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There is a close link between water resources and economic development. To understand the relationship between water resources and economic development in Qian’nan, Guizhou, the study utilized the water resources ecological footprint and decoupling model to analyze the relationship between water resource ecological footprint and economic growth in the region. Data from 2009 to 2019 were collected and analyzed to understand the trends and patterns. The results indicate that from 2009 to 2019, the ecological footprint of water resources in Qian’nan remained less than the ecological carrying capacity, indicating a surplus of water resources and low ecological pressure. However, the water resources ecological footprint gradually increased over the study period. Furthermore, the ecological footprint of water resources was found to be higher in the northern areas compared to the southern regions. Additionally, areas with higher economic levels exhibited larger ecological footprints of water resources, while areas with lower economic levels had smaller ecological footprints. Although some counties (cities) showed an increasingly severe relationship between water resource ecological footprint and economic growth, overall, most counties (cities) demonstrated a weak decoupling state, suggesting that economic development is not significantly constrained by water resources. The findings suggest that Qian’nan, Guizhou, has experienced a surplus of water resources with low ecological pressure over the past decade. However, the increasing water resources ecological footprint warrants attention to ensure sustainable management. The spatial disparities in the ecological footprint of water resources highlight the need for targeted interventions in different regions. Additionally, the weak decoupling state between water resources ecological footprint and economic growth indicates the potential for further economic development without significant constraints from water resources. However, proactive measures should be implemented to maintain this balance and promote sustainable development in the region.
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1 INTRODUCTION
There exists a close relationship between water resources and economic development. As one of the fundamental elements underpinning economic growth, water resources constrain economic development (Liu et al., 2019; Peng et al., 2020). Implementation of economic policies, in turn, impacts the efficiency of water resource utilization (Lu et al., 2022). However, human direct consumption of water accounts for just 0.2% of the total water resources. With global climate change and the advancement of urbanization, many regions face an increasingly acute scarcity of water resources (Yang et al., 2022). Addressing the decoupling of economic growth from water resource utilization has become a focal point of current research (Pan and Xu, 2020; Wang and Wang, 2020; Li et al., 2023; Shu et al., 2023). Consequently, understanding the regional water resource usage structure and efficiency, and accurately analyzing the relationship between different stages of economic development and water resource utilization, is crucial for achieving sustainable water resource utilization. This stands as a pivotal factor in ensuring both economic development and societal wellbeing.
The concept of water resource ecological footprint originates from the ecological footprint concept, which measures the productive land area to gauge the consumption of water resources and wastewater absorption levels by a region’s population or economy (Su et al., 2018; Dai et al., 2019; Wang et al., 2020; Jing et al., 2022). Assessing a region’s water security status involves determining whether the regional water consumption area (water resource ecological footprint) falls within the scope of the water-carrying area (water resource carrying capacity). Simultaneously, by computing the ecological footprints and carrying capacities of various water use accounts, insights into a region’s water endowment and the status of water resource development and utilization can be obtained. The decoupling concept, proposed by the Organization for Economic Co-operation and Development (OECD), explores the relationship between environmental degradation and economic development (OECD, 2002). The Tapio decoupling model (Tapio, 2005) finds extensive application in studying the relationship between resource utilization and economic development. In recent years, there has been increasing scholarly attention towards the relationship between water resource utilization and economic development. Decoupling the relationship between water resources and economic development implies achieving economic growth without an increase in water resource utilization. By accomplishing this decoupling, it becomes feasible to effectively prevent excessive depletion and harm to water resources caused by economic growth, preserving the sustainability of water resources. This separation is crucial for maintaining ecological balance, environmental preservation, and meeting future developmental needs (Zhang and Zhai, 2021), based on the theory of water resource ecological footprint, separately examined the decoupling relationship between water quantity and water quality ecological footprints and economic growth in Shaanxi Province. They also forecasted its decoupling status. Yang et al. (2016) assessed the decoupling status between the water ecological footprint and economic development in Guiyang City using the water ecological footprint and decoupling theory (Yang et al., 2019), leveraging ecological footprint and decoupling theory, analyzed the decoupling situation between sustainable water resource utilization and economic development in Changchun City using models of water resource ecological footprint, water resource ecological carrying capacity, and the decoupling model of economic development and water resource consumption. Yang et al. (2019), by calculating the ecological footprints of water quantity and quality in various receiving water bodies in Shandong Province, evaluated the coordination between water resource consumption and economic growth using macro-coordinated development decoupling evaluation models and micro-coordination degree theories. On the other hand, some scholars have utilized the water footprint model to analyze the decoupling relationship between water resource utilization and economic development (Jiao et al., 2019; Kong et al., 2019; Lu et al., 2022). For example, Sun et al. (2020) constructed a water footprint-LMDI model to analyze water resource consumption in Jiangsu Province from 2007 to 2017 and its decoupling effect on economic development. Lu et al. (2022) adopt the Tapio decoupling model from the perspective of integrating water footprint and physical water to measure the state and the stability of decoupling. Bai et al. (2021) combined water footprint and economic impact to evaluate corn production in China. Reviewing past literature, it explores the relationship between water resources and economic development. In terms of research content, the focus primarily lies on examining the decoupling relationship between the ecological footprints of water quantity and water quality and their respective ties to economic development. Regarding research methodologies, the primary approaches include coupling coordination relationships (Xing et al., 2020), matching evolution relationships (Han et al., 2020), Tapio decoupling relationships (Wang and Yan, 2022), and others. In terms of research scale, the focus has been primarily on regional studies (Zhang et al., 2020; Ding et al., 2022; Wu et al., 2022; Bian et al., 2023; Montoya et al., 2023), sometimes involving provinces or cities (Wang et al., 2018; Shi et al., 2020; Chang and Zhu, 2021; Gong et al., 2021; Li et al., 2023; Cao et al., 2023) as the primary subjects, with limited exploration at the county level. In summary, the research on water resources and economic development has yielded significant results, but there are still some shortcomings: 1) Studies concerning the relationship between water resource utilization and economic development in karst county regions are relatively scarce. 2) Research reflecting the decoupling relationship and spatiotemporal evolution characteristics between different water use accounts’ utilization of water resources and economic development based on the water resource ecological footprint model is scarcely reported. In terms of the contributions of this paper, two key aspects stand out. Firstly, it investigates the variations in the water resources ecological footprint across different sectors at the county level. Previous studies mainly focused on national, river basin, or provincial levels. Variations across different regional scales were not explored. It is worth noting that in China’s development plan, the city and county levels are more conducive to the concrete implementation of policies. Thus, the decoupling relationship between water resources utilization and economic development in smaller spatial units needs to be further explored as well. This can help to provide specific and pivotal zoning management strategies. Secondly, building upon the evaluation of water resource ecological footprints, this study introduces the method of decoupling analyses to investigate the status of decoupling between water usage and economic development. While prior literature concentrated solely on the decoupling situation between the agricultural sector and economic development, this paper holistically considers the water consumption scenarios from multiple sectors including agricultural, industrial, domestic, ecological, and public water use about the decoupling dynamics with economic development. In essence, this analytical approach can be adopted by other researchers to explore the degree of decoupling between economic development and water resource ecological footprints in similar regional sectors.
The karst landforms are extensively developed in Qian’nan Prefecture, Guizhou Province. Severe fissure leakage occurs, particularly during clear spring and summer seasons, where surface water continually evaporates upward and infiltrates downward, leading to rapid arid conditions. However, when heavy rain or storms arrive, subterranean rivers swell, overflowing onto the surface, stagnating in low-lying basins, forming transient mountainous ponds. Water resources exhibit uneven spatiotemporal distribution, with more in the central and southern regions and less in the north. In recent years, accelerated urbanization and industrialization in Qian’nan Prefecture, driven by economic growth and ecological civilization initiatives, have intensified challenges in water resource development. The region faces difficulties in water resource allocation, inadequate capacity for distribution, and exacerbated water ecological damage, significantly impacting sustainable economic development. Given the complexity of water resources in Qian’nan Prefecture and considerable disparities in local water usage structures and efficiency, tailored adjustments in water resource utilization according to varying developmental stages are crucial. Each locality must harmonize the relationship between water resource utilization and economic development according to its unique context.
This paper takes 12 counties (cities) in Qian’nan Prefecture as an example. It utilizes the water resources ecological footprint and decoupling models to explore the spatiotemporal characteristics of water resources ecological footprint in Qian’nan region. Furthermore, it investigates the coupling relationship between water resources ecological footprint and economic growth. This exploration aims to provide a reference basis for the sustainable utilization of water resources and the adjustment of industrial structures in Qian’nan Prefecture. The purpose of this study is as follows: 1) to elucidate the temporal evolution pattern of the water resources ecological footprint in Qian’nan Prefecture from 2009 to 2019; 2) to clarify the spatial distribution pattern of the water resources ecological footprint in Qian’nan Prefecture; and 3) to explore the decoupling relationship between the water resources ecological footprint and economic development in Qian’nan Prefecture. The research findings may provide a scientific basis and policy enlightenment for addressing the conflict between water resources utilization and economic development, optimizing the allocation of water resources, and promoting a sustainable economy and society.
2 MATERIALS AND METHODS
2.1 Overview of the study area and data sources
The total area of Qian’nan Prefecture is 2.62 × 104 km2, situated in the central-southern part of Guizhou Province with a terrain that slopes from north to south (see Figure 1). Within its administrative jurisdiction are 12 counties (or cities), namely Duyun City, Fuquan City, Weng’an County, Longli County, Guiding County, Sandu County, Changshun County, Huishui County, Pingtang County, Dushan County, Libo County, and Luodian County. Qian’nan Prefecture falls within the subtropical monsoon humid climate (Yang et al., 2019), experiencing concurrent rainfall and warmth during the monsoon season, with summer precipitation accounting for over 75% of the total annual precipitation, averaging around 1300 mm annually. The river systems in Qian’nan Prefecture are divided by the Miaoling Mountains: the northern part belongs to the Wujiang River system and Yuanjiang River system within the Yangtze River Basin, while the southern part is part of the Hongshui River system and Liujiang River system within the Pearl River Basin (Tan and Qin, 2019).
[image: Figure 1]FIGURE 1 | Overview of the study area.
The area, GDP, population, and other relevant data for various regions within Qian’nan Prefecture are sourced from the Statistical Yearbook of Qian’nan Prefecture, Guizhou Province (UNSD, 2023). Data on annual precipitation, water resource utilization, and total volume are obtained from the Qian’nan Prefecture Water Resources Bulletin spanning from 2009 to 2019 (Water Resources Bureau of Qian’nan, 2019). Taking 2019 as an example, the basic data are detailed in Table 1, and other relevant data are shown in attachments.
TABLE 1 | Basic overview of different administrative divisions of Qian’nan in 2019.
[image: Table 1]2.2 Ecological footprint of water resource model
2.2.1 Ecological footprint of water resources
The water resource ecological footprint represents the land area required to accommodate the water consumption associated with human activities in production, daily life, and sustaining natural ecosystem development. In this paper, the total water resource ecological footprint (TEFw) is divided into five categories: ecological footprint of agricultural water resources (AEFw), ecological footprint of industrial water resources (IEFw), ecological footprint of urban public water resources (UEFw), ecological footprint of domestic water resources (DEFw), and ecological footprint of water resources for ecological purposes (EEFw). The calculation model is as follows:
[image: image]
Where, EFw represents the water resource ecological footprint (hm2); γ is the global balancing factor, valued at 5.19; W stands for water usage; Pw represents the global average water production capacity, valued at 3140 m3/hm2 (Chen et al., 2014).
2.2.2 Carrying capacity of water resources
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Where, ECw (hm2) is the carrying capacity of water resources; Φ is the regional water resource yield factor; Q (m3) is the regional total amount of water resource, and it is a normal practice to allocate 60% of the available supply land to protect the local biodiversity (Wackernagel et al., 1999; Swiader et al., 2020); S (hm2) is the regional total area.
2.2.3 The efficiency of water resource ecological footprint
To measure the water resource utilization efficiency, we constructed the water resource ecological footprint per 10,000 Yuan GDP index. The index is simply the ratio of water resource ecological footprint to GDP. It can be calculated as:
[image: image]
2.2.4 Water resources ecological surplus or deficit
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Where, EDw is the difference between water resources ecological footprint and the carrying capacity of water resources. When EDw > 0, it indicates an ecological surplus of water resources, signifying ample water resources in the region. When EDw < 0, it indicates an ecological deficit of water resources, representing a scarcity of water resources in the region. EDw = 0 denotes a balanced state in water resource utilization (Wen et al., 2013).
2.2.5 Water resource ecological pressure
Water resource ecological pressure (EPI) is calculated as the ratio between the water resource ecological footprint (EFw) and the carrying capacity of water resources (ECw):
[image: image]
When EPI > 1, it indicates that the regional water supply is lower than consumption, posing a threat to sustainable water resource utilization. Additionally, a higher value signifies increased pressure on water resources. When EPI = 1, it signifies a balance between water supply and consumption in the region. When 0 < EPI < 1, it indicates that the regional water supply exceeds consumption, signifying a safe status in water resource utilization (Tan and Zheng, 2009).
2.3 Decoupling model
The decoupling model is commonly employed to delineate the changing relationship between the economy and environmental resources. This study computes the decoupling index of water resource ecological footprint from economic development based on the Tapio model. The evaluation criteria for the decoupling status were established utilizing existing research findings (Vaillancourt, 1999) (see Table 2). The model calculation formula is as follows:
[image: image]
TABLE 2 | Tapio decoupling model and discrimination criteria.
[image: Table 2]Where, ε represents the decoupling elasticity index; EFw and ΔEFw denote the water resource ecological footprint and its growth rate; GDP and ΔGDP stand for GDP and its growth rate; EFw(n) and EFw(n-1) respectively indicate the water resource ecological footprint of the study area in year n and year n-1; GDPn and GDPn-1 respectively represent the GDP of the study area in year n and year n-1.
3 RESULTS
3.1 Temporal and spatial analysis of water resource ecological footprint in Qian’nan prefecture
3.1.1 The dynamic changes of water resource ecological footprint in Qian’nan prefecture
The different types of water resource ecological footprints in Qian’nan Prefecture from 2009 to 2019 are depicted in Figure 2, calculated by Eq. 1. The overall trend of the total water resource ecological footprint in Qian’nan Prefecture during 2009–2019 shows an upward trajectory, averaging at 1.87 million hectares. This fluctuated within the range of 1.60–2.06 million hectares.
[image: Figure 2]FIGURE 2 | The changing trend of the water resources ecological footprint in Qian’nan Prefecture from 2009 to 2019.
The proportional distribution of different types of water resource ecological footprints in Qian’nan Prefecture from 2009 to 2019 is as follows: The AEFw accounted for an average of 64.67%, the highest proportion. This is consistent with the actual situation shown in the Qian’nan Prefecture Water Resources Bulletin where agricultural irrigation water consumption accounts for approximately 60% of the total water consumption in the prefecture. Before 2013, there was a gradual decline in the ecological footprint of agricultural water resources, with 2013 marking a turning point, as thereafter it increased continually. This shift is attributed to the unprecedented emphasis on ecological civilization construction post the “Eighteenth National Congress,” signifying Qian’nan Prefecture’s transition toward a “green and sustainable” model. The IEFw averaged 21.82%, with 2012 as the inflection point. Before 2012, the ecological footprint of industrial water resources steadily rose, but post-2012, it began a rapid decline, ranking second. This trend contrasts with the changes observed in agricultural water resource ecological footprints, reflecting the transformative shift in Qian’nan Prefecture’s economic development. The DEFw maintained a relatively stable average proportion of 9.33%, ranking third. The UEFw averaged 3.71%. Meanwhile, the EEFw averaged 0.47%. From 2012, its proportion increased from 0.1% to 0.67% in 2019, marking a 6.7-fold growth, the fastest increase among the categories. However, its share remains noticeably lower compared to other accounts.
The carrying capacity of water resources in Qian’nan Prefecture, as derived from Eqs 2, 3, is illustrated in Figure 3. According to the Water Resources Bulletin of Qian’nan Prefecture, an unprecedented severe drought occurred in Qian’nan Prefecture from May to August 2011, marking the driest period recorded in meteorological history. During this time, river water inflow was significantly lower by 50%–90% compared to the usual levels, with a 73% decrease in effective reservoir storage compared to the same period in typical years and a 61% reduction from the previous year. The carrying capacity of water resources hit its lowest point in 2011, measuring 11.86 million hectares.
[image: Figure 3]FIGURE 3 | Trends in water resource carrying capacity and precipitation changes in Qian’nan Prefecture from 2009 to 2019.
In 2015, Qian’nan Prefecture experienced abundant precipitation, with an average annual precipitation of 1,395.80 mm, equivalent to approximately 36.60 billion m3 of water, marking a 2.9% increase from the preceding year and a 13.0% surplus compared to the long-term average precipitation. Correspondingly, in 2015, the carrying capacity of water resources in Qian’nan Prefecture peaked at 38.20 million hectares. The findings align with those of Deng et al. (2023), indicating a close relationship between the strength of regional water resource ecological carrying capacity and precipitation levels. The ecological carrying capacity of water resources fluctuates in response to variations in precipitation. There exists a parallel trajectory between the changes in water resource ecological carrying capacity and precipitation levels, demonstrating a high positive correlation between the two factors.
The ecological footprint of water resources per ten thousand Yuan GDP, as derived from Eq. 4, is depicted in Figure 4. The indicator exhibits a gradual decline, indicating a progressive improvement in water resource utilization efficiency. In 2009, Qian’nan Prefecture’s ecological footprint of water resources per ten thousand Yuan GDP stood at 0.60 ha/ten thousand Yuan, decreasing to 0.14 ha/ten thousand Yuan by 2019.
[image: Figure 4]FIGURE 4 | The trend of water resources ecological footprint per 10,000 yuan of GDP in Qian’nan Prefecture from 2009 to 2019.
In 2019, Qian’nan Prefecture’s ecological footprint of water resources per ten thousand Yuan GDP equaled that of Yunnan Province in 2018 (Han et al., 2021). However, compared to Chengdu City, Sichuan Province in 2016 (0.07 ha/ten thousand Yuan) (Liu and Yan, 2020) and Jilin Province in 2020 (0.06 ha/ten thousand Yuan) (Zhu et al., 2020), Qian’nan Prefecture still has room for further reduction in its ecological footprint of water resources per ten thousand Yuan GDP.
Based on Eqs 5, 6, the ecological surplus of water resources and the ecological pressure index for Qian’nan Prefecture from 2009 to 2019 were obtained, as depicted in Figure 5. The figure illustrates that the ecological surplus of water resources fluctuated in an upward trend, while the ecological pressure index fluctuated in a downward trend. The ecological surplus of water resources and the ecological pressure index demonstrate contrasting trends: as the ecological surplus of water resources increases, the water ecological pressure index decreases, and vice versa. From 2009–2019, Qian’nan Prefecture maintained an ecological surplus of water resources exceeding 5 million hectares and a water ecological pressure index below 1. This signifies that the state of water resource utilization in Qian’nan Prefecture is secure.
[image: Figure 5]FIGURE 5 | The trend of water resource ecological surplus and ecological pressure index in Qian’nan Prefecture from 2009 to 2019.
3.1.2 The spatial distribution characteristics of water resource ecological footprint in Qian’nan prefecture
The total water resource ecological footprints for various counties (cities) in Qian’nan Prefecture, along with different water use accounts, are illustrated in Figure 6. Counties (cities) in Qian’nan Prefecture from 2010 to 2019 were classified into two categories based on the magnitude of their total water resource ecological footprints: one group had ecological footprints of water resources exceeding 140,000 ha, including Weng’an, Duyun, Fuquan, Longli, Huishui, and Dushan; the other group had footprints below 140,000 ha, encompassing Guiding, Changshun, Luodian, Pingtang, Sandu, and Libo. According to the Statistical Bulletin of National Economic and Social Development in Qian’nan Prefecture from 2010 to 2019, the counties (cities) with total water resource ecological footprints exceeding 140,000 ha also held higher GDP rankings. Therefore, it can be inferred that counties (cities) with comparatively higher GDP rankings in Qian’nan Prefecture have higher water resource ecological footprints compared to those with lower GDP rankings.
[image: Figure 6]FIGURE 6 | Spatial distribution characteristics of different types of water resource ecological footprints (10,000 hm2) in Qian’nan Prefecture.
Throughout 2010–2019, the AEFw in each county (city) of Qian’nan Prefecture consistently constituted the largest proportion among all accounts, surpassing 50% in all instances. There was a consistent pattern observed in the change of AEFw across these areas: before 2013, they exhibited a gradual decline, followed by a slow increase post-2013. This change primarily resulted from the strengthened emphasis on ecological civilization construction. As Guizhou Province is designated as a national ecological civilization construction zone, counties and cities cannot continue development along traditional industrial lines but must embark on a path of ecological civilization development.
From 2010 to 2019, the IEFw in each county (city) of Qian’nan Prefecture ranked second among all accounts (except for Sandu and Pingtang). Contrary to the pattern observed in AEFw, the IEFw showcased an opposite trend: before 2013, they exhibited a gradual increase, followed by a gradual decrease post-2013. This once again confirms the changes induced by economic development transitions. During 2010–2019, the DEFw in each county (city) of Qian’nan Prefecture ranked third among all accounts (except for Sandu and Pingtang). Before 2013, except for Duyun due to data absence or lack of statistical data, the UEFw and EEFw were both zero. Post-2013, the UEFw and EEFw gradually increased across counties (cities). However, their overall contribution remained relatively low among all accounts, collectively not exceeding 10%.
The EFw per ten thousand Yuan GDP across various regions in Qian’nan Prefecture is depicted in Figure 7. From 2010 to 2019, the EFw per ten thousand Yuan GDP in each county (city) exhibited a decreasing trend, indicating a gradual enhancement in water resource utilization across Qian’nan Prefecture. In 2010, Dushan County had the highest EFw per ten thousand Yuan GDP at 0.79 ha/ten thousand Yuan, which declined to 0.14 ha/ten thousand Yuan by 2019, marking an 82.5% decrease. In contrast, Duyun County had the lowest EFw per ten thousand Yuan GDP in 2010 at 0.3 ha/ten thousand Yuan, which decreased to 0.11 ha/ten thousand Yuan by 2019, indicating a 61.6% reduction. Although Duyun County did not experience as significant a decrease in the EFw per ten thousand Yuan GDP compared to Dushan County, its resistance to further improving water resource utilization, given its minimal EFw per ten thousand Yuan GDP, is far greater than that faced by Dushan County.
[image: Figure 7]FIGURE 7 | The spatiotemporal variations in the ecological footprint of water resources per ten thousand Yuan GDP (hm2/ten thousand Yuan) across counties (cities)in Qian’nan Prefecture.
The spatiotemporal changes in water resource ecological pressure across counties (cities) in Qian’nan Prefecture, as observed in Figure 8, indicate that historically, economically developed areas in Qian’nan Prefecture have exhibited relatively higher water resource ecological pressure. However, in tandem with economic development, there’s a corresponding decline in the water resource ecological pressure index. Regions with comparatively less developed economies showcase lower water resource ecological pressure than those with better economic conditions. Overall, across all regions in Qian’nan Prefecture, the water resource ecological pressure remains below 1, signifying that the utilization of water resources in each county (city) is within a secure range.
[image: Figure 8]FIGURE 8 | The spatiotemporal variations in water resource ecological pressure across counties (cities) in Qian’nan Prefecture.
This water resources ecological footprint model provides a clearer and more comprehensive way to understand the characteristics and evolutionary patterns of water resources in karst regions. Other regions can develop similar models according to their own circumstances to better manage water resources. This may involve establishing region-specific water resources management frameworks and utilizing local conditions to guide policy and practice.
3.2 The decoupling analysis between water resource ecological footprint and economic development in Qian’nan prefecture
3.2.1 Dynamic analysis of the decoupling relationship between the ecological footprint of water resources and economic growth in Qian’nan prefecture
Table 3 illustrates the ecological footprint of water resources in various accounts and the decoupling elasticity indices of economic growth in Qian’nan Prefecture from 2010 to 2019 based on Eq. 7. The GDP of Qian’nan Prefecture increased from 30.263 billion RMB to 151.804 billion RMB during this period, marking a more than fourfold growth. Simultaneously, the total ecological footprint of water resources expanded from 1.6 million hectares to 2.06 million hectares, representing a growth of approximately 0.3 times its initial value. The average annual growth rate of GDP was 4.68%, whereas the average annual growth rate of the total ecological footprint of water resources stood at 1.60%. The GDP’s average annual growth rate exceeded that of the total ecological footprint of water resources. It can be deduced that, except for 2013 and 2015, Qian’nan Prefecture experienced a weak decoupling between the total ecological footprint of water resources and economic growth throughout the study period.
TABLE 3 | Decoupling the relationship between ecological footprints of water resources and economic growth in different accounts in Qian’nan Prefecture.
[image: Table 3]Analyzing different water usage accounts, it is observed that during the study period, the decoupling status between the AEFw and the economy mainly manifested as weak decoupling. There were three instances of strong decoupling, six instances of weak decoupling, and one instance of expansive coupling. The AEFw exhibited a growth lag behind economic development. Regarding the decoupling status between the IEFw and the economy, it predominantly showed strong decoupling, with five instances of strong decoupling, three instances of weak decoupling, one instance of expansive coupling, and one instance of expansive negative decoupling. This trend indicates a positive overall development in the decoupling form, achieving a decline in the ecological footprint of water resources while maintaining economic growth. The decoupling status between the DEFw and the economy also primarily demonstrated weak decoupling, with six instances of weak decoupling, three instances of strong decoupling, and one instance of expansive coupling. Due to the absence of data for most counties (cities) concerning the UEFw and EEFw before 2013, they were not included in the calculations. However, post-2013, the decoupling status of UEFw and EEFw with the economy primarily reflected weak decoupling. This suggests an initiation of increased urban public water use and ecological water use, albeit at a growth rate lower than that of the economy.
3.2.2 Spatial analysis of the decoupling relationship between the ecological footprint of water resources and economic growth in Qian’nan prefecture
As depicted in Figure 9, the decoupling status between the TEFw and the economy in most counties (cities) of Qian’nan Prefecture exhibits an alternating pattern between strong and weak decoupling. Specifically, the decoupling status in Guiding County gradually shifted from a state of strong negative decoupling to an alternating pattern of strong and weak decoupling. However, Duyun City, Weng’an County, Fuquan City, and Luodian County experienced a deteriorating decoupling status, showing an increasing dependency on economic growth on water resources.
[image: Figure 9]FIGURE 9 | The decoupling relationship between the ecological footprint of water resources and economic development across counties (cities) in Qian’nan Prefecture: (A) description of the decoupling relationship in the year 2010; (B) description of the decoupling relationship in the year 2013; (C) description of the decoupling relationship in the year 2016; (D) description of the decoupling relationship in the year 2019.
Regarding decoupling in AEFw, Guiding and Longli counties exhibited weak and expansive negative decoupling in 2010 (Figure 9A), but with the reduction in the ecological footprint of water resources, they shifted back to a state of strong decoupling. Post-2013, they stabilized in a state of weak decoupling, indicating a relatively coordinated relationship between the AEFw and economic growth. Conversely, the GDP growth rates of Duyun City, Weng’an County, Fuquan City, and Luodian County gradually fell below the growth rates of the AEFw, indicating an uncoordinated relationship between the two factors. Other counties (cities) generally maintained an ideal decoupling status.
In terms of decoupling in the IEFw, apart from Guiding County in 2010, other counties (cities) exhibited a strong decoupling status. By 2013 (Figure 9B), all counties (cities) achieved an ideal state of strong decoupling between the IEFw and economic growth, indicating a coordinated relationship where industrial water consumption decreased alongside economic growth. In 2016 (Figure 9C), Pingtang County experienced expansive negative decoupling, while other areas remained in a state of strong or weak decoupling. By 2019 (Figure 9D), except for Luodian and Dushan counties, the relationship between industrial water consumption and economic growth in other counties (cities) remained uncoordinated, with most maintaining an ideal state of strong decoupling. Concerning decoupling in the DEFw, in 2010, except for Weng’an County and Libo County, the relationship between DEFw and economic growth in the other 10 counties (cities) was uncoordinated. However, from 2013 to 2016, the overall decoupling status improved to a relatively ideal state.
The study reveals the coupling dynamics between water resources and economic development, which also has instructive significance for other regions. Other areas can draw on this approach to explore the mutual relationship between water resources and economic development, thereby promoting a more effective synergy between the two.
4 DISCUSSION
To investigate the decoupling relationship between water resource utilization and economic development at the county scale, this study initially employed the water resources ecological footprint model to analyze the dynamic changes and spatial distribution characteristics of different water usage accounts within Qian’nan Prefecture. Subsequently, a decoupling model was utilized to explore the relationship between the water resources’ ecological footprint of various usage accounts and the economic growth in this region, culminating in proposed strategic recommendations. Currently, scholars have examined the relationship between water resource utilization and economic development. However, existing studies predominantly focus on the correlation between economic development in the agricultural sector and water resource utilization in water-scarce regions. This overlooks the relationship between economic development and water resource utilization in water-abundant regions, as well as neglecting research on the relationship between water utilization and other economic sectors, thus resulting in a one-sided understanding of the relationship between economic development and water resource utilization. Zhang’s research (Zhang et al., 2023) concludes that there is a significant decoupling relationship between the water ecological footprint and economic growth in water-scarce plain areas, with noticeable variations in the degree of decoupling among different counties during the study period. However, this study reveals that in water-abundant karst mountainous areas, the degree of decoupling between water ecological footprint and economic development across different counties is not markedly distinct. In water-scarce regions, achieving decoupling between economic development and water resources requires a greater emphasis on improving water-saving technologies and the application of water-saving equipment, especially in areas predominantly focused on agriculture in plains. Consequently, differences in water-saving technologies and facilities among counties in water-scarce regions lead to significant variations in the degree of decoupling between water resources and economic development. In water-abundant karst mountainous areas, however, the enhancement of water-saving technologies and the application of water-saving equipment are no longer the key factors for decoupling economic development from water resources. Counties rely primarily on their water resource endowment to achieve a basic decoupling between water resources and economic development, thus resulting in less pronounced differences in decoupling relationships.
During the economic development process in various counties of Qian’nan, periods of lower economic development often occur without constraints from water resources. However, as economic growth reaches a certain level, the decoupling relationship between economic development and water resources deteriorates. To achieve decoupling between economic development and water resources at this stage, it is imperative to rely on water-saving strategies and the efficiency of large-scale production to ensure that economic development is not hindered by water resource limitations. (1) The findings reveal that agricultural activities constitute the primary water consumer in Qian’nan Prefecture, followed by industrial use, with the least attributed to domestic, ecological, and public water consumption. Economic development emerges as the primary driver behind the escalating water consumption, aligning with the conclusions drawn by Shi et al. (2020), who observed a shift in Gansu Province’s agricultural water usage’s predominant driving factor from technological effects to economic effects. Furthermore, this research identifies that changes in economic structure significantly influence alterations in water consumption structure—where agricultural water usage increases while industrial water usage decreases, and conversely, industrial water usage increases while agricultural water usage decreases. This aligns with Wu et al. (2022) assertion that when water efficiency reaches its limit, controlling water consumption necessitates adjustments in economic structure. The ecological carrying capacity of water resources in Qian’nan Prefecture showed a positive correlation with rainfall. Abundant rainfall led to higher water ecological carrying capacity, while inadequate rainfall resulted in lower carrying capacity, fluctuating but consistently above 10 million hectares. Throughout 2009–2019, Qian’nan Prefecture maintained an ecological surplus state in water resources, with a water stress index below 1, signifying a safe level of water resource utilization. From the perspective of the water resources’ ecological footprint per 10,000 RMB of GDP, Qian’nan Prefecture demonstrates relatively low water use efficiency, indicating substantial room for improvement. (2) The decoupling coefficient exhibits significant fluctuations and considerable disparities among different counties (cities). It can be seen from Table 2 that the agricultural water resources ecological footprint in Qian’nan Prefecture exhibited strong decoupling with the economic growth for 3 years (2010, 2012, and 2013) and weak decoupling for 6 years (2011, 2014, 2016, 2017, 2018, and 2019). Overall, they have undergone a process from “strong” to “weak.” This indicates that despite the surplus status and lower ecological pressure on water resources in Qian’nan Prefecture, the economic output’s dependence on water resources has increased instead of decreasing, mainly due to lower water utilization efficiency. This aligns with similar findings in the studies by (Li et al., 2023; Wu et al., 2021), where cities with higher water ecological carrying capacity experienced an increased dependence of economic output on water resources, while cities with lower water ecological carrying capacity showcased a gradual decrease in this dependence. This underscores that the impact of water resources on economic development is temporary, as water-deficient regions can elevate their technological capabilities to achieve decoupling from water resources, while regions abundant in water resources might face economic constraints due to inefficient water utilization.
The research results provide reference significance for the sustainable development of county-level economies and water resources management in similar karst regions. Other regions can draw insights from this and formulate sustainable development strategies tailored to their own circumstances, as well as improve water resources management practices to address similar challenges. The paper proposes a series of recommended measures such as improving water resource efficiency, adjusting economic structures, and deploying advanced water-saving technologies and equipment. These measures can serve as references for other regions to help improve water resources management and achieve more sustainable development. Therefore, researchers and decision-makers in other regions can draw on these results and insights to conduct similar research and practices, and make adjustments and improvements according to their local conditions and needs, in order to promote sustainable development and water resources management in their respective areas.
5 CONCLUSION
This study employs the water resources’ ecological footprint model to analyze water usage trends in Qian’nan Prefecture. It also uses a decoupling model to study the correlation between the ecological footprint of water resources and regional economic growth, yielding the following main conclusions:
1. Between 2009 and 2019, the total ecological footprint of water resources in Qian’nan Prefecture experienced a gradual increase within the range of 1.6–2.06 million hectares. Agricultural water resource ecological footprint constituted the largest proportion, followed by industrial and domestic water resource ecological footprints. Urban public water resource ecological footprint and ecological water resource ecological footprint were the smallest in comparison.
2. The water resource ecological footprint in each county (city) of Qian’nan Prefecture correlates with economic levels, showcasing larger ecological footprints in economically developed regions and smaller footprints in economically underdeveloped areas. Spatially, there’s a distribution pattern where the northern areas, being more economically developed, exhibit higher water resource ecological footprints, while the southern areas, comparatively less economically developed, display lower ecological footprints in water resources. This spatial distribution pattern is consistent across all sectors (agricultural, industrial, domestic), showing similar trends in their water resource ecological footprints.
3. In most counties (cities) of Qian’nan Prefecture, there exists an alternating pattern of strong and weak decoupling between water resource ecological footprint and economic development. Specifically, in Duyun, Weng’an, Fuquan, and Luodian, the decoupling status of agricultural and domestic water resource ecological footprints with economic development has deteriorated over time.
Based on the conclusions, there are several policy recommendations.
(1) In Qian’nan Prefecture, it is imperative to enhance the efficiency of water resource utilization within the production sectors and to further monitor and control the overall ecological footprint of water resources. Particularly crucial is the reduction of the water resources ecological footprint in agriculture. Strengthen the implementation of water-saving policies and agricultural mechanization to achieve large-scale agricultural operations. The application and promotion of water-saving irrigation technology can increase agricultural output while reducing irrigation water consumption (Wang and Lin, 2021). To uphold a pristine ecological environment, there is a need to augment the proportion of eco-water within the ecological footprint of water resources.
(2) When considering the influence of water resources on economic development in counties with varying levels of economic advancement within Qian’nan Prefecture, attention should be directed not only towards the efficiency of water resource utilization but also towards the adjustment of economic structure.
(3) The decoupling relationship between the ecological footprint of water resources and economic development can serve as a criterion for formulating corresponding water resource management measures. Specifically, in the four counties (cities) of Duyun, Weng’an, Fuquan, and Luodian, emphasis should be placed on adjusting and transforming the economic structure to ameliorate the constraints imposed by water resources on economic development.
This article aims to offer valuable theoretical insights into the correlation between water resource utilization and economic development in karst counties. Firstly, the water resources ecological footprint model developed herein furnishes a more lucid and comprehensive comprehension of the characteristics and evolutionary patterns of water resources in karst regions. This facilitates the establishment of a water resources management framework tailored to the specific local conditions. Secondly, elucidating the coupling dynamics between water resources and economic development aids in crafting an efficacious synergy between the two domains. Lastly, the research findings of this study bear reference significance for fostering sustainable development in county-level economies and managing water resources in analogous karst areas. Recommendations are also proffered to enhance water resource efficiency, adjust industrial structures, and deploy advanced water-saving technologies and equipment. It is anticipated that such measures will be undertaken to elevate the water resources management proficiency of stakeholders. Nonetheless, this article did not delve deeply into the driving mechanisms behind the spatiotemporal evolution of the ecological footprint of water resources, nor did it undertake an exhaustive investigation into the rationales underlying shifts in the decoupling relationship between water resources and economic development. Hence, in future research on the nexus between water resource utilization and economic development at the scale of karst counties, elucidating driving mechanisms should be the focal point.
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