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Abstract

The spatiotemporal evolution of the regional water use structure holds significant theoreti-
cal value for optimizing regional water resource allocation, adjusting industrial structures,
and achieving sustainable water resource development. Shandong Province, located at
the lowest reach of the Yellow River Basin in China, is a major economic, agricultural,
and populous province, as well as a region with one of the most prominent water supply–
demand imbalances in the country. As a result, exploring how water use patterns change
over time and space in this region has become crucial. Using analytical methods like the
Lorenz curve, Gini coefficient, cluster analysis, and spatial statistics, we examine shifts in
Shandong’s water use structure from 2001 to 2023. We find that while agriculture remained
the largest water consumer over this period, industrial, household, and ecological water use
steadily increased, signaling a move toward more balanced resource distribution. Across
Shandong’s 16 regions (cities), the water use patterns varied considerably, particularly in
terms of agriculture, industry, and ecological needs. Among these, agricultural, industrial,
and domestic water use were distributed relatively evenly, whereas ecological water use
showed greater regional disparities. These results may have the potential to guide policy-
makers in refining water allocation strategies, improving industrial planning, and boosting
the water use efficiency in Shandong and the country ore broadly.

Keywords: water use structure; Lorenz curve; Gini coefficient; Yellow River Basin; four
waters determinations

1. Introduction
With population growth and accelerated urbanization, water resources have become

a critical constraint on regional socioeconomic development. The structure of water use
is closely linked to regional economic and social progress, significantly influencing con-
sumption patterns and efficiency. Adjusting this structure serves as a primary measure for
optimizing water allocation and resolving conflicts in water use. An in-depth analysis of
its spatial distribution and evolutionary characteristics constitutes essential foundational
work for such efforts [1,2]. Current methodologies for studying the evolution of water
use structures primarily include the following: mathematical statistics [3], information
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entropy [4], ecological niche and entropy theory [5], water footprint theory [6], and the
Lorenz curve method [7]. While mathematical statistics examines patterns among different
water use types, information entropy lacks cross-sectional analysis of equilibrium across
categories. Ecological niche theory, on the other hand, fails to reflect the stability of water
use structures. The Lorenz curve enables an intuitive and stable comprehensive analysis
of water use types but suffers from ambiguity in quantitative evaluation standards, mak-
ing inter-category disparities difficult to assess. In 1912, Corrado Gini proposed the Gini
coefficient based on the Lorenz curve, allowing for the quantitative characterization of
spatial distribution equilibrium. Since then, this method has been widely applied in studies
on water resource allocation, land use, and water use structures, demonstrating notable
effectiveness. Sueyoshi et al. [8] developed a Gini-based approach to assess technological
inequality, while Hu et al. [9] analyzed water allocation fairness in China’s Qujiang River
Basin. Zhou Yuyang et al. [10] employed these methods to study the “production-living-
ecological” spatial distribution in Duyun City, and Wu Xu et al. [11] examined the temporal
evolution and spatial disparities in Handan City’s water use structure. Similarly, Chen
Liang et al. [12] conducted a quantitative analysis of the spatiotemporal patterns and spatial
equilibrium of water use structures across Gansu Province.

To address China’s complex water resource and water environment challenges—
particularly in the Yellow River Basin—and achieve sustainable economic and social devel-
opment, China has implemented the Strictest Water Resource Management System and the
Ecological Protection and High-Quality Development Strategy for the Yellow River Basin.
The government mandates that all provinces along the Yellow River adhere to the principle
of “determining urban development, land use, population size, and industrial production
based on water availability.” Water resources must serve as the most rigid constraint, guid-
ing rational planning of population distribution, urban growth, and industrial expansion.
Unreasonable water demands must be strictly curbed, while water-saving industries and
technologies should be vigorously promoted. A society-wide water conservation cam-
paign is being implemented to shift water usage from inefficient practices to intensive and
sustainable models.

Shandong Province, situated at the lowest reach of the Yellow River, is the only Chi-
nese province that simultaneously ranks as a major economic, agricultural, and populous
region. Its economy consistently places among the top three nationwide, while its grain,
vegetable, and fruit production is the highest in the country. With a permanent population
of 100.8 million (the second largest in China), Shandong faces one of the most severe water
supply–demand imbalances in the nation. Its per capita water resources amount to only
298 m3, classifying it as a severely water-scarce region. Remarkably, Shandong sustains
approximately 5% of China’s arable land, 8% of its grain output, 7% of its population, and
7% of its GDP with just 1% of the country’s total water resources. As economic growth
and population expansion continue, the pressure on water resources intensifies. Therefore,
analyzing and exploring the spatiotemporal evolution characteristics of Shandong’s water
use structure holds significant theoretical importance for optimizing water resource allo-
cation, adjusting industrial structures, promoting sustainable water resource utilization,
enforcing the Strictest Water Resource Management System, and implementing the Yellow
River Basin’s ecological protection and high-quality development strategy. This research
is crucial for guiding Shandong toward a more balanced and sustainable water manage-
ment framework. While previous studies have addressed Shandong’s water resource
management [13], carrying capacity [14], and utilization [15], few have examined the spa-
tiotemporal evolution of its water use structure. In this study, we employ the Lorenz curve,
Gini coefficient, cluster analysis, and statistical analysis methods to systematically examine
water use data across different regions in Shandong Province from 2001 onward. The
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findings not only contribute to optimizing water allocation, adjusting industrial structures,
and achieving sustainable water use in line with the Basin’s high-quality development
mandate but also provide evidence-based support for future water allocation policies and
management strategies in Shandong Province.

2. Materials and Methods
2.1. Study Area and Data

Shandong Province represents the lowest reach of the Yellow River Basin in China,
occupies a strategically important position along the eastern coast (Figure 1). Bordered
by the Beijing–Tianjin–Hebei region to the north and the Yangtze River Delta to the south,
it serves as a western gateway to the Yellow River Basin while facing Japan and South
Korea across the sea to the east. As a vital industrial base and strategic pivot for economic
development in northern China, Shandong functions as a crucial hub for balanced regional
development between north and south, integrated land–sea coordination between east
and west, and connectivity between Northeast Asia and the Belt and Road Initiative.
The province currently administers 16 prefecture-level regions: Jinan, Qingdao, Zibo,
Zaozhuang, Dongying, Yantai, Weifang, Jining, Tai’an, Weihai, Rizhao, Linyi, Dezhou,
Liaocheng, Binzhou, and Heze. Characterized by a temperate semi-humid monsoon
climate, Shandong experiences four distinct seasons with significant temperature variations.
The climate features concurrent heat and rainfall with pronounced seasonal precipitation
patterns: cold, dry winters with scant snow; hot summers with concentrated rainfall; and
relatively dry spring and autumn seasons. The annual average temperature ranges from 11
to −14 ◦C, with a multi-year average precipitation of 680.5 mm. Shandong’s river systems
belong to three major basins—the Yellow River, Huai River, and Hai River—along with
independent peninsula waterways flowing directly to the sea. The Yellow River’s main
stream traverses nine regions (Heze, Jining, Tai’an, Liaocheng, Jinan, Dezhou, Binzhou,
Zibo, and Dongying) before emptying into the Bohai Sea at Kenli District, Dongying City.

Figure 1. Geographic location map of Yellow River Basin and Shandong Province.

The data used involve water supply volume, water consumption, population, and
agricultural indicators, which are primarily sourced from the “Shandong Water Resources
Bulletin” and “Shandong Statistical Yearbook”. The “Shandong Water Resources Bulletin”
data is officially published by the Shandong Provincial Department of Water Resources,
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while the “Shandong Statistical Yearbook” is released by the Shandong Provincial Bureau
of Statistics. The data series covers the period from 2001 to 2023.

2.2. Methods
2.2.1. The Lorenz Curve

The Lorenz curve was initially proposed in the early 20th century by Max Otto
Lorenz [16] to measure income distribution equality [17]. It is mathematically expressed as

L(x) =
1
u

∫ x

0
xdF(x) (1)

where F(x) represents the cumulative distribution function of ordered individuals, while u
denotes the mean value.

In the water resources research field, however, the Lorenz curve plots x-axis and y-axis,
denoting cumulative percentage of total water use and cumulative percentage of specific
water use categories, respectively. As shown in Figure 2, the curve typically exhibits a
concave shape. The proximity of a water category’s Lorenz curve to the line of absolute
equality (45◦ line) indicates its spatial distribution uniformity across the study area: if
closer to the line, there is a more equitable spatial distribution, and if farther from the line,
there is a greater spatial disparity.

Figure 2. Schematic diagram of the Lorenz curve.

When constructing the Lorenz curve, it is necessary to calculate the location quotient
(L(Q)) [18]. The location quotient of water consumption is defined as the ratio of the
cumulative percentage of a specific water use category in a given region to the cumulative
percentage of the region’s total water consumption, which reflects the slope of the Lorenz
curve. The formula is expressed as

L(Q) = (Qij/Qj)/(Qi/Q) (2)

where Qij represents the water consumption of category j in region i (m3), Qj denotes the
total water consumption of category j (m3), Qi indicates the total water consumption in
region i (m3), Q stands for the total water consumption of the study area (m3), L(Q) is the
location quotient.
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2.2.2. Gini Coefficient

Originally employed to measure income inequality among regional populations, the
Gini coefficient has been widely adopted to analyze spatial equilibrium and distribution
disparities across different regions. The geometric interpretation of the Gini coefficient
represents the ratio between the area enclosed by the line of perfect equality (y = x) and the
actual cumulative curve (y = f(x)), as well as the total area under the line of perfect equality
(a right-angled triangle). The calculation formula is written as

G = 2
∫ 1

0
[x − f (x)]dx = 1 − 2

∫ 1

0
f (x)dx (3)

where G denotes Gini coefficient, f (x) is function of the cumulative distribution curve.
The Gini coefficient typically ranges from 0 to 1, with 0.4 established as the warning

threshold. Values ≥0.4 indicate significant or severe inequality in water use distribu-
tion. The evaluation criteria for this study follow internationally recognized classification
standards [19], as detailed in Table 1.

Table 1. Gini coefficient evaluation criteria.

Gini Coefficient 0 < G < 0.2 0.2 ≤ G < 0.3 0.3 ≤ G < 0.4 0.4 ≤ G < 0.5 ≥0.5

Evaluation result Absolute
equality Relative equality Relatively

reasonable
Significant
disparity

Extreme
disparity

2.2.3. Mann–Kendall Trend Test

The Mann–Kendall (MK) trend test is one of the most commonly used trend detection
methods. Proposed by H.B. Mann and Kendall [17,20], it is a non-parametric statistical
method characterized by its computational simplicity and wide applicability, with the
capability to eliminate the influence of outliers on trend analysis. For a given time series
X = {x1, x2,..., xn}, the non-parametric Mann–Kendall statistic S can be written as

S =
n−1

∑
i=1

n

∑
j=i+1

sgn(xj − xi) (4)

and

sgn(xj − xi) =


+1, (xj − xi) > 0

0, (xj − xi) = 0
−1, (xj − xi) < 0

where sgn(xj − xi) is the sign function. The statistic S follows a normal distribution with
mean E(S) = 0 and variance Var(S) = n(n − 1)(2n + 5)/18.

The standardized test statistic Z for the normal distribution is given by

Z =


S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0
(5)

In bilateral trend testing, the presence of significant trends in time series data can
be determined by examining the confidence interval range of the statistic Z(s). At a
given significance level α, if the absolute value of the statistic |Z| exceeds Z(1−α/2), this
indicates a statistically significant increasing or decreasing trend in the element’s time
series. Conversely, if |Z| is less than Z(1−α/2), the trend in the time series is not statistically
significant. Furthermore, the sign of the Z statistic determines the direction of the trend:
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a positive Z value indicates an increasing trend in the time series, while a negative value
signifies a decreasing trend. In this study, we set the confidence level α at 0.05, meaning
that when |Z| > 1.64, the result passes the 95% significance test.

2.2.4. Clustering Analysis

Clustering analysis, also known as systematic clustering, is an algorithm that splits
or aggregates data according to specific linkage rules and hierarchical structures, ulti-
mately forming a hierarchical sequence of clustering solutions. This method is suitable
for classifying small datasets without prior knowledge, and the classification results can
be dynamically adjusted based on actual conditions, offering considerable flexibility. In
this water-use structure analysis, the data matrix is not excessively large, and the process-
ing time does not need to be extensive. Therefore, hierarchical clustering was selected
for this study, with squared Euclidean distance chosen as the distance metric and the
Ward’s method (sum of squared deviations) applied as the clustering rule. For a detailed
methodology on cluster analysis, please refer to reference [21].

2.2.5. Data Processing

The data processing, Lorenz curve plotting, Gini coefficient calculation, and clustering
analysis were performed using Excel 2013, SPSS 17.0, and OriginPro 2021. Mann–Kendall
Trend Test is realized through MATLAB 2017a. The spatial distribution characteristics of
water use structure were mapped using ArcGIS 10.2 software.

3. Results
3.1. Statistical Characteristics of Water Use Structure

Water consumption in Shandong is categorized into four types: agricultural, indus-
trial, domestic, and ecological–environmental uses. The temporal variations in water
use structure are illustrated in Figure 3. It can be seen that agricultural water use repre-
sented the largest proportion, followed by domestic and industrial uses, with ecological–
environmental water use being the smallest. From 2001 to 2023, agricultural water ac-
counted for 55.1–77.5% of total use (average: 68.5%), domestic water represented 9.0–19.6%
(average: 14.4%), industrial water comprised 10.0–16.6% (average: 14.2%), and ecological–
environmental water constituted 0.13–10.2% (average: 3.6%). According to the trend
analysis, the proportion of agricultural water use exhibited a yearly decreasing trend
from 2001 to 2023, while industrial, domestic, and ecological–environmental water use
all showed yearly increasing trends. The Mann–Kendall trend test yielded the following
Z-values: agricultural water use −5.65, industrial water use 2.61, domestic water use
6.29, and ecological–environmental water use 5.99. The negative Z-value for agricultural
water use indicates a significant decreasing trend, whereas the positive Z-values for in-
dustrial, domestic, and ecological–environmental water use all surpassed the significance
threshold at α = 0.05. These findings align with the conclusions derived from the linear
regression analysis.

Figure 4 illustrates the changing proportions of different water supply sources in Shan-
dong Province. The overall trend shows the following: (1) a consistent annual decrease
in groundwater supply proportion; (2) a steady annual increase in unconventional water
sources and inter-basin transferred water; (3) fluctuating local surface water supply propor-
tion following a “high-in-wet-years, low-in-dry-years” pattern, influenced by precipitation
variability. The inter-basin transferred water primarily consists of Yellow River water and
Yangtze River water. In recent years, with the implementation of high-quality development
requirements for the Yellow River Basin, Shandong Province has strictly controlled Yellow
River water diversion while gradually increasing Yangtze River water utilization. Conse-
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quently, the growth in inter-basin transferred water mainly reflects increased Yangtze River
water usage. Agricultural irrigation in Shandong predominantly relies on groundwater
and Yellow River water. The strict controls on these conventional sources have driven a
transition from traditional flood irrigation to water-saving agricultural practices, resulting
in a gradual decline in the proportion of agricultural water use. Under strict regulations on
conventional water sources, the additional water demands from industrial and ecological
sectors have been primarily met by unconventional water sources. This policy orientation
has significantly boosted the supply proportion of unconventional water resources.

Figure 3. Variation curves of water use proportions in Shandong Province.

Statistical analysis was performed on the multi-year average proportions of different
water use types relative to total water consumption across 16 regions (Table 2). The results
show significant variations in water use composition among different regions. Among
all regions, Dezhou had the highest proportion of agricultural water use at 83.64%, while
Qingdao had the lowest at 37.87%. The agricultural water use proportion in Dezhou was
2.2 times that of Qingdao. For industrial water use, Zibo showed the highest proportion
(25.83%), whereas Heze had the lowest (6.51%), making Zibo’s industrial water use 4.0 times
that of Heze. Qingdao recorded the highest proportion of domestic water use (36.28%),
while Binzhou had the smallest proportion (7.01%). The domestic water use in Qingdao
was 5.2 times that of Binzhou. In terms of ecological water use, Jinan had the highest
proportion (6.65%), and Yantai had the lowest (1.06%), with Jinan’s ecological water use
being 6.3 times that of Yantai. Among all water use sectors, ecological water use showed the
most significant regional differences, while agricultural water use displayed the smallest
variation. According to the coefficient of variation analysis, agricultural water use had a
variation coefficient of 19.84%, belonging to low variability, while industrial, domestic and
ecological water use showed moderate variability with coefficients ranging between 37.65%
and 45.51%.
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Figure 4. Variation in proportions of different water supply sources in Shandong Province.

Table 2. Statistics of water consumption proportion in Shandong province.

Proportion of Water
Consumption

Minimum
(%)

Maximum
(%) Average (%) CV (%) Skewness Kurtosis

Agricultural 37.87 83.64 64.51 19.84 −0.17 −0.43
Industrial 6.51 25.83 15.49 37.65 0.16 −1.04
Domestic 7.01 36.28 16.45 45.40 1.11 2.14
Ecological 1.06 6.65 3.57 45.51 0.02 −0.80

Cluster analysis was also conducted on the water use structures across 16 regions, with
the results shown in Figure 5. These regions can be divided into 4 distinct categories based
on their water use patterns. The first category consists solely of Qingdao, characterized by
predominant domestic and industrial water use. In Qingdao, domestic and industrial water
consumption accounts for 56.6% of total usage, while agricultural water use represents
only 37.9%. The second category includes Rizhao, Zibo, Weifang, Zaozhuang, Jinan, and
Dongying. These regions demonstrate balanced water use structures, with agricultural
water consumption ranging between 52.3% and 56.4%, and combined domestic/industrial
water use accounting for 36.9% to 44.8%. The third category is represented exclusively by
Yantai, Weihai, Tai’an, and Linyi, where agricultural water use constitutes between 6.37%
and 67.1%. The fourth category comprises Jining, Liaocheng, Binzhou, Dezhou, and Heze.
These regions are dominated by agricultural water use, with proportions ranging from
77.9% to 83.6%, while other water use types account for relatively small shares, indicating a
distinctly agriculture-oriented water consumption pattern.
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Figure 5. Cluster analysis results of water consumption structure types.

3.2. Spatial Distribution Characteristics of Water Use Structure

Spatial distribution characteristics of water use structure across regions in Shandong
Province are illustrated in Figure 6. Overall, the visualization reveals distinct spatial
patterns.

For agricultural water use, the province exhibits a clear west-to-east decreasing gradi-
ent. In 2001, western and central regions including Dezhou, Binzhou, Heze and Weifang
demonstrated agricultural water use proportions exceeding 80%, while eastern Weihai
recorded the lowest proportion below 60%, with other regions ranging between 60 and 80%.
By 2023, this spatial pattern became more pronounced with overall reduced proportions—
western regions like Dezhou, Heze, and Liaocheng maintained over 70%, whereas Qingdao
in the east dropped below 30%, and central/southern regions, including Weifang, Jinan,
Zibo, Zaozhuang, and Rizhao, ranged between 30 and 50%.

Industrial water use displays a central-high, eastern-medium, western-low distribu-
tion. In 2001, central regions (Dongying, Zibo, Tai’an, Zaozhuang) and eastern coastal
regions (Qingdao, Weihai) showed 20–30% industrial use, contrasting with a mere 5% in
Heze in the west. This pattern persisted in 2023 with central regions (Zibo, Dongying,
Binzhou, Zaozhuang) and eastern coastal regions (Rizhao, Weihai) ranging 20–32%, while
western regions (Heze, Dezhou, Liaocheng) remained below 10%. Domestic water use
demonstrates an inverse west-to-east increasing pattern. In 2001, eastern coastal regions
(Weihai, Qingdao, Yantai, Rizhao) and central regions (Zibo, Zaozhuang, Jinan) ranged
10–20%, with others below 10%. By 2023, proportions increased significantly—Qingdao
reached 46%, other coastal/central regions 23–28%, while western Liaocheng remained
below 10%. Ecological–environmental water use shows dramatic temporal changes. In
2001, all regions reported minimal usage (<1%). By 2023, significant increases emerged
with central/eastern regions (Jinan, Zaozhuang, Qingdao, Rizhao) exceeding 12%, western
regions (Dezhou, Heze, Jining) below 5%, and others between 5 and 10%. The spatial
distribution evolved into a distinct central/eastern-high, western-low pattern.
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Figure 6. Spatial distribution of water use structure in 2001 and 2023.

3.3. Variation Characteristics of Water Use Structure

Over the period from 2001 to 2023, significant changes occurred in the water use
structures of all regions (Figure 7). Notably, the proportion of agricultural water use showed
a declining trend across all regions, while domestic and ecological–environmental water
use generally increased. Industrial water use exhibited mixed trends, with some regions
showing increases and others showing decreases. The reduction in agricultural water use
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varied considerably among regions. The proportion of agricultural water use decreased by
over 30% in Qingdao, Rizhao and Weifang, with the most significant reductions occurring in
Qingdao and Rizhao (39% decrease). Zibo, Jinan, Binzhou, and Zaozhuang saw reductions
exceeding 20% in agricultural water use proportions. Regions including Linyi, Weihai,
Heze, and Yantai experienced decreases of more than 10%. The changes were relatively
smaller (less than 10% reduction) in five regions: Liaocheng, Tai’an, Dongying, Jining,
and Dezhou.

Figure 7. Variation trends of different water use types between 2001 and 2023.

The changes in industrial water use proportions across Shandong show significant
regional variations. Tai’an recorded the most substantial decrease of over 10%. Ten regions,
including Dongying, Jinan, Yantai, Jining, Qingdao, Zaozhuang, Linyi, Weihai, Dezhou,
and Liaocheng, saw reductions ranging from 3.8% to 5.9%. Conversely, three regions—
Heze, Weifang, and Binzhou—experienced increases between 1.8% and 8.1%, while Zibo
and Rizhao showed particularly notable growth, with both exceeding a 10% increase.

All regions showed increases in domestic water use proportions, though with notable
variations. Qingdao experienced the most significant rise, increasing by 29%. Six regions—
Weifang, Jinan, Rizhao, Linyi, Zaozhuang, and Yantai—saw their domestic water use
proportions grow between 10.8% and 18.1%. The remaining regions all registered increases
below 10%. Substantial changes occurred in ecological water use proportions. In 2001, all
regions in the province maintained ecological–environmental water use below 1%, but by
2023, every city demonstrated significant growth exceeding 3%. Particularly noteworthy
were Qingdao, Jinan, Zaozhuang, and Rizhao, where ecological water use proportions
surged beyond 12.4%. The other twelve regions showed increases ranging from 3% to
9.3%. These developments clearly demonstrate how implementing the national strategy
for ecological protection and high-quality development in the Yellow River Basin has
significantly improved regional ecological–environmental water usage.
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3.4. Evolution Characteristics of Water Use Structure

Figure 8 presents the Lorenz curves for different water use types in Shandong Province
during selected representative years (2001, 2008, 2015, and 2023). The results show that from
2001 to 2023, the spatial distribution of agricultural water use became slightly less equitable,
though the degree of change was minimal. Notably, the Lorenz curve for agricultural
water consistently remained closest to the line of absolute equality, indicating that the
spatial distribution of agricultural water across the province has maintained remarkable
uniformity over the years. This reflects the establishment of a long-term, stable agricultural
water allocation scheme with relatively small disparities in utilization among regions.

Figure 8. Lorenz curves of different water use types in Shandong Province.

For industrial and domestic water use, the equity of spatial distribution showed
no significant changes. Their Lorenz curves remained farther from the line of absolute
equality compared to agricultural water, with the domestic water curve exhibiting a slight
downward trend, suggesting persistent disparities in spatial distribution among regions.
The most substantial changes occurred in ecological–environmental water use. In 2001,
its Lorenz curve was the farthest from absolute equality, but it gradually approached the
equality line in 2008 and 2015. By 2023, it even overlapped with the curves for industrial
and domestic water use. This demonstrates a clear improvement in the equity of ecological
water distribution over time, reflecting how regions have increasingly prioritized ecological
protection during these 23 years. The growing ecological water usage and converging
patterns among regions indicate successful efforts to balance environmental water needs
across the province.

In order to better evaluate the spatial distribution equilibrium and multi-year varia-
tions in different water use types, the Gini coefficients and their assessment results from
2001 to 2023 were calculated (Table 3). The Gini coefficient for agricultural water use
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generally exhibited an increasing trend year by year, though the later changes were not
particularly pronounced. It rose from 0.06 in 2011 to 0.15 in 2023. This pattern reflects
Shandong’s status as a major agricultural province and key grain production area, where
agricultural water dominates usage across all regions, resulting in relatively minor spatial
disparities. However, with ongoing industrial restructuring, functional zoning in territorial
spatial planning, and water-saving agricultural practices, some regions have gradually
reduced their agricultural water use proportions while others maintain higher levels, lead-
ing to an overall increase in the Gini coefficient. Nevertheless, the spatial equilibrium of
agricultural water use consistently remained in the “absolute equality” range, indicating
minimal differences among regions.

Table 3. Evaluation results of Gini coefficients for different types of water use in Shandong Province
(2001–2023).

Year Agricultural Result Industrial Result Domestic Result Ecological Result

2001 0.06 absolute equality 0.20 relative equality 0.20 absolute equality 0.76 significant disparity
2002 0.06 absolute equality 0.19 relative equality 0.25 relative equality 0.77 significant disparity
2003 0.07 absolute equality 0.23 relative equality 0.23 relative equality 0.39 relatively reasonable
2004 0.07 absolute equality 0.22 relative equality 0.19 absolute equality 0.40 relatively reasonable
2005 0.08 absolute equality 0.29 relative equality 0.23 relative equality 0.48 significant disparity

2006 0.08 absolute equality 0.31 relatively
reasonable 0.24 relative equality 0.41 significant disparity

2007 0.08 absolute equality 0.30 relative equality 0.25 relative equality 0.39 relatively reasonable
2008 0.09 absolute equality 0.29 relative equality 0.27 relative equality 0.37 relatively reasonable
2009 0.09 absolute equality 0.28 relative equality 0.26 relative equality 0.37 relatively reasonable
2010 0.09 absolute equality 0.24 relative equality 0.26 relative equality 0.35 relatively reasonable
2011 0.10 absolute equality 0.23 relative equality 0.24 relative equality 0.45 significant disparity
2012 0.10 absolute equality 0.22 relative equality 0.26 relative equality 0.39 relatively reasonable
2013 0.10 absolute equality 0.23 relative equality 0.25 relative equality 0.35 relatively reasonable
2014 0.10 absolute equality 0.23 relative equality 0.25 relative equality 0.37 relatively reasonable
2015 0.12 absolute equality 0.26 relative equality 0.26 relative equality 0.41 significant disparity
2016 0.13 absolute equality 0.26 relative equality 0.26 relative equality 0.44 significant disparity
2017 0.13 absolute equality 0.26 relative equality 0.26 relative equality 0.41 significant disparity
2018 0.14 absolute equality 0.23 relative equality 0.27 relative equality 0.41 significant disparity
2019 0.14 absolute equality 0.22 relative equality 0.28 relative equality 0.48 significant disparity
2020 0.15 absolute equality 0.24 relative equality 0.27 relative equality 0.41 significant disparity
2021 0.15 absolute equality 0.21 relative equality 0.24 relative equality 0.34 relatively reasonable
2022 0.14 absolute equality 0.22 relative equality 0.25 relative equality 0.23 relative equality
2023 0.15 absolute equality 0.23 relative equality 0.25 relative equality 0.24 relative equality

The Gini coefficient for industrial water use remained largely stable, fluctuating
between 0.19 and 0.31 from 2021 to 2023, consistently falling within the “relative equality”
range. This stability reflects steady industrial development across all regions with no
significant disparities in industrial water use proportions. Similarly, the Gini coefficient
for domestic water use showed minimal variation, ranging from 0.19 to 0.28 during the
study period, maintaining a “relative equality” status. The spatial distribution patterns
of domestic water use aligned closely with industrial water use, showing no substantial
proportional differences among regions.

The Gini coefficient for ecological–environmental water use exhibited significant
fluctuations over time. In 2001 and 2002, the coefficients reached 0.76 and 0.77, respectively,
indicating a state of extreme disparity. After 2003, the Gini coefficient dropped below
0.5. From 2003 to 2021, it fluctuated between 0.34 and 0.48, meaning the ecological water
use distribution alternated between relative rationality and substantial disparity. By 2022
and 2023, the coefficient further decreased below 0.3, reaching a relatively balanced state.
This improvement in the equity of ecological water distribution resulted from enhanced
emphasis on ecological water security across regions, driven by initiatives such as high-
quality development in the Yellow River Basin, ecological flow guarantees, and the Mother
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River Revitalization Action, which collectively promoted more balanced allocation of
ecological water resources.

In summary, the spatial distribution of agricultural, industrial, and domestic water
use all maintained Gini coefficients below the 0.4 warning threshold, while ecological water
use showed progressively reduced disparities. However, further coordinated planning and
rational allocation remain necessary for optimizing spatial water distribution patterns.

4. Discussion
The implementation of a mandatory water quota management system in the Yellow

River Basin reflects China’s commitment to addressing water scarcity through stringent
regulatory measures. As a downstream province, Shandong faces acute water supply–
demand imbalances exacerbated by climate change, upstream water withdrawals, and
rapid urbanization [22]. The principle of “water determining urban development, land use,
population size, and industrial output” aligns with the concept of “water planetary bound-
aries,” which emphasizes that sustainable development must operate within ecological
limits [23]. Shandong’s approach mirrors global best practices, such as Australia’s Murray–
Darling Basin Plan, where water quotas were enforced to restore ecological balance [24].
However, the success of such systems depends on robust enforcement, adaptive man-
agement, and stakeholder participation [25]. Aligned with Shandong’s territorial spatial
planning, water resource carrying capacity should guide zoning regulations to optimize wa-
ter use structures according to functional area requirements. Major agricultural production
zones—including the plains of Dezhou, Heze, Binzhou, Liaocheng, and Jining—are crucial
for food security and agricultural supply; these regions should comprehensively advance
water-efficient agriculture and improve irrigation efficiency. Urbanized development zones,
concentrated in the Jinan and Qingdao metropolitan areas, as well as core urban regions
like Yantai–Weihai, Linyi, Jining–Zaozhuang, and Heze, along key transport corridors (e.g.,
Jiaozhou–Jinan and Beijing–Shanghai routes), serve as hubs for population and industrial
agglomeration. These areas must strictly control population growth and water-intensive
industries in overburdened regions, implement industrial water conservation and pollution
reduction, and promote urban water loss reduction to establish urban layouts and modern
industrial systems compatible with water resource capacities. Key ecological functional
zones—primarily in Dongying, Tai’an, Linyi, Jining, and Yantai—are vital for maintaining
ecosystem services and ecological product supply; these areas should enhance ecological
water allocation guarantees. Consequently, Shandong’s water management framework
provides a blueprint for balancing development and sustainability in water-stressed regions.
By integrating technological innovation, strict regulation, and cross-sectoral coordination,
the province can mitigate water risks while supporting the Yellow River Basin’s ecological
goals. Wang et al. [26] employed a modified entropy method to analyze the evolutionary
characteristics of water use system structure in Shandong Province from 2004 to 2019. Their
results demonstrated that through agricultural technological advancements, Shandong
Province has been progressively improving the previously dominant single-pattern agri-
cultural water use, leading to increasingly coordinated water use proportions and a more
rational water system structure across the province. The findings of the present study are
fundamentally consistent with those of Wang et al.

The limitations of this study mainly lie in two aspects: First, the study area is not
too broad. This research focuses on Shandong Province, located at the lowest reach of the
Yellow River Basin. The Yellow River flows through nine provinces in China, with a total
basin area of 795,800 km2. The drainage area within Shandong Province is 18,300 km2,
accounting for only 2.3% of the entire Yellow River Basin. Future studies should aim to
conduct a more comprehensive analysis of water use structure changes across the entire
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Yellow River Basin. Second, the limitation of driving factors. Changes in water use structure
are not only influenced by water supply structure but may also be affected by factors such
as population shifts, economic development, and cropping pattern adjustments. This study
primarily analyzed the historical variation in water supply sources. In future research, it
would be ideal to conduct an in-depth exploration of the driving factors behind water use
structure changes from multiple perspectives, including water supply structure variations
and socioeconomic development.

5. Conclusions
This study examined Shandong Province—a representative area of water resource

conflicts in the lower Yellow River Basin—using Lorenz curves, Gini coefficients, cluster
analysis, and geostatistical methods to analyze spatiotemporal evolution characteristics of
water use structure. Key findings include the following:

(1) From 2001 to 2023, Shandong’s water use structure progressively improved, demon-
strating more rational and comprehensive water resource utilization. As a major
agricultural province, Shandong maintained the highest proportion of agricultural
water use, followed by industrial and domestic water, with ecological–environmental
water being the smallest. With advancing economic and technological development,
all water use categories showed positive changes, particularly in agricultural and eco-
logical water proportions, while industrial and domestic water use exhibited smaller
but consistent increases.

(2) Agricultural water use maintained absolute spatial equality (Gini coefficient < 0.2),
showing minimal regional disparities. Industrial and domestic water use exhibited
fluctuating but stable Gini coefficients (0.2–0.3), indicating relative spatial equal-
ity. Ecological water use demonstrated significant improvement, transitioning from
“significant disparity” (Gini > 0.4) to “reasonable distribution,” though further opti-
mization remains possible.

(3) Clear regional variations existed among Shandong: the western regions (e.g., Dezhou,
Heze) showed high agricultural water use but low industrial/domestic proportions;
central areas (e.g., Zibo) had the highest industrial water use; and the eastern zones
(e.g., Qingdao, Yantai) exhibited lower agricultural but higher industrial/domestic
water shares. All regions increased ecological water use to varying degrees, with the
overall spatial equilibrium remaining stable across the province.

(4) With the advancement of the national strategy for ecological protection and high-
quality development in the Yellow River Basin, ensuring ecological–environmental
water supply will become a key priority for optimizing the water use structure in
Shandong Province in the coming period. These findings underscore the need for
differentiated water management policies aligned with regional characteristics to
support sustainable development in the Yellow River Basin.
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