2.3 Spatial Relationship Analysis

The spatial evolution between crop water footprint and economic growth was
analyzed through:

1. Unit Root Testing: Augmented Dickey-Fuller (ADF) tests verified sta-
tionarity of time series data (Tables 1-3).

2. Cointegration Analysis: The long-term equilibrium relationship was
examined using cointegration equations.

3. Lag Period Analysis: Lag periods of 1-6 years were tested to identify
causal relationships.

Table 1 Unit root test results of crop water footprint and primary industry
added value and GDP entropy

ADF 1% Critical 5% Critical 10% Critical
Variable Statistic Value Value Value Stationarity

Crop -1.242903  -5.135672 -3.103043 -2.991878 Non-

WF stationary
en-

tropy

Primary -8.167465  -3.868873 -3.612199 -3.243079 Stationary**
indus-

try

VA en-

tropy

GDP -3.752946  -3.737853 -2.991878 -2.635542 Stationary*

en-
tropy
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ADF 1% Critical 5% Critical ~ 10% Critical
Variable Statistic Value Value Value Stationarity

Crop -4.394309  -3.752946 -2.998064 -2.635542 Stationary™**
WF

en-

tropy

resid-

ual

*Significant at 5% level; **Significant at 1% level

Table 2 1991-2015 annual unit root test results of crop water footprint and
primary industry added value entropy residuals

Lag ADF 1% Critical 5% Critical 10% Critical
Period Statistic Value Value Value

1 year -4.336742 -2.664853 -1.955681 -1.608793

2 years -4.294781 -4.394309 -3.612199 -3.243079

3 years -4.241212 -3.737853 -2.991878 -2.635542

Table 3 1991-2015 unit root test results of crop water footprint and GDP
entropy residuals

Lag ADF 1% Critical 5% Critical 10% Critical
Period Statistic Value Value Value

1 year -2.402516 -2.664853 -1.955681 -1.608793

2 years -2.228529 -4.394309 -3.612199 -3.243079

3 years -2.356243 -3.737853 -2.991878 -2.635542

The entropy evolution trend (Figure 2) shows that crop water footprint entropy
decreased from 2.325 in 1991 to 2.224 in 2015, indicating improved spatial equi-
librium. Primary industry value-added entropy remained relatively stable, while
GDP entropy exhibited slight fluctuations.

[Figure 2: see original paper]

Figure 2 Evolution trend of entropy values (1991-2015)

Cointegration analysis reveals a significant causal relationship between crop wa-
ter footprint and primary industry value-added at 1-5 year lags (Table 2), but
no significant relationship with GDP (Table 3). This confirms that agricultural

water resources constrain agricultural economic development, while the overall
economy has decoupled from agricultural water consumption.
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