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Impacts of planting structure
adjustment on water saving in the
Shiyang River Basin of Arid Region
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Dongxia Zhang’3#, Wei Weil** & Guofeng Zhu'>*

Planting structure adjustment (PSA) affects agricultural water saving, and is an essential part of
water-saving agricultural construction. This study introduced virtual water theory and innovatively
constructed a model to assess the water-saving effects of PSA in Shiyang River Basin over the past

38 years, explore the relationship between planting structure and water saving, and clarify the most
water-saving planting structure. The results showed that the sown area of economic crops consistently
increased as food crop areas decreased in the four counties (districts) from 1980 to 2017. Being
considered a “big water consumer”, wheat has lost its dominant position. The water requirements of
major crops in the four counties and districts showed an increasing trend. The total area proportion

of vegetables, wheat, corn, and oil-bearing crops (Abbreviated as TPVWCO) directly determined the
water-saving amount. The lower the TPVWCO, the better the water-saving effect. Taking 1980 as the
reference year, the most water-saving years in Gulang, Liangzhou, Yongchang, and Mingin were 2007,
1981, 2008, and 2005, respectively. Taking 2007 as the reference year, there were no water-saving
years available after that due to the higher TPVWCO. Taking into account food security, ecological and
economic benefits, it was recommended to control the TPVWCO at 40% in the Shiyang River Basin in
the future. The land vacated should be planted with cotton in Minqin, while the land vacated in the
other three counties should be planted with fruits. The research results would provide scientific basis
for optimizing the planting structure and managing agricultural water resources in inland river basins in
arid regions.

Keywords Virtual water theory, Water-saving model, Planting structure adjustment, Crop water
requirements, Agricultural water saving, Shiyang River basin

Agricultural water accounts for 70-90% of the total global freshwater consumption'=3, and even exceeds 90% in
some arid regions®. In the Shiyang River Basin (SRB), the agricultural water consumption reached 19.79 x 10
m? in 2017, representing 86.30% of total water use. The increasing use of agricultural water has intensified
the imbalance between the supply and demand of water resources, severely impacting future sustainable
development®®. Therefore, adjusting the crop planting structure to conserve agricultural water and alleviate
water scarcity is necessary and urgent>!°.

The increase in the total sown area!! and the unreasonable PSA'>!3 are the main reasons contributing to the
increase in agricultural water requirements. Under the background that the sown area cannot be changed, even
if the sown area may be increased, the implementation of water-saving irrigation technology based on the PSA
can further reduce the crop water requirements. This represents the most economical and scientific approach to
water conservation'*"'7. PSA can fundamentally change the actual total water requirements of crops due to the
different water requirements of different crops during the growing season'®. Thus, PSA is a critical element in the
development of water-saving agriculture!®'.

Since the reform and opening-up, the planting structure has changed significantly, with the proportion of
sown areas for fruits and vegetables rapidly increasing, while the proportion of wheat and other food crops
has decreased?*-*>. Compared to 2003, the water saved from grain PSA in China was 437.09 X 10® m?, with
the northern region achieving better savings in water and land resources than the southern region®. In 2012
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(using 2002 as the base year), the water saved by PSA in North China Plain was 2.5x 108 m? 13. The adjustment
of planting structure improved the water use efficiency and the economic benefits in the Heihe River Basin®. In
the Jinghuiqu irrigation area in the central Guanzhong Plain of Shaanxi Province, a large reduction in the sown
area led to a decrease in total crop water demand, with the PSA having little effect on it!!. Notably, regional
differences in PSA’s water-saving effects are apparent, and the methods used to calculate these savings vary.
At the same time, some scholars conducted a series of studies on the adjustment and optimization of planting
structure using single or multi-objective water resources constraints?»?’-%, For example, Su et al. applied an
improved multi-objective optimization model to rationally allocate water resources in the SRB, and proposed a
PSA program to enhance the green water utilisation efficiency?’. Shi and Su suggested that reducing the sown
area of high-water-demand and water-inefficient crops like wheat and corn could alleviate water shortages in the
SRB?!. These recommendations provide a scientific basis for government decision-making and promoting water-
saving strategies in agricultural planting structures. However, in practice, the PSA implementation is a very
complicated process and often needs to be closely linked to farmers’ wishes and ideological understanding. In
the actual production process, the planting structure may be adjusted frequently due to various factors, resulting
in fluctuating water-saving effects. To identify the most water-saving planting structure implemented by farmers,
the internal dynamic relationship between the PSA and water-saving effects needs to be tracked and evaluated
promptly. This water-saving planting structure model, which has been implemented by farmers rather than merely
theoretical calculation, is most likely to be popularised and implemented in the future. However, the research on
this aspect has been relatively limited, leaving uncertainties regarding the most water-efficient planting structure
and its influencing factors. Furthermore, it remains unclear how to carry out a planting structure adjustment
that meets public opinion in the future. Therefore, the objective of this study is to thoroughly analyse the effect
of planting structure adjustments on water saving, clarify the most water-saving planting structure, and provide
a scientific basis for agricultural water resource management.

The SRB is a basin with the most prominent contradiction between land and water resources in northwest
China, and with a serious shortage of water resources>>34. Since the 1970s, the amount of water discharged from
the upper and middle reaches to the Minqin Oasis has been continuously decreasing, resulting in increased
groundwater exploitation and a continuous decline in groundwater levels. This has led to extensive vegetation
loss, worsening desertification, and brought the Mingin Oasis to the brink of collapse. In response, the Chinese
central government launched the Key Treatment Program of the Shiyang River Basin (KTPSRB) in January of 2006,
which was implemented in 2007 to curb ecological degradation and prevent the disappearance of the Mingin
Oasis. The root cause of this degradation was insufficient ecological water use, exacerbated by high production
and domestic water consumption in the SRB’s middle and lower reaches. In 2007, the total water consumption
in the SRB reached 27.62 X 10® m?, with agricultural consuming 24.34 x 108 m>, 88.12% of the total. The water
resources utilisation rate was as high as 135.33% (data from Gansu Water Resources Bulletin 2007). Building
a water-saving society, particularly through agricultural water conservation, is essential to increase ecological
water and support ecological restoration. Since the KTPSRB’s implementation in 2007, measures such as “closing
wells and pressing fields” have been introduced to control the growth of cultivated land and adjust the planting
structure in the middle and lower reaches. However, the actual water saving after PSA was still unclear, which
has become a bottleneck constraining the optimization and adjustment of the future agricultural plantation. On
the premise of ensuring basic farmland, how to realize agricultural water saving and determine the most water-
efficient planting structure are key issues that should be further considered in future basin management.

The objective of this paper is to explore the impact mechanism of planting structure adjustment on
agricultural water use, clarify the planting structure model that comprehensively considers ecological and
economic benefits, and food security. The novelties of this paper mainly include: (1) The water-saving evaluation
model of planting structure adjustment was proposed and created to analyze the impact of PSA on the total crop
water requirements. The main novelty of this model is that it only considers the impact of planting structure
adjustments on crop water requirements, eliminating the influence of increased water requirements caused by
increased area. The significance of this model is its ability to evaluate the water consumption and water saving
before and after the adjustment of planting structure in different years. (2) Based on practical adjustments of
planting structure rather than purely theoretical calculations, this paper examined the internal relationship
between planting structure and water saving over the past 38 years, identifying the most water-saving planting
patterns implemented and accepted by farmers. The research idea is different from the existing research.

Materials and methods

Overview of the study area

The SRB (101°41'-104° 16’ E, 36° 29'-39° 27’ N) is located on the northern slope of the Qilian Mountains, at the
edge of the monsoon region and the intersection zone of the Qinghai-Tibet Plateau, the Inner Mongolia Plateau,
and the Loess Plateau (Fig. 1). Its ecological function is highly significant. The total area of the basin is 4.16 X 10*
km?. Its upper reaches originate from the northern slope of the eastern Qilian Mountains, characterized by
a relatively humid climate with annual rainfall ranging from 300 to 600 mm. The upper reaches serve as the
runoff-producing area of the SBR, with a mean annual runoff of about 15.60 X 108 m>. The corridor plains in the
middle reaches function as runoff dissipation areas, while Mingin Oasis in the lower reaches is a vital irrigation
agricultural area, receiving an annual rainfall of 100-300 mm. The Mingin Oasis is surrounded by the Tengger
Desert and the Badain Jaran Desert (Fig. 1).

In 2017, the total water resources in the SRB were 18.78 X 108 m? and the total annual water consumption
was 22.93 x 108 m®, with 86.30% used for planting. The water utilisation rate was as high as 122.1%, indicating
a severe water shortage (data from 2017 Shiyang River Basin Water Resources Bulletin). The large scale of
agricultural water use has encroached on ecological water, leading to the continuous degradation of the fragile
oasis-desert system. The above hydrological monitoring date of the SRB provides an important reference for the
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Main crops data (wheat, corn,
tubers, oil-bearing crops,
vegetables, fruits, and cotton)

Areas and yields in Yongchang County from 1980 to 1995

Development

Areas and yields in Liangzhou District from 1980 to 2008

Wuwei Statistical Yearbook

Areas and yields in Yongchang County from 1996 to 2008

Yongchang Statistical Yearbook

Areas and yields in Yongchang County, Liangzhou District, Gulang County, and Minqin
County from 2009 to 2017

Statistics Bureau of Gansu
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Fig. 1. Overview of the study area.
Data types Data contents Data sources Data usage
Wuwei, Mingin,
Yongchang, and | Daily maximum temperature, Daily minimum temperature, Daily average relative
Wushaoling humidity, Daily average wind speed, and sunshine hours from 1980 to 2017 Used for the
stations data calculation
Meteorology - China Meteorological Data of crop water
data 0.5°%0.5° grid Network (http://data.cma.cn) Op Wi
data in Gulang : ) o . requirements
C Daily maximum temperature, Daily minimum temperature, and Daily average (ET,)
ounty and " 0
- emperature from 1980 to 2017
Wushaoling
station
Areas and yields of Gulang County and Mingin County from 1980 to 2008 Compilation of Statistics on
National Economy and Social Used for the

calculation of
virtual water
content and the
PSA-based water-
saving evaluation

Others data in Yongchang
County, Liangzhou District,
Gulang County, and Mingin
County

Minimum demands of main crops

Balanced diet pagoda of Chinese
Dietary Guidelines (2016)

Crop unit price
Population data

Gansu Development Yearbook
(2017)

Used for the
calculation of the
agricultural net
economic benefits

Table 1. Data contents and sources. Significant values are in italics.

assessment of water resources in the region, as well as a basis for decision-making for sustainable agricultural
development. The cultivated land area was 0.3088 x 10* km? in 2017, mainly distributed across the counties/
districts of Yongchang, Liangzhou, Gulang, and Mingin (Fig. 1). The main food crops include wheat, corn, and
tubers, while the main economic crops are oil-bearing crops, vegetables, fruits, and cotton®. Among them,
cotton was mainly planted in Minqin Oasis. The SRB is not only an important part of the commercial grain
production base in the Hexi Corridor of Gansu, but also serves a critical role as an ecological barrier. At the same
time, it is one of the regions with the most acute water-land conflicts and the most severe ecological degradation.
The establishment of a water-saving society should not be delayed. This is the primary reason for selecting this

basin as the research area.

Materials

The data sets used in this paper include meteorology data and the areas and yields of wheat, corn, tubers, oil-
bearing crops, vegetables, fruits, and cotton. The specific data contents and sources are shown in Table 1.
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The four meteorological stations (Wuwei, Minqin, Yongchang, and Wushaoling) have not migrated in the
past 38 years, with all observed data undergoing strict quality control to ensure integrity and continuity’®. As a
result, these data are highly credible and widely used in related studies®**7~*1,

Methods

Virtual water theory and application

Virtual water theory, proposed by British scholar Tony Allan in 1993, refers to the amount of water consumed by
a country or region in the production of goods (such as agricultural and industrial products), and represents an
invisible water resource?>*>. As an integrated concept encompassing hydrology, socioeconomics, and ecology,
virtual water theory challenges traditional approaches to water resource management. The level of virtual water
content not only reflects the water consumption of crops, but also provides a basis for evaluating the impact
of different crops on regional water resources, which has been applied in the process of adjusting the planting
structure®~?7. At the same time, the calculation of virtual water for different crops can provide data support for
the determination of irrigation quotas and agricultural water resource management.

Calculation of virtual water

The basic steps for calculating the virtual water content of crops are as follows: Firstly, the Penman-Monteith
(P-M) model was applied to calculate the reference crop water requirements. Secondly, the reference crop water
requirements was multiplied by the crop coeflicient to obtain the water requirements for each crop. Finally, the
crop virtual water content is calculated based on the crop yield per unit area.

Calculation of reference crop water requirements The water consumed by crops during their growth primarily
goes toward the transpiration process, and the reference crop water consumption refers to the transpiration
amount during the crop growth period!*’. The Penman-Monteith (P-M) model was a standard model rec-
ommended by the Food and Agriculture Organization (FAO) for calculating reference crop evapotranspiration
(ET,). Comparative studies in the European Union and the United States have demonstrated that the P-M
model accurately calculates reference crop water requirements (ET,) in both humid and arid regions*®-*. Unlike
other models, the P-M model is more comprehensive and reliable, as it accounts for multiple meteorological
factors such as radiation, temperature, wind speed, and humidity. If complete meteorological data required for
the P-M model is unavailable, the FAO also recommends using the Hargreaves formula (H formula) to estimate
ET .. However, numerous studies indicate that ET, calculated using the H formula tends to have a larger margin
of error, necessitating corrections to the results®?~>%.

Based on the daily meteorological station data of Wuwei, Yongchang, and Mingin stations, the reference crop
water requirements (ET, _,, ) were calculated by the P-M model**:
0.408A(Rn — G) + 7% 1o (es — ea)

(1)
A+ v(1 4 0.34p2)

ETo—pMm =

where ETo_pu is the reference crop water requirements (mm/d), /\ is the slope of saturation vapor pressure
versus air temperature curve (kPa/’C), Ry, is the net radiation at the land surface [MJ/(m? x day)], G is the soil
heat flux density [M]J/(m? x day)], v is the psychrometric constant (kPa/'C), T is the mean air temperature at
2 m height ("C), p2 is the wind speed at 2 m height (m/s), e, is the saturation vapor pressure (kPa), and e, is the
actual vapor pressure (kPa).

There are only 0.5°%0.5° grid meteorological data and no daily meteorological station data in Gulang, which
cannot meet the calculation requirements of the P-M model but is sufficient for the H formula. On this basis,
ET, p), is calculated by the regression model, and the specific process is as follows:

Firstly, the regression model of ET_,; and ET ) ,, is established at Wushaoling Meteorological Station (Fig. 1,
the closest station to Gulang). The Wushaoling meteorological station meets both the P-M model and the H
formula, so the regression model of ET, and ET can be established:

0-PM
ETo—pum = 0.9586ETo_n — 0.0861 )
ETo_g = 0.0023 (Tmean + 17.8) VTmax — TminRa (3)

where ETo_pu is the reference crop water requirement (mm) calculated using the P-M model, and ETo_g is
reference crop water requirement (mm) calculated using the H formula, T'mean is the average temperature ('C),
Tmax is the maximum temperature (C), Trmin is the minimum temperature (°C), and Ra is solar radiation at
the top of the atmosphere [MJ/(m? x day)].

The correlation coefficient (R) of this regression model was 0.970, passing the significance test at the 0.01 level.
The F-value (22.919) was much larger than the value of SigF (0.0001), indicating that the accuracy of this model
is very high. The simulated values were compared with the calculated values of the P-M Model to further
illustrate the accuracy of the regression model (Fig. 2).

As shown in Fig. 2b, the ET | ,,, calculated using regression model (2) was larger than that calculated by the
P-M model. The absolute deviation was —11.08 to 70.30 mm and the relative deviation was —1.74 to 7.69%,
highlighting the model’s high accuracy.
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Fig. 2. The ET  of Wushaoling Meteorological Station during crop growth period (March-October) before (a)
and after correction (b).

Next, based on the calculation of ET, ; in Gulang County by the H model, the regression model (2) was
employed to further calculate its ET,, ,,,.

On this basis, the water requirements of each reference crop in the growth period were calculated, and then
it was further used to calculate the virtual water content of each main crop.

Calculation of virtual water content of primary crop The virtual water content of each crop was calculated
based on the calculation of reference crop water requirements*®>°. The specific calculation process was as fol-

lows:
WRnci
Vnci = (4)
Ynci
WRiei =10 X > ETnei-x (5)
x=1
ETnci—x = Kci—xETOm:—x (6)

where Vi is the virtual water content (m?*/kg) of crop i in region c in the n-th year, WRx.; is the water
requirements per unit area (m%/ha) in the growth period of crop i in region c in the n-th year, including the
total utilisation of precipitation and irrigation water, y,,; is the yield per unit area (kg/ha) of crop i in region c
in the n-th year, ET,c;—x is the water requirements (mm) in the x-th stage during the growth period of crop i
in region c in the n-th year, The constant 10 was used to convert the water requirements depth (mm) into water
requirements volume per unit area (m?/ha), m denotes the number of crop growth stages, Kci—x is the crop
coeflicient in the x-th stage during the growth period of crop i in region ¢, as derived from Kang et al. in the
current study®’, and ETonc—x represents the reference crop water requirements (mm) in the x-th stage during
the growth period in region c in the n-th year (mm).

Water-saving assessment model The water requirements per unit area of different crops varies greatly. In the
process of agricultural production by farmers, the planting structure has constantly adjusted due to various
factors. Planting structure adjustment means that the area proportion of different crops in the total sowing area
changes, resulting in changes in the total agricultural water requirements before and after PSA, and there were
two situations: water-saving or non-water-saving. Reducing the planting area and proportion of crops with high
water requirements per unit area will achieve water saving. In order to quantitatively evaluate the impact of PSA
on the water saving, the following quantitative model was constructed:

Ccn = Acn - Bcn (7)

where Cey is the water-saving amount (m?) of all crops in region c in the n-th year, Acy is the actual total water
requirements (m?) of all crops in region c in the n-th year, By is the total water requirements of all crop in
region c in the n-th year, calculated according to the planting structure (the proportion of different crop area) in
the reference base years (1980 and 2007).

j
Acn = Z(Vnci : Ynci) (8)

i=1
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J
B = Z(vnci “Ynei Fic - Pnci) (9)

i=1

where Yo represents the total yield (kg) of crop i in region c in the n-th year, Fi,. is the total sown area (ha) of
all crops in region c in the n-th year, Py is the area proportion of crop i in region c in the reference base year,
and j is the number of crop species.

If Ccn <0, PSA has reduced total crop water requirements, indicating a significant water-saving effect. If Cc, = 0
, PSA had no effect on total crop water requirements. If Cc, > 0, PSA increased crop water requirements,
indicating no water savings.

The construction of this model provides a new idea for studying the water-saving effect of PSA. The
assumption of this model is that a reference year must be selected, and the difference in water consumption
before and after the adjustment of the planting structure in other years must be calculated based on the planting
structure of that year, in order to evaluate the water-saving situation. Therefore, the water-saving situation largely
depends on the selection of the reference year. The reason why this article chose 1980 and 2007 as reference
years is that 1980 was a crucial year for China to implement the household contract responsibility system, and
2007 was a crucial year for implementing comprehensive watershed management in the SRB, both of which have
special historical significance.

Correlation analysis method The virtual water content and the water requirements per unit area of different
crops are different. PSA directly affects the total water requirements of crops, which leads to change in the total
water requirements of crops after PSA. In order to further clarify the crop types that directly affect the total water
requirements, correlation analysis method was used to analyse the correlation between the sown area proportion
and the water-saving amount (C_ ) in four counties (districts) of SRB from 1980 to 2017.

Correlation analysis refers to the statistical examination of two or more elements that exhibit a certain
correlation, allowing for the measurement of the degree of correlation among variable factors. This analysis helps
determine the influence of different variable factors on the results of primary factors and assesses the positive or
negative correlation between these factors®>.

In order to ensure the accuracy of correlation analysis, the statistic value (t) of the t test is usually used to
test the significance level. According to significance level (a=0.05 and a=0.01) and critical value table, ¢, is
obtained. By comparing the size of t and ¢, the correlation significance can be assessed: ift > ¢, the correlation
between two samples passed the significance level of 0.05 or 0.01. If ¢ < ¢, the correlation between the two
samples is not significant.

Results

Change characteristics of planting structure

Changes of crop sown areas

The total sown area of crops in the middle and lower reaches of SRB increased from 0.002386 x 108 ha in 1980
t0 0.002976 X 108 ha in 2017 (Fig. 3). Among them, the sown area of economic crops increased by 840.27 ha per
year, while the area of food crops decreased by 2638.88 ha per year. Therefore, the growth rate of the economic
crops area surpassed that of food crops. The area ratio of grain to economic crops has changed from 71:7 in 1980
to 59:30 in 2017 (Fig. 3).

Changes of planting structure in each county (district)
From 1980 to 2017, the planting structure changed significantly in the SRB (Fig. 4).
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Fig. 3. Changes in sown area of crops and the area proportion of food and economic crops.
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Fig. 4. Changes of the area proportions of main crops in each county (district) of SRB.

In Yongchang, the proportions of sown area for corn and vegetables increased by 24.21% and 12.35%,
respectively, while the proportions of sown area of oil-bearing crops and wheat decreased. Specifically, the
proportion of sown area of oil-bearing crops followed a pattern of initial increase, subsequent decrease, and
overall decline, with an average decrease rate of 0.43% per year, reaching a maximum of 24% in 1989 and a
minimum of 2.1% in 2006. The area proportion of wheat decreased from 65.16% in 1980 to 33.23% in 2017,
indicating a continuous decline in its dominant position within the planting structure.

In Liangzhou, the proportions of sown area for corn, fruits, and vegetables exhibited a notable upward trend,
particularly for corn, which increased by 47.25%. The proportion of sown area for wheat decreased from 60% in
1980 to 7% in 2017, with a very significant downward trend, indicating that the dominant position of wheat was
gradually replaced by corn.

In Gulang, the proportions of sown area for tubers, vegetables, and fruits increased by 16.69%, 13.78%, and
8.94%, respectively, while the proportion of sown area of wheat declined rapidly by 43.44% over the 38-year
period. In contrast, the changes in the sown area proportions of corn and oil-bearing crops were not noticeable.

In Mingin, the proportions of sown area for wheat decreased rapidly from 61.85% in 1980 to 14.76% in
2017, marking a gradual loss of its dominant status. Meanwhile, the proportions of sown area of corn, oil-
bearing crops, vegetables, and fruits increased by 16.29%, 16.77%, 10.15%, and 13.45%, respectively. Notably, the
sown area proportion for cotton, classified as a higher-water-requirement crop, demonstrated a trend of “first
increasing and then decreasing”.

From a spatial point of view, all four counties and districts were mainly planted with wheat, accounting for
more than 60% of the total in 1980. By 2017, significant changes had occurred in the cropping patterns of these
counties, with notable differences emerging. The area proportions of grain crops (wheat and corn) in Liangzhou
and Yongchang were 58.69% and 59% respectively, indicating the dominant position of food crops. The area
proportions of grain crops (wheat and corn) in Gulang and Minqgin were 40.16% and 41.91% respectively, with
economic crops becoming predominant.

Based on the above analysis, the planting structures of the four counties (districts) have undergone a series of
adjustments over the past 38 years. The sown area proportion for wheat decreased rapidly, while the proportions
of sown area for corn, vegetables, fruits, and oil-bearing crops increased. Overall, the dominant position of
wheat has been lost. The area ratio of food crops to economic crops was continuously adjusted, tending toward
a state of balance.
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Fig. 5. Changes of virtual water content for main crops in the SRB from 1980 to 2017.

Crops | Cotton | Oil-beaning crops | Fruits | Wheat | Corn | Tubers | Vegetables
AVWC | 2.82 2.08 1.42 135 098 |0.89 0.21

Table 2. Average virtual water content (AVWC) of each crop (m*/kg).

Change characteristics of crop water requirements

Virtual water content of each crop

The virtual water content of each crop for each year was calculated from 1980 to 2017 (Fig. 5). The average virtual
water content of each crop is given in Table 2.

It can be observed that the water requirements per unit mass for the seven main crops showed a decreasing
trend in the middle and lower reaches of the SRB (Fig. 5). Among them, the virtual water content of fruits
decreased the most, with an annual change rate of 0.031 m3/kg. After the turn of the twenty-first century,
this downward trend gradually tended to stabilize. On the one hand, climatic factors such as sunshine hours,
wind speed, and relative humidity are the main controlling factors of potential evapotranspiration. Under the
background of global warming, lower wind speed has led to lower potential evapotranspiration®®-%2. On the
other hand, the yield of crops increased with the improvement of agricultural level, leading to a downward trend
of water requirements per unit mass of main crops.

As shown in Table 2, the virtual water contents of cotton and oil-bearing crops were relatively higher, followed
by fruits and wheat. The virtual water contents of corn, tubers, and vegetables were relatively lower in the middle
and lower reaches of the SRB. These results are basically consistent with those calculated by Li et al.%* and Su et
al. 7.

Changes of crop water requirements in each county (district)

In Yongchang (Fig. 6), the water requirements of food crops and economic crops all increased. Notably, the water
requirements of corn increased significantly, from 0.04 X 108 m* in 1980 to 0.90 X 102 m? in 2017, increasing 22-
fold over the past 38 years. The increase in water requirements for vegetables was the largest, with an average
increasing rate of 1.40X 107 m® per year. In Liangzhou, the water requirements of economic crops increased
significantly, with the largest rise occurring for vegetables, which increased from 0.11x10® m? in 1980 to
1.38x 108 m? in 2016. In Gulang, the total water requirements for food crops showed a rapidly decreasing trend,
particularly for wheat, which decreased at an average rate of 0.04 X 108 m? per year, from 2.18 x 108 m? in 1980
to 0.68x 108 m® in 2017. Conversely, the total water requirements of economic crops showed an increasing
trend, with the water requirements for vegetables increasing most significantly, averaging 0.01 x 108 m? per year,
from 0.02Xx 10® m® in 1980 to 0.44x 10® m? in 2017. In Mingin, the total water requirements for food crops
decreased rapidly, while the water requirements of economic crops increased obviously. Among them, the water
requirements of wheat rapidly decreased at an average rate of 0.04 x 103 m? per year, from 1.97 X 10® m? in 1980
10 0.29 % 108 m? in 2016. However, in 2017, an expansion in the sown area of wheat led to an increase in its water
requirements.

From a spatial perspective, in 1980, the crop water requirements for Liangzhou, Gulang, Minqin, and
Yongchang (mainly wheat) were 3.51 X 108 m?, 2.6 X 108 m?, 2.41 X 108 m?, and 1.46 X 108 m?, respectively. By
2017, due to the increase in crop planting area and the adjustment of planting structure, the water requirements
for crops in the four counties and districts had increased to 5.4x 108 m? 2.63x 108 m?, 3.1x10% m?, and
2.91x 108 m?, respectively, with a total increase of 4.06 X 10® m®. Among them, Liangzhou and Yongchang had
the largest increases.
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Fig. 6. Water requirements of each crop in each county (district).

Impacts of PSA on crop water requirements

Impacts of PSA on crop water requirements (Taking 1980 as the reference base year)

In Yongchang (Fig. 7), the Ccn, values were all more than 0 in 1981-1992, 1999, 2010, 2016, and 2017, indicating
that there was no water-saving and PSA resulted in more water requirements in these years. Notably, the water
requirements increased the most in 1991, with the sown area ratio of food to economic crops at 22:9. From 1993
to 1998, 2000 to 2009, and 2011 to 2015, the Ccy, values were all less than 0, indicating that PSA played a role in
water saving, and the most water-saving year was 2008. In Liangzhou, from 1982 to 2017, the Ccy, values were all
more than 0 except for 1981, which means that there was no water-saving after PSA. In Gulang, the C.,, values
were all more than 0 in 1981-1983, 1989, 1991, and 2013-2015, indicating that there was no water-saving and
PSA has resulted in higher water requirements in these years. Among them, the water requirements increased
the most in 1989. In 1984-1988, 1990, 1992-2012, and 2016-2017, the values were all below 0, indicating that
the PSA resulted in some water savings, whereas the year with the largest amount of water-saving was 2007. In
Mingqin, the Ccn values were all greater than 0 in 1981, 1982, 2001, 2009-2015, and 2017, which means that
there was no water-saving and PSA resulted in higher water requirements in these years. Among them, the water
requirements increased the most in 2011. In other years, the Ccy values were all less than 0, indicating the water-
saving by the PSA, with the most significant water saving in 2005.

Based on the above analysis, the years with the largest amount of water-saving in Mingin, Gulang, and
Yongchang were 2005, 2007, and 2008, respectively. After that, the total water-saving amount continued to
decrease, and in 2017, PSA even resulted in higher crop water requirements in Yongchang and Mingin. Since
1980, PSA has led to increased water requirements in Liangzhou. This may be the root cause of the large overall
water requirements in the middle reaches of Liangzhou, and the decreasing discharge to Mingin Oasis in the
lower reaches, which should be paid notable attention.

As shown in Table 3, in the most water-saving years of four counties (district), the water consumption per
unit area of vegetables, wheat, corn, and oil crops was much higher than that of fruits and cotton, and the
area proportion of these four crops was also the lowest in the past 38 years, at 46.1%, 53.0% and 45% (Fig. 4).
Preliminary inference suggests that the area proportion of these four crops determined the water saving.

Impacts of PSA on crop water requirements since the implementation of the KTPSRB (2007)

It can be observed that the Cc,, values of the four counties (districts) were all greater than 0, except for 2017 in
Liangzhou (Fig. 8), which means that there was no water-saving following the implementation of the KTPSRB.
Under the background that wheat as a “big water consumer” has completely lost its dominant position, why has
not the goal of saving water been achieved yet? This seems to be inconsistent with our previous understanding,
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Fig. 7. The water saving caused by PSA in different years with 1980 as the reference base year.

Vegetables | Wheat | Corn Oil-bearing crops | Tubers | Fruit Cotton
Yongchang | 5879.83 5627.56 | 5505.76 | 5215.55 4647.53 | 3671.72 | -
Liangzhou | 5425.01 5102.68 | 4977.52 | 5061.54 4127.37 | 3317.49 | -
Gulang 6043.22 5820.51 | 5562.20 | 5131.80 4578.60 | 3644.12 | -
Mingin 6646.33 6323.99 | 6224.72 | 5785.68 5202.60 | 4126.67 | 3701.07

Table 3. Water requirements per unit area of different crops in the most water-saving year in each county and
district (unit: m3/ha).

so we considered it necessary to deeply study the internal relationship between PSA and the increase or decrease
of crop water requirements.

Discussion

Relationship between Cn and PSA

Reasons for changes in water requirements of different crops

As mentioned earlier, the total sowing area in the four counties and districts showed a continuous increase from
1980 to 2017. Among them, the sowing area of grain crops showed a slight decreasing in fluctuations, while
the economic crops area showed a significant increasing trend (Fig. 3). There were differences in the planting
structure changes among the four counties and districts. Liangzhou had the smallest change in the proportion of
grain crop area, while Gulang and Minqin had the largest decrease. The adjustment of sowing area and planting
structure, coupled with changes in water demand per unit area, had led to significant changes in water demand
for different crops (Fig. 6). From the perspective of changes in water requirements for a certain crop, the main
reason for the decrease in water requirements for grain crops (wheat and corn) in Gulang and Mingin was the
reduction of sowing area, while the main reason for the significant increase in water requirements of grain
crops in Yongchang was the increase in sowing area. The slight increase in water requirements for grain crops
in Liangzhou was due to the slight increase in sowing area and water requirements per unit area. At the same
time, the main reasons for the increase in total water demand for economic crops was the continuous increase in
sowing area. From the perspective of changes in total crop water requirements, the main reasons were changes
in area and adjustments in planting structure. The increase in water requirements due to the increase in area
can only be controlled through the application of water-saving technologies, which is not the focus of this
article. Due to the different water requirements per unit area of each crop, the adjustment of planting structure
also have an impact on the total water requirements of crops, which contains huge water-saving space behind

Scientific Reports |

2024 14:30732 | https://doi.org/10.1038/s41598-024-80105-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

5]
S
)

a. Yongchang o

= - b. Liangzhou
£ E
] W // 5 /.
i 0.8 ~ i 0.4
a —u D
e

£ A~ H
£ 0.6 —N g ]
2 ™1 ] ~p—
E E 02
5 0.4 A L]
= =
é 0.2 é o
5 [T | R -—
o i . <
z 0.0-m z |

-0.2 02

1.0 0.6 < s

¢. Gulang d. Minqin

—i—g

. \./-

e
%

2
™
/
s
/

Water-saving amount(C,,) /x10°m*
=
'
Water-saving amount(C,,) /x10*m?*
=
L

N

e
>

2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018

Fig. 8. Changes of the water saving before and after PSA with 2007 as reference base year.

Wheat | Corn | Oil-bearing crops | Vegetables | Tubers | Fruits | Cotton
Yongchang | 58.70 | 9.22 | 14.80 9.75 4.67 2.85 -
Liangzhou | 44.29 | 24.40 | 8.69 12.55 5.44 493 -
Gulang 59.03 13.95 | 9.17 8.82 5.64 3.39 -
Mingin 53.76 15.88 | 8.30 7.99 0.58 6.40 7.66

Table 4. The contribution of each crop’s water requirements to the total water requirements (38-year average)
(%).

it¥1317:19.2632 The PSA is a very complex process, and its water-saving status cannot be obtained through changes

in total water demand, which is the focus of this paper. The study by Karandish et al. *? also addressed the water
resources issue by proposing optimal crop cropping patterns based on virtual water theory, and emphasized the
importance of rational crop restructuring in water conservation. In 2009, Shi and Su linked planting structure
adjustment to water savings in the Shiyang River Basin, and suggested that reforming cultivation practices could
enhance water resource utilisation®’.

Relationship between Cn and PSA

First of all, different crops had varying water requirements per unit area and total water demands (Table 3),
leading to distinct impacts on overall water requirements. This was the root of differences in water saving of
different planting structures. Therefore, by calculating the contribution of each crop’s water requirements to the
total water requirements, the main crop types for controlling water saving were determined. From Table 4 it can
be seen that the water requirements of wheat, corn, Oil-bearing crops, and vegetables accounted for a relatively
high proportion of the total water, which had a significant impact on agricultural water saving.

Secondly, in order to further clarify which crops have an important influence on water saving, the correlation
analysis between the sown area proportion and the water-saving amount of the four combinations (Topl
(Wheat), Top2 (Wheat+ Corn), Top3 (Wheat+ Corn+ Oil-bearing crops) and Top4 (Wheat+ Corn+ Oil-
bearing crops + Vegetables)) was carried out, and the correlation coefficient was shown in Table 5.

The correlation coeflicients between the area proportion and the water saving varied significantly across the
four crop combinations. Top 4 exhibited the highest correlation coefficient (Table 5), indicating that the total
area proportion of vegetables, wheat, corn, and oil-bearing crops (Abbreviated as TPVWCO) has the greatest
influence on water saving.

From Fig. 9, it can be seen that the trend of water saving and TPVWCO changes was very consistent, which
means that the area proportion of four crops directly determined the water-saving. The years with the largest
amount of water-saving were 2008, 2007, and 2005 in Yongchang, Gulang, and Minqin, and the TPVWCO were
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Topl Top2 |Top3 |Top4
Yongchang | 0.782** | 0.808** | 0.850** | 0.930**
Liangzhou | 0.067" |0.078" |0.108" |0.60**
Gualng 0.378% | 0.478* | 0.622** | 0.80**
Minqin 0.136" | 0.148" | 0.499* |0.68**

Table 5. Correlation coefficients between the proportion of sown area of crops and the water-saving amount
of crops in each county (district). *Significant at the 0.05 probability level. **Significant at the 0.01 probability
level. "Nonsignificant at the 0.05 probability level.
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Fig. 9. Relationship between the water-saving amount and the TPVWCO in each county (district).

Yongchang | Gulang | Mingin
Maximum of water saving (X 108 m?) | 0.89 0.79 0.55
The TPVWCO (%) 46.1 53 45
Year 2008 2007 2005

Table 6. Maximum of water saving and the TPVWCO.

46.1%, 53%, and 45%, respectively (Table 6). Therefore, it can be inferred that maintaining the TPVWCO around
50% may maximised water saving over the past 38 years.

As mentioned earlier (Table 3), the crops with higher water requirements per unit area were vegetables,
wheat, corn, and oil-bearing crops, while fruits and cotton have lower water requirements per unit area. Crops
with high water demand per unit area would definitely have a significant impact on total water requirements.
Therefore, the smaller the TPVWCO, the greater the water saving (Fig. 9).

Controlling the TPVWCO
According to “Relationship between Cn and PSA”, the TPVWCO played a decisive role in water saving. Therefore,
it is particularly important to control the TPVWCO during the process of adjusting the planting structure. In
order to further understand the potential water saving under different planting structure patterns, the water
requirements were simulated in different scenarios. The basis for these scenarios was as follows: as concluded
in “Relationship between Cn and PSA’, the smaller the TPVWCO, the greater the water saving. Meanwhile, The
TPVWCO of meeting people’s minimum food needs was 30.21% in four counties (districts). Accordingly, the
following three simulation scenarios were established.

Scenario I: The TPVWCO was controlled at 50%, Scenario II: The TPVWCO was controlled at 40%, and
Scenario III: The TPVWCO was controlled at 30%. The vacated farmland in Yongchang, Liangzhou, and Gulang
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Scenarios Yongchang | Liangzhou | Gulang | Mingin | Total
Current year (2017) | 2.92 5.42 2.63 3.09 14.06
I 2.61 5.02 2.45 2.78 12.86
1I 2.49 4.79 2.34 2.63 12.25
I 2.37 4.57 2.21 2.48 11.63

Table 7. Crop water requirements under three hypothetical scenarios (unit: 103m?).

Scenarios Yongchang | Liangzhou | Gulang | Mingin | Total

Current year (2017) | 23.06 27.71 23.90 33.04 107.71
I 19.84 22.86 16.06 26.85 85.62
II 18.56 20.24 24.76 23.98 87.54
111 17.27 17.63 25.09 21.10 81.09

Table 8. Total economic benefits under three hypothetical scenarios (unit: hundred million yuan).

Region Area proportion | Wheat (%) | Corn (%) | Oil-bearing crops (%) | Tubers (%) | Vegetables (%) | Fruits (%) | Cotton (%)
2017 33.07 26.38 6.23 10.93 9.29 0.83 -
Yongchang
Adjustment 17.62 14.06 3.32 10.93 5.00 35.89 -
2017 6.68 52.00 4.93 5.25 19.74 7.81 -
Liangzhou
Adjustment 6.68 21.48 2.37 5.25 9.47 51.17 -
2017 19.04 21.11 12.04 14.31 13.85 5.32 -
Gualng
Adjustment 8.25 15.19 7.29 14.31 8.39 31.38 -
2017 14.75 27.16 27.16 0.30 11.39 13.92 0.71
Mingin
Adjustment 11.53 12.79 10.18 0.30 6.37 13.92 32.21

Table 9. The planting structure in each county and district of Scenario II (unit: %).

should be planted with fruits, a crop with the smallest water requirement per unit area. For the same reason, the
vacated farmland of Minqin should be planted with cotton.

The three hypothetical scenarios resulted in water savings (Table 7): the lower the TPVWCO, the greater the
water saving. The total water-saving amounts for the four counties (districts) were 1.20x 10 m? (scenario I),
1.81x 108 m? (scenario II), and 2.43 X 10® m? (scenario III), respectively, the third scenario has the highest water
conservation and the most obvious ecological effect. But in the future PSA, there may be a risk of economic
income decline, and the economic benefits need to be comprehensively considered. In order to further clarify
the economic benefits of different scenarios, this paper further calculated the agricultural net economic benefits
under those three scenarios (Table 8). It can be seen that Scenario II yielded the best total economic benefit,
amounting to 87.54 hundred million yuan. Therefore, considering food security, agricultural water saving,
ecological and economic benefits comprehensively, the TPVWCO should be controlled at about 40% in the
future.

The adjusted planting structure not only meets the basic food needs of local residents but also achieves
significant economic benefits. Additionally, it can save 1.81 X 108 m? of water for ecological restoration, alleviating
water scarcity issues. This is crucial for the recovery of the degraded ecological systems in the arid oasis-desert
transition zone and for water quality purification. However, we also observed that the transition towards a water-
saving planting structure has led to a reduction in the planting area of oil-bearing crops and vegetables, resulting
in a decrease in the total economic income of residents. This may have a certain impact on the local agricultural
community, posing certain risks. Therefore, while ensuring food security, it is essential to maximize the planting
area of economic crops such as oil-bearing crops and vegetables and to moderately increase the cultivation of
low-water-consuming economic crops like fruits and cotton. This approach aims to minimize the impact on the
agricultural community and mitigate the potential risks associated with the adjustment of the planting structure.

Taking into account water conservation and ecological benefits, food security, and ensuring farmers’
economic income, the adjusted planting structure models for each county and district were presented in Table
9. Among them, considering the food security, the planting proportion of wheat in Liangzhou has not changed
by 6.68%.

As shown in Table 10, during the compression of TPVWCO, the vacant land will be used to plant fruits in
Gulang, Liangzhou, and Yongchang, while the vacant land will be used to plant cotton in Mingin. Therefore,
the water-saving threshold ranges for wheat, corn, oil- bearing crops, and vegetables per unit area are 1836.55-
2942.42 m3/ha, 1707.84-2513.04 m3/ha, 1495.05-2065.92 m>/ha, and 2165.02-2942.42 m3/ha, respectively.
Among them, wheat and vegetables have great water-saving potential.

Scientific Reports |

2024 14:30732 | https://doi.org/10.1038/s41598-024-80105-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Region Wheat | Corn Oil-bearing crops | Tubers | Vegetables | Fruit Cotton
Yongchang | 5531.26 | 5426.14 | 5107.52 4568.00 | 5760.69 3595.67 | -
Liangzhou | 5249.65 | 5120.94 | 5207.39 4246.30 | 5581.33 3413.10 | -
Gulang 5975.40 | 5710.22 | 5268.36 4700.44 | 6193.81 3773.31 | -
Mingin 6440.57 | 6339.47 | 5892.35 5298.51 | 6768.85 4,202.74 | 3826.43

Table 10. Water requirements per unit area of different crops in various districts in 2017 (unit: m* ha).

In summary, the main content discussed in this section is the relationship between planting structure
adjustment and water saving. Through analysis, the most water-saving planting structure model has been
identified over the past 38 years, and the future optimal planting structure model for each county and district
was proposed.

Conclusions

PSA is one of the key links in building a water-saving agriculture. The scientific evaluation on the impact of
PSA on agricultural water saving can provide a scientific basis for agricultural water resource management and
agricultural policy making. In this paper, we introduced the virtual water theory and constructed the water-
saving evaluation model to analyse the impact of PSA on crop water requirements and identify the optimal
agricultural structure model in Shiyang River Basin. The conclusions were as follows:

From 1980 to 2017, the sown area of crops in SRB showed an overall increasing trend. In particular, the sown
area of economic crops increased rapidly and the sown area of food crops decreased continuously. At the same
time, the proportion of sown area of wheat decreased rapidly, whereas the area proportions of corn, vegetables,
fruits, and oil-bearing crops increased in Minqin, Liangzhou, Gulang, and Yongchang. Consequently, wheat
gradually lost its dominant position within the planting structure.

The PSA affected the total water requirements of crops and brought different water-saving effects. The water
requirements of major crops in the four counties and districts showed an increasing trend due to the increase in
sowing area and the adjustment of planting structure. The total area proportion of vegetables, wheat, corn, and
oil-bearing crops (TPVWCO) directly determined the water-saving amount. The lower the TPVWCO, the better
the water-saving effect. Taking 1980 as the reference year, the most water-saving years in Gulang, Liangzhou,
Yongchang, and Minqin were 2007, 1981, 2008, and 2005, respectively. Taking 2007 as the reference year, there
were no water-saving years available after that due to the higher TPVWCO. This indicates that the KTPSRB,
implemented in 2007, has not yet achieved the goal of agricultural water saving through PSA. Taking into
account food security, ecological and economic benefits, it was recommended to control the TPVWCO at 40%
in the Shiyang River Basin in the future. The above conclusions can provide guidance to local governments in
formulating sustainable agricultural policies. By optimizing planting structures, water resource consumption can
be effectively reduced while ensuring the stability of agricultural production. However, this cropping structure
model may lead to a certain degree of decline in local residents’ economic income. Therefore, when formulating
relevant policies, the government should guide farmers to increase the cultivation of economic crops such
as vegetables, oil-bearing crops, and fruits to raise their income. Additionally, farmers should receive certain
economic compensation in order to mitigate the potential risks associated with cropping structure adjustments.
Investments in water-saving irrigation technologies should be increased to reduce water-saving pressure, and
education and training for community residents should be strengthened to enhance farmers’ motivation.

The adjustment of cropping structures is a highly complex and important process, involving various factors
such as community residents, government, funding, and technology. This article used meteorological data and
socio-economic data to conduct an in-depth study on the impact of planting structure adjustment on water
saving in the SRB over the past 38 years by constructing a water-saving evaluation model. It provides new ideas
for the relevant research on the water-saving effect of planting structure adjustment. However, due to the lack
of long-term field monitoring and research data, it may have a certain impact on the accuracy of the evaluation
results. Therefore, in the future work, field monitoring and research should be continuously strengthened, with
a focus on the following aspects of research: the impact of climate change on crop water requirements, the
potential risks of cropping structure adjustments, and agricultural water resource management policies, as well
as the socioeconomic factors influencing farmers’ adoption of water-saving measures. These efforts will provide
stronger support for the development of a water-saving society.

Data availability

The data for this study is sourced from China Meteorological Data Network (http:// data.cma.cn), Compilation
of Statistics on National Economy and Social Development, Wuwei Statistical Yearbook, Yongchang Statistical Year-
book, Statistics Bureau of Gansu Province, Balanced diet pagoda of Chinese Dietary Guidelines (2016) and Gansu
Development Yearbook (2017). Data will be provided upon request. You can contact the corresponding author
to obtain data.
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