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The Yellow River Basin serves as a vital ecological shield for China, and enhancing the urban ecological efficiency (UEE) is essential for the region’s ecological civilization and high-quality development. This research employs the slacks-based measure-data envelopment analysis (SBM-DEA), which incorporates undesirable outputs, and the Malmquist index to measure the UEE of 65 cities in the Yellow River basin from 2008 to 2017, described its spatio-temporal evolution characteristics, and utilizes its influencing factors using the Bootstrap truncated regression model. The main findings are as follows. ① The UEE in the Yellow River Basin has seen a steady, albeit low, increase from 2008 to 2017, with notable disparities existed in the upper, middle and lower reaches. Low pure technical efficiency is the main factor limiting the improvement of UEE in the Yellow River Basin. ② Cities with higher ecological efficiency in the Yellow River Basin generally exhibit a spatial distribution pattern of “lower reaches > middle reaches > upper reaches,” and it shows that cities with growing UEE are continuously shifting to the middle and lower reaches. ③ Environmental regulation, scientific and educational investment, economic scale, and greening level significantly promote the improvement of UEE in the Yellow River Basin, but population density and industrial structure lead to a decline in UEE. However, this result is heterogeneous between the upper, middle, and lower reaches, such as environmental regulation hindering the growth of UEE in the upper reaches, scientific and educational investment hindering the improvement of UEE in the downstream areas, and industrial structure significantly enhancing UEE in the midstream areas. These findings offer valuable insights for policymakers aiming to address ecological challenges and promote sustainable development within the Yellow River Basin, highlighting the need for targeted strategies that consider regional differences and the unique characteristics of each reach.
Keywords: Yellow River Basin, urban ecological efficiency, influencing factors, SBM-DEA model, bootstrap
1 INTRODUCTION
The Yellow River is one of the rivers with the largest sediment content and the most difficult ecological management globally (Zhao et al., 2024). Due to its unique geographical location, not only does the Yellow River Basin hold an extremely important position in China’s overall ecological security system, but the urban agglomeration of the Yellow River basin also stands at the forefront of China’s “Belt and Road” initiative for external openness. However, high-pollution and high-energy-consumption industries, over-exploitation of water resources, local ecological degradation and environmental pollution are intertwined, and the ecological and environmental problems of the watershed have become a bottleneck for the high-quality development of the cities in the Yellow River basin (Wang et al., 2019; Li et al., 2022). To crack the dilemma between economic development and ecological deterioration faced by cities in the Yellow River basin, on 8 October 2021, the Central Government of China issued the “Outline on Ecological Protection, Development of Yellow River Basin,” which aims to provide strategic direction for the advancement of ecological conservation efforts within the basin (Central People’s Government of the People’s Republic of China, 2022). The international community has also paid great attention to this issue. In March 2022, the World Bank also provided a $380 million loan to help China address water shortages and ecosystem degradation in the Yellow River basin (The World Bank, 2022). As a crucial metric for gauging sustainable development, ecological efficiency takes into account both ecological and economic benefits. Precise measurement of urban ecological efficiency (UEE) in the Yellow River basin, coupled with the identification of key influencing factors, is instrumental in informing strategies for the high-quality development of these urban areas under ecological constraints. It also aids in aligning these strategies with China’s broader national development agenda. Yet, the question remains: what is the level of UEE within the Yellow River Basin? What are the distinctive features of its spatiotemporal distribution? Furthermore, what are the key determinants that drive and shape these dynamics?
Ecological efficiency was first conceptualized by Schaltegger and Sturm to quantify the effect of enterprise production operation to the environment (Stefan and Andreas, 1990). Taking into account the externalities of pollution, the World Business Council for Sustainable Development (WBCSD) measures ecological efficiency in a given region from an industrial perspective, i.e., the provision of competitively priced goods and services that satisfy human needs and provide a quality of life while progressively reducing ecological impacts and resource intensity over the entire life cycle to at least the Earth’s estimated carrying capacity (WBCSD, 1995). Subsequently, various research institutions have extended the specific connotation of ecological efficiency from multiple perspectives. Although there is no consensus on the definition of eco-efficiency among various institutions, the core essence is shared: that is, to maximize economic benefits and minimize environmental pollution by improving the efficiency of resource and energy input, thereby satisfying people’s demands for a high-quality life, and ultimately promoting the sustainable development of economic, ecological and social.
As research continues to evolve, scholars’ focus on ecological efficiency has gradually shifted from connotation definition to evaluation, most of the researches has concentrated on the micro-level of enterprises (Suh et al., 2005) and the meso-level of industries (Zhong et al., 2023). It is also of considerable significance to introduce ecological efficiency into regional and urban development evaluation. Currently, the academic community has conducted extensive and fruitful research on the measurement of UEE, which has covered various objects across different levels and applied a multitude of beneficial methods. ① In terms of research objects, current evaluations of UEE encompass various levels such as national (Wursthorn et al., 2011), countries (Wang C.-N. et al., 2020), urban agglomerations (Liu et al., 2024), provinces (Ye et al., 2022), and cities (Moutinho et al., 2020). ② Regarding research methods, ecological efficiency can be measured mainly through Data Envelopment Analysis models (DEA) (Nong et al., 2024), Stochastic Frontier Analysis models (SFA) (Liu et al., 2021b), Ecological Footprint (EF) (Yang and Yang, 2019), Life Cycle Assessment (LCA) (Valente et al., 2019), emergy analysis method (Shang et al., 2024) and Comprehensive Evaluation (CE) (Wang S. et al., 2020). Among them, the DEA model has become the most widely used computational model in academia for measuring ecological efficiency, which preserves the integrity of original data to the greatest extent, requires no functional assumptions for variables, and benefits from continuous model improvements and developments (e.g., SBM-DEA model, DEA-Malmquist index model, Network Data Envelopment Analysis) (Lei et al., 2024).
Furthermore, a broad spectrum of existing literature has delved into the factors influencing UEE, such as the level of economic development, industry structure, urbanization, environmental regulations, fiscal decentralization, population density, innovation capabilities, and investment in environmental governance (Liu et al., 2024; Wang et al., 2024), predominantly utilizing Tobit regression (Tan and Wang, 2021; Lei et al., 2024) and ordinary least squares (OLS) methods (Zhou et al., 2020). A subset of researchers have also employed the difference-in-differences (DID) and the propensity score matching difference-in-differences (PSM-DID) to identify the effects of environmental policies on UEE (Xu and Wang, 2021; Ge et al., 2023), or utilized spatial Durbin models to discuss the spatial spillover effects of factors on UEE (Ma et al., 2022; Zeng et al., 2022).
In summary, existing studies have provided much experience that can be referenced for the conduct of this research, such as the use of the SBM-DEA model to measure UEE. Nevertheless, there are opportunities for further exploration in three aspects: ① Regarding research subjects, while current studies span various scales, most have assessed UEE within the confines of administrative boundaries (Tan and Wang, 2021; Liu et al., 2024). There is a dearth of research on UEE linked by river systems, which may neglect the horizontal interactions within a basin, potentially undermining the strategic value of the findings. ② In terms of research content, scholars typically adopt a static perspective to examine the spatiotemporal characteristics of UEE (Nong et al., 2024), with less focus on its dynamic evolution. Additionally, significant internal disparities exist between the upper, middle, and lower reaches of river basins (Liu et al., 2021a), and there is a scarcity of analysis on these internal differences within the context of river basin segmentation. ③ Concerning the analytical methods for influencing factors on UEE, the Tobit regression model is frequently utilized. However, Simar et al. have shown that the traditional tobit model may introduce bias when estimating the factors affecting efficiency (Simar and Wilson, 2007). In response, this research shifts its focus to the UEE within the Yellow River Basin, employs the SBM-DEA method and the Malmquist model to evaluate UEE from both dynamic and static perspectives. To ensure the unbiasedness of the results, Bootstrap truncated regression model is utilized to identify key determinants of UEE in the Yellow River Basin. Moreover, this research conducts a comparative analysis by dividing the Yellow River Basin into its upper, middle, and lower reaches, aiming to pinpoint the internal discrepancies in UEE and offer more nuanced decision-making support for ecological conservation and the high-quality development of the Yellow River Basin.
2 RESEARCH REGION
The Yellow River, revered as the cradle of Chinese civilization, originates in the northern foothills of the Bayan Har Mountains on the Qinghai-Tibet Plateau. It stretches 5,464 km and spans a basin covering 794,700 km2. The Yellow River Basin, extending across longitudes from 96° to 119°E and latitudes from 32° to 42°N, constitutes a unique and complete ecological region. This area is rich in coal resources but is challenged by a scarcity of water resources, over three-quarters of the basin is moderately to severely ecologically fragile, making it a quintessential example of ecological vulnerability in China (Yellow River Conservancy Commission of MWR, 2023). As a vital ecological safeguard for China, the Yellow River Basin is also a significant area for population activity and economic development. The basin encompasses nine provinces and regions in China (Figure 1), home to 31.85% of China’s total population, yet it contributes only 25% of the country’s GDP; the urbanization rate of its permanent residents stands at 56.9%, which is below the national average of 65.22% (Xinhuanet, 2020; Sun and Shi, 2021; China National Bureau of Statistics, 2023).
[image: Figure 1]FIGURE 1 | Research region: the Yellow River Basin.
Under immense economic development pressure, cities in the Yellow River Basin have turned their focus to the advantageous industries within the region—energy and heavy chemical industries. The basin is abundant in mineral resources, with raw coal, crude oil, natural gas, thermal power, and hydropower accounting for 74.18%, 18.86%, 35.11%, 36.81%, and 9.27% of the national total production, respectively (Zhang et al., 2022). In the Yellow River Basin, The proportion of resource extraction and processing industries, such as coal mining and washing, oil and natural gas extraction, and non-ferrous metal smelting and rolling, is as high as 36.34%, exceeding the national average by 9.17% (Xinhuanet, 2020). While the proliferation of energy and heavy chemical industries has cemented the economic foundation of the Yellow River Basin, it has also engendered a novel dilemma characterized by exacerbated environmental pollution and intensified ecological fragility (Chen et al., 2020).
A pronounced dichotomy exists between economic development and environmental conservation, further complicated by the scarcity of water resources, which places additional constraints on the high-quality development of the Yellow River Basin. The basin’s water consumption accounts for 20% of the national total, whereas its water resources constitute a mere 2.7% of the country’s overall supply (Sun and Shi, 2021). To satisfy the production and living requirements within the basin, the exploitation and utilization rate of water resources in the Yellow River Basin has alarmingly reached 80%, far exceeding the ecological warning threshold of 40% (State Council of the People’s Republic of China, 2021). Navigating the complex interplay between economic development, environmental protection and resource utilization, has emerged as a formidable challenge for the urban centers within the Yellow River Basin.
3 MATERIALS AND METHODS
3.1 Methodology
This research utilizes an enhanced slacks-based measure data envelopment analysis (SBM-DEA) model, which accounts for non-desired outputs, to quantify the UEE across 65 prefecture-level cities within the Yellow River Basin for the period spanning 2008 to 2017. Subsequently, the Malmquist Index Model is applied to delve into the dynamics of UEE over time. To ascertain the pivotal determinants of UEE, Bootstrap truncated regression analysis is employed, ensuring the robustness and unbiased nature of the findings. Building upon natural division points and in consultation with prior scholarly research (Zhou et al., 2016), this research delineates the Yellow River basin into three distinct regions: the upper, middle, and lower reaches, facilitating a granular regional analysis (Figure 1).
3.1.1 Assessing urban ecological efficiency: SBM-DEA model with undesirable outputs
The intrinsic nature of UEE is encapsulated by the ratio of economic achievements realized during urban development to the actual resources invested, taking into account the negative environmental impacts. Building upon the conceptual framework of UEE and referencing previous research (Long, 2021; Nong et al., 2024), this research constructs an evaluative index system for UEE in the Yellow River Basin, adopting an input-output approach as delineated in Table 1. The input variables include four major elements: labor, capital, resources, energy, and land; whereas the output variables, reflective of ecological efficiency’s essence, consider the data availability and the industrial development characteristics of the basin, with industrial waste emissions serving as the undesirable output and the regional gross domestic product (GDP) as the desired output.
TABLE 1 | Evaluation index system of urban ecological efficiency in the Yellow River basin.
[image: Table 1]The SBM-DEA model with undesirable outputs, which includes undesirable outputs, integrates slack variables into the objective function of the non-radial and non-Archimedean SBM model. This approach not only avoids the shortcomings of traditional DEA models, which often neglect the slack in input variables, but also effectively tackles the efficiency issues that arise from the inclusion of undesirable outputs (Tone, 2001). Based on the UEE evaluation index system specific to the Yellow River Basin, this research employs the SBM-DEA model with undesirable outputs for the assessment. The general expression is as follows:
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In Formula 1, where [image: image] is the value of UEE of the Yellow River basin to be calculated, with the value ranges from 0 to 1; K, L, and J respectively represent the number of variables of inputs, desirable outputs, and undesirable outputs. [image: image], [image: image], [image: image] respectively represent the slack variables of inputs, desirable outputs, and undesirable output. [image: image], [image: image], [image: image] respectively represent the inputs, desirable outputs, and undesirable outputs; [image: image] is a weight coefficient. When ρ* = 1, it means that the DMU is fully valid. At this time, [image: image], [image: image], [image: image] are all 0. When [image: image] <1, it indicates that the DMU has lost efficiency, and optimizing [image: image], [image: image], [image: image] can improve UEE. If [image: image] , the above formula becomes an SBM model that does not consider Undesirable outputs.
3.1.2 Analyzing the dynamic of urban ecological efficiency: Malmquist index model
The Malmquist index model was first proposed by Swedish economist and statistician Malmquist. S in 1953 (Malmquist, 1953). Färe et al. combined it with the DEA theory in 1992 (FjiRE et al., 1992), and the Malmquist index model has been widely used in the field of efficiency evaluation. The Malmquist Index Model offers significant advantages in analyzing the dynamic characteristics of UEE in the Yellow River Basin. It not only effectively handles time series data, accurately capturing the evolution and dynamic characteristics of UEE over time, but also further decomposes the index into two dimensions: efficiency changes (EC) and technological progress (TP). This decomposition is instrumental in assessing the improvement of UEE across consecutive periods and identifying whether technological advancements have provided an impetus for the enhancement of UEE. The expression is as follows:
[image: image]
In Formula 2, the Malmquist index M0 can be decomposed into EC and TP, the formula is as follows:
[image: image]
In Formula 3, when [image: image], it indicates that the UEE has improved from period t to t+1; when EC > 1, it signifies that the UEE is improved from period t to t+1; and when TP > 1, it suggests that the technology has progressed from period t to t+1. Conversely, values less than one imply the opposite effects.
3.1.3 Exploring the influencing factors of urban ecological efficiency: bootstrap truncated regression model
UEE ranges from 0 to 1 and is considered truncated data. Utilizing OLS regression analysis directly on such data may lead to biassed and inconsistent outcomes. Simar and Wilson have demonstrated that that the classic tobit regression model, which is designed for handling truncated data, is not well-suited for testing the influencing factors of efficiency (Simar and Wilson, 2007). To address this issue, they proposed the bootstrap truncated regression model, which effectively minimizes data uncertainty and statistical noise, thereby circumventing the aforementioned limitations. The expression is as follows:
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In Formula 4, where [image: image] represents the UEE, [image: image] represents each influencing factor, [image: image] represents the regression parameters, and [image: image] follows the normal distribution of [image: image]. Referring to the existing research, [image: image] contains 6 variables, which are described as follows: ① Environmental Regulation (ER), quantified by the urban solid waste utilization rate (%). This rate serves as an indicator of environmental regulatory stringency (Guo et al., 2021), greater regulatory intensity implies higher resource utilization efficiency, which aids in enhancing UEE. ② Population Density (PD), expressed as the number of people per square kilometer in the urban jurisdiction. Higher population density may exert more significant ecological pressures due to congestion effects (Cano-Orellana and Delgado-Cabeza, 2015), but it might also boost UEE through increased human capital (Liu et al., 2024). ③ Science and Education Investment (SEI), measured by the share of expenditure on science, technology, and education in government public financial outlays (%). Amplified governmental investment in technological innovation correlates with advanced levels of knowledge innovation, contributing to UEE enhancement (Liu et al., 2024). ④ Industrial Structure (STRU), indicated by the proportion of the secondary industry’s value added in the city’s GDP (%). A higher secondary industry share may impose pressure on UEE due to increased pollution demands (Zhou et al., 2020). ⑤ Economic Scale (EC), represented by the city’s GDP as a percentage of the national GDP (%). Elevated economic development could place greater stress on the environment and resource consumption, but it may also offer more extensive support for UEE (Liu et al., 2020). ⑥ Greening Level (GAL), denoted by the area of urban green space per capita (square meters). An elevated greening level is instrumental in fostering a positive urban environmental image, thus promoting UEE (Xu and Wang, 2021).
3.2 Research sample and data sources
Based on the natural watershed boundaries delineated by the Yellow River Conservancy Commission and considering the integrity of regional research units as well as their economic relevance to the Yellow River basin, this research encompasses 74 prefecture-level cities along the Yellow River’s course. By eliminating city samples with incomplete data (9 western autonomous prefectures or league including Aba, Haidong, Haibei, Hainan, Huangnan, Yushu, Haixi, Guoluo and Alxa), 65 prefecture level cities were finally obtained as the research samples. The data of all indicators are from the “China City Statistical Yearbook (2008–2017),” “China Urban Construction Statistical Yearbook (2008–2017),” and statistical yearbooks of relevant provinces and cities from 2009 to 2018. In mitigate the effects of price fluctuations, all monetary data presented throughout this research have been deflated to constant prices using 1978 as the reference base year.
The observation period for this research is delineated from 2008 to 2017, with the selection of this timeframe grounded in two pivotal considerations:
Firstly, the starting point of 2008 is chosen in light of societal context and policy support. On one hand, China achieved significant ecological governance effectiveness in this year, with a notable downward trend in the emissions of sulfur dioxide and chemical oxygen demand for the first time. This shift not only signifies a positive transformation in China’s ecological governance strategy from a reactive to a proactive approach but also reflects the increasingly mature societal backdrop for enhancing UEE. On the other hand, top-down policy design has provided institutional safeguards for the improvement of UEE in the Yellow River basin. In 2006, the “Yellow River Water Allocation Regulations” were officially promulgated and implemented, marking the first administrative regulation specifically formulated and promulgated at the national level for the Yellow River, highlighting the national emphasis on enhancing UEE. In 2008, the Yellow River Conservancy Commission successively promulgated and implemented the “Supervision and Management Measures for Discharge Outlets into the River” and the “Reporting Measures for Major Water Pollution Incidents in the Yellow River,” to which Shandong and Henan provinces within the basin responded by enacting multiple local regulatory documents, offering clearer and more specific operational guidelines for improving the UEE of the Yellow River basin.
Secondly, the endpoint of 2017 is chosen mainly due to considerations regarding the data quality of fixed asset investment—a key input indicator for measuring UEE in this research. In March 2017, the National Bureau of Statistics rolled out the “Notice on the Pilot Reform of the Statistical System and Method for Fixed Asset Investment in 2017,” which altered the statistical method from primarily the image progress method to primarily the financial expenditure method, thereby recalibrating the statistical aperture for fixed asset investment. Given that 40% of the provinces and cities along the Yellow River’s course were part of this pilot initiative. To maintain the consistency of the statistical calibre, the observation period of this research is up to 2017.
4 RESULTS
4.1 Static characteristics of urban ecological efficiency in the Yellow River Basin
4.1.1 Temporal evolution
The UEE in the Yellow River basin from 2008 to 2017 was generally low, average 0.736, yet it demonstrated a consistent upward trend (Figure 2A). Significant regional disparities were observed in the UEE among the downstream, midstream, and upstream reaches, with average annual values of 0.778, 0.738, and 0.692, respectively. Notably, UEE in the lower reaches surpassed that of the upper reaches by 8.6 percentage points. These differences can be largely ascribed to the downstream area’s superior natural conditions and a more robust economic foundation. Moreover, the trends across the three regions varied markedly. While the middle and lower reaches experienced a steady rise in UEE, the western upper reaches witnessed a notable decline starting in 2016, reaching its lowest value of 0.669 in 2017, characterized by substantial volatility. This downturn maybe closely linked to the region’s intensive exploitation of mineral resources and the associated “resource curse” it has endured in recent years.
[image: Figure 2]FIGURE 2 | Urban ecological efficiency and its decomposition in the Yellow River basin. (A) Urban ecological efficiency. (B) Pure technology efficiency. (C) Scale efficiency.
Further decomposing the UEE, from 2008 to 2017, the pure technical efficiency of the Yellow River basin (with an average of 0.767) was lower than the scale efficiency (with an average of 0.964), and the pure technical efficiency changes exhibited relatively smoothly (Figure 2B), while the scale efficiency showed a trend of fluctuating upward (Figure 2C). This result reflected that the low ecological pure technical efficiency contributing to the overall low UEE in the Yellow River basin. Specifically: ① Pure technical efficiency. The pure technical efficiency of the UEE across the downstream, midstream, and upstream regions is generally not high, with annual averages of 0.815, 0.761, and 0.726, respectively. There is a significant disparity between regions, with a difference of 0.089 between the lower reaches and the upper reaches, which is associated to the high level of economic development and more advanced technology in the lower reaches. Moreover, the change trends of the three regions differ: the middle and upper reaches show an initial increase followed by a decrease, while the lower reaches has experienced a decrease followed by an increase, reaching 0.840 in 2017. This is largely due to the harsh ecological environment and insufficient R&D capabilities in the middle and upper reaches, where technological advancements are limited. In contrast, after experiencing various “urban diseases,” the lower reaches have both the funds and the capacity to bolster ecological technology support, leading to a marked improvement in environmental technology levels ② Scale efficiency. Over the 10-year period from 2008 to 2017, the scale efficiency of UEE was maintained at a high level above 0.910 and showed a fluctuating upward trend. The average scale efficiency of the lower reaches, the middle reaches, and the upper reaches were 0.959, 0.971, and 0.959. However, it is noteworthy that between 2008 and 2011, the scale efficiency in the middle reaches declined from 0.968 to 0.938, reflecting an apparent lack of economic efficiency in the management and allocation of ecological resources in the middle reaches during this phase.
4.1.2 Spatial distribution
Based on the horizontal comparison, from 2008 to 2017, the Yellow River Basin’s higher-level UEE presented a spatial pattern of “the lower reaches > the middle reaches > the upper reaches (Figure 3). Specifically: ① The UEE in the lower reaches was at the forefront among the three regions. Notably, the UEE of Qingdao, Dongying, Weifang, and five other prefecture-level cities achieved 0.8 or above, reaching a higher level, and their proportion exceeded 42% of the total urban area, with only Laiwu and Hebi having UEE below 0.6. ② The UEE in the middle reaches was generally not high, with significant internal disparities. Among them, Lvliang, Sanmenxia, Xi’an, and five other prefecture-level cities reached a UEE of over 0.800, but their proportion was less than 30% of the total urban area. Datong, Jiyuan, Tongchuan, and Pingliang had a UEE below 0.6, and more than 40% of the cities were between 0.6 and 0.7. ③ The UEE in the upper reaches was generally low. Only 26% of the cities achieved a higher UEE level of 0.8 or above, and more than 30% of the cities in the region had UEE below 0.6. The ranking of UEE in the upper reaches was at the end of the basin, indicating that the construction of urban ecological civilization in these cities has a long way to go.
[image: Figure 3]FIGURE 3 | Urban ecological efficiency in the upper middle and lower reaches of the Yellow River Basin.
Based on the principle of equal interval partitioning, this research evenly divides the 10-year observation period with 2-year intervals, ultimately selecting the years 2008, 2011, 2014, and 2017 for analysis. From the perspective of efficiency decomposition, the 65 prefecture-level cities in the Yellow River basin are categorized into three types: double-driver type (where both pure technology efficiency and scale efficiency are greater than 0.9), technology-driver type (where pure technology efficiency is higher than scale efficiency, and at least one of them is less than 0.9) and scale-driver type (where scale efficiency is higher than pure technology efficiency, and at least one of them is less than 0.9). The results are shown in Table 2.
TABLE 2 | Driving distribution types of urban ecological efficiency in the Yellow River basin (2008–2017).
[image: Table 2]Between 2008 and 2017, the Yellow River Basin experienced an increase in the number of double-driver cities, a decrease in technology-driver cities, and a relatively stable count of scale-driver cities. To elaborate, the count of double-driver cities rose from 14 in 2008 to 21 in 2017, with the lower reaches gaining 4 cities, the middle reaches gaining 3 cities, and the upper reaches gaining 1 city. This correlates with the UEE hierarchy of the Yellow River basin, which is characterized by“the lower reaches > the middle reaches > the upper reaches,” indicating that higher UEE is a synergistic outcome of both pure technical efficiency and scale efficiency. The number of technology-driver cities peaked in 2011 at 10, up from 6 in 2008, but then experienced a decline, with only 2 remaining by the end of the period. This suggests that the low pure technical efficiency of cities is a primary constraint on the overall ecological efficiency within the basin. The number of scale-driver cities showed minimal fluctuation, with the lower reaches has maintained stability, the upper reaches has experienced a progressive increase, and the middle reaches has shown a tendency to decline. Thus, for the middle reaches, the maintenance and enhancement of the current scale efficiency level are particularly crucial for advancing UEE.
4.2 Dynamic characteristics of urban ecological efficiency in the Yellow River Basin
4.2.1 Dynamics temporal evolution
Between 2008 and 2017, the Malmquist Index of UEE in the Yellow River Basin and its upper, middle, and lower reaches showed a fluctuating upward trend, with growth rates of 1.8%, 1.3%, 2.0%, and 2.2% respectively (Figure 4A). During these 10 years of fluctuating growth, 2012 marked the first significant peak, where the Malmquist Index of UEE for cities in the Yellow River Basin and its upper, middle, and lower reaches all shifted from negative to positive growth. The year 2016 was the second peak for the middle and upper reaches, and by 2017, the upper reaches experienced negative growth again, with an increase of −2.4%. However, the lower reaches has maintained continuous growth since 2014, with a growth rate as high as 15.8% in 2017.
[image: Figure 4]FIGURE 4 | The Malmquist index and its decomposition of urban ecological efficiency in the Yellow River basin. (A) Malmquist Index. (B) Technical progress. (C) Efficiency change.
Upon further decomposition of the Malmquist Index, reveals the following trends for the UEE of the Yellow River Basin from 2008 to 2017: the technological progress (with an average annual growth of 1.2%) was generally lower than the efficiency change (with an average annual growth of 1.4%), but the efficiency change showed a downward trend. Specifically: ① Technical progress. From 2008 to 2017, the ecological efficiency of cities in the Yellow River Basin and its upper, middle, and lower reaches exhibited a fluctuating upward trend in terms of technological progress (Figure 4B). A notable surge in technological progress occurred for all three divisions between 2015 and 2016, followed by a modest retreat in 2017. ② Efficiency changes. The efficiency change component demonstrated a more pronounced pattern of fluctuation (Figure 4C). The years 2012 and 2015 marked two significant peaks. After 2016, with the exception of the upper reaches of the Yellow River, which continued to see negative growth, the overall efficiency of the Yellow River Basin as well as the middle and lower reaches began to recover and have since been in a state of growth.
4.2.2 Dynamic spatial distribution
To further explore the spatial distribution pattern of urban eco-efficiency in the Yellow River Basin and the three subregions, this research combines the natural breakpoint method of ArcGIS and the principle of equal intervals to classify the Malmquist index of urban eco-efficiency into four grades: high-growth (MI ≥ 1.2), medium-growth (1.1 ≤ MI < 1.2), low-growth (1 ≤ MI < 1.1) and negative-growth (MI < 1), ArcGIS 10.2 was used for visual analysis of 2008–2009 and 2016–2017 (Figure 5).
[image: Figure 5]FIGURE 5 | The Malmquist index distribution of urban ecological efficiency in the Yellow River basin. (A) 2008–2009. (B) 2016–2017.
From 2009 to 2017, the Malmquist index of UEE in the Yellow River Basin marked a period of notable escalation, and the cities with UEE growth have been shifting to the middle and lower reaches. Cities classified as high-growth increased in number by 4.5 times, while those with moderate growth saw a fivefold increase; both exhibiting a consistent trend of geographical redistribution from the upper reaches to the middle and lower reaches. The number of low-growth cities increased by 1.48 times, transitioning their spatial concentration from the upper and middle reaches to a dominance in the middle and lower reaches. Concurrently, the share of cities with a negative growth trajectory declined to 38% of the total initial count, with their spatial distribution pivoting from an upper and middle reach focus to a predominance in the lower reach.
Specific to the upper, middle and lower reaches of the Yellow River basin: ① Lower reaches. Approximately 95% of cities experienced an upward trend in UEE. The distribution of cities across the four categories in 2009 was 0, 0, 4, and 15, respectively, shifting to 6, 3, 9, and 1 by 2017. This improvement is closely related to the region’s advantageous geographical location and the enhancement in the quality of economic development. ② Middle reaches. Around 93% of cities saw an increase in UEE. The count of cities in the four brackets in 2009 was 0, 0, 11, and 16, which changed to 3, 2, 20, and 2 by 2017. This positive change is primarily attributed to the recent intensified ecological and environmental governance efforts in the area, including the closure of heavily polluting industries such as chemical and coal mining. ③ Upper reaches. The UEE in the upper reaches exhibited a decline. The distribution of cities across the categories in 2009 was 2, 1, 10, and 6, which shifted to 0, 0, 8, and 11 by 2017. The negative growth in ecological efficiency in the downstream cities increased from 32% of the total urban population in 2009 to 58% in 2017. This setback maybe due to the already fragile environmental base, further strained by energy consumption and resource extraction.
4.3 Analysis of influencing factors on urban ecological efficiency in the Yellow River Basin
To explore the factors influencing the UEE in the Yellow River Basin and its different sub-regions, this research selects six variables to construct a quantitative model for analysis. The regression results are shown in Table 3. Environmental regulation, scientific and educational investment, economic scale, and greening level significantly promote the improvement of UEE in the Yellow River Basin, but population density and industrial structure lead to a decrease in UEE. Specifically for each reaches:
(1) Environmental regulation significantly significantly boosts the UEE in the middle and lower reaches, but hinders the improvement of ecological efficiency in the upper reaches, which is lagging behind economically. The factor coefficients of environmental regulation for downstream, midstream, and upstream areas are 0.0044, 0.0893, and −0.1052, respectively, all of which pass the significance level test at 1%. In the in the middle and lower reaches, environmental policies have driven innovation in pollution-intensive industries, reducing emissions and enhancing ecological efficiency. Conversely, in the upper reaches, outdated environmental technologies and a focus on economic development at the expense of environmental concerns have led to increased pollution and a decrease in UEE.
(2) Population density significantly reduces the UEE in the middle and lower reaches. For every one-unit increase in population density, the UEE in the middle and lower reaches decreases by 0.0001 and 0.0831 units, respectively. This is largely due to the fragile ecological environment and limited carrying capacity of the Yellow River Basin, where population growth increases the consumption of resources and generates waste, exacerbating ecological damage and reducing ecological efficiency. The impact of population density on the UEE in the upper reaches is not significant, possibly because the low population base means growth is not substantial enough to alter ecological efficiency.
(3) Scientific and educational investment significantly lowers UEE in the lower reaches but improves it in the middle reaches. For every one-unit increase in scientific and educational investment, the UEE in the lower reaches decreases by 0.0159 units, while the UEE in the middle reaches increases by 0.1480 units.
TABLE 3 | Influencing factors on urban ecological efficiency in the Yellow River basin.
[image: Table 3]The large investment in the lower reaches may not be directly focused on ecological protection or sustainable development technologies and may not be promptly translated into effective environmental measures, resulting in reduced UEE. In contrast, midstream areas may more effectively enhance resource utilization efficiency through such investments, promoting ecological efficiency. The lack of significant impact on upstream UEE may be due to the “pump effect” not being evident, with low investment levels insufficient to drive technological innovation or raise environmental awareness significantly.
(4) The industrial structure significantly enhances UEE in the middle reaches (coefficient of 0.0665) but hinders the UEE in the upper reaches (coefficient of −0.2142). The middle reaches, being a major coal-producing region, benefits from the application of clean technologies and efficient pollution control in its large and advanced secondary industry, boosting the UEE. In contrast, the fragile ecological foundation in the upper reaches suffers from rapid environmental degradation due to industrial development, constraining ecological efficiency. In the lower reaches, the economic development and industrial transformation towards energy-efficient, environmentally friendly, and high-value-added industries may offset the negative impacts of traditional industries on the UEE, making the impact of industrial structure on downstream UEE not significant.
(5) Economic scale significantly improves the UEE of cities in the upper, middle, and lower reaches, with impact coefficients of 0.1844, 0.3882, and 0.5412, respectively. This indicates that urban economic development in the Yellow River Basin complements ecological efficiency, providing ample funding, human resources, and technical support for environmental protection and resource utilization.
(6) Greening level significantly promotes the improvement of UEE in the upper reaches. An increase of one unit in greening level leads to a 0.02167 unit increase in the UEE of the upstream area. The upstream area’s fragile ecology and decreasing vegetation coverage can be mitigated by higher greening levels, which can enhance public environmental awareness and promote UEE. However, in the upstream and midstream areas, the enhancement of greening levels may compete with land resources needed for economic development and may not significantly improve regional environmental awareness, thus not passing the significance test.
5 CONCLUSION AND POLICY RECOMMENDATIONS
5.1 Conclusion
This research employs the SBM-DEA model that incorporates undesirable outputs to measure the UEE of 65 prefecture-level cities in the Yellow River basin from 2008 to 2017. It further characterizes the dynamic evolution of the UEE using the Malmquist index and conducts an in-depth analysis of the influencing factors of UEE with the bootstrap truncated regression model. The main research conclusions are as follows:
(1) The UEE in the Yellow River Basin has seen a steady, albeit low, increase from 2008 to 2017, yet significant disparities existed in the upper, middle and lower reaches. With an average UEE of merely 0.736 during this decade, there is significant room for enhancement in the Yellow River Basin. The Malmquist index indicates an average annual growth rate of 1.8%, suggesting a progressive improvement in the utilization of ecological resources in the majority of cities. However, the disparity in the upper, middle and lower reaches is pronounced, with the lower reaches, exhibiting the highest UEE, surpassing the upper reaches, the lowest, by 8.6 percentage points.
(2) Insufficient pure technical efficiency has impeded the advancement of UEE in the Yellow River Basin from 2008 to 2017. Despite stable fluctuations in pure technical efficiency, the scale efficiency exhibited a fluctuating upward trend, underscoring that the primary cause of the overall low UEE is the lack of progress in pure technical efficiency. The spatial evolution analysis reinforces this view, with a notable decrease in the number of technology-driver cities.
(3) The higher levels of UEE in the Yellow River Basin generally exhibit a spatial pattern of “lower reaches > middle reaches > upper reaches.” Additionally, there is a continuous shift of cities with growing UEE towards the middle and lower reaches. The dynamic UEE Malmquist index classification results also support this conclusion, with over 90% of cities in the downstream and midstream areas experiencing an increase in ecological efficiency, while the upstream areas have seen a decline.
(4) Environmental regulations, investments in science and education, economic scale, and the level of greening significantly boost the UEE in the Yellow River Basin. Yet, population density and industrial structure are found to decrease UEE. These effects, however, are not uniform across the basin’s reaches; for example, environmental regulations impede UEE growth in the upstream areas, and scientific and educational investments have a detrimental effect on UEE in the downstream areas. Conversely, the industrial structure notably enhances UEE in the midstream areas.
5.2 Policy recommendations
To elevate the UEEwithin the Yellow River Basin, aligning with the conclusions drawn from this research and considering the practical state of ecological civilization construction in the region, the following recommendations are proposed:
(1) It is essential to fully acknowledge the current low levels of UEE across the Yellow River Basin and the significant disparities in coordinated development among the upper, middle, and lower reaches. Special attention must be given to the declining trend of UEE in the upstream areas, which, as the “Chinese Water Tower,” have a fragile ecological environment and relatively low economic development levels. Enhancing UEE is vital for the sustainable development of these areas.
(2) There should be a proactive effort to increase technical efficiency to foster conditions conducive to the improvement of UEE in the Yellow River Basin. During this process, particular emphasis should be placed on the technological transformation of scientific and educational investments. The middle reaches should capitalize on the strengths of such investments to enhance resource utilization efficiency. The downstream areas should prioritize the application of scientific and educational investments in ecological protection and sustainable development technologies, swiftly converting them into effective environmental and energy-saving measures. The upstream areas should boost scientific and educational investments to unleash their latent “pump effect.”
(3) The positive influence of environmental regulation, economic growth, and the level of greening on UEE should be harnessed. By diversifying industries and upgrading the industrial structure, the negative impact of industrial composition on UEE can be transformed into a force for development. Concurrently, it is imperative to moderately control population size, guide rational population mobility, manage urban population density, prevent the emergence of “urban diseases,” and mitigate the adverse effects of population density on UEE.
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