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Abstract

:

In China, rapid urbanization in recent decades has led to increasingly serious ecological and environmental problems, threatening sustainable development. Thus, a clear understanding of the relationship between urbanization and eco-environment is the basis for achieving regional sustainable development. However, despite the current global explosion of research interests on this topic, few studies have focused on ecologically fragile areas. To fill this gap, taking Aba Autonomous Prefecture in the eastern Qinghai-Tibet Plateau as a case study, we explored the relationship between urbanization and eco-environment from 2001 to 2018 using a coupled coordination degree model. The results show that the urbanization level and eco-environmental quality in Aba Prefecture achieved stable and continuous improvements from 0.202 to 0.428 and 0.372 to 0.422, respectively. Moreover, the coupling degree between them ranged from 0.524 to 0.652, indicating that the study area had transformed from uncoordinated development in the initial stage to transformation development in the final stage. Additionally, over the 18 years, the coordinated state of urbanization and eco-environment improved, with the coordinated level increasing from reluctant to moderate coordination after 2011. Lastly, we confirmed that urbanization in Aba Prefecture had an overall positive effect on the local eco-environment, although it gradually decreased as urbanization progressed. These findings have important implications for political decision-makers to achieve high-quality development in ecologically fragile areas.
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1. Introduction


Urbanization is the process of economic and social development resulting from spatial expansion of built-up areas and rural to urban population transformation [1]. It has been a defining global phenomenon and is an important driver of social modernization and economic growth [2,3,4]. Urbanization is considered to be an inevitable trend in human social development [5], and its sustainability is significant in the implementation of the 2030 agenda and Sustainable Development Goals (SDGs). Gradual urbanization has been occurring globally, and is expected to increase from 56% in 2020 to 70% in 2050 [6]. Simultaneously, urbanized areas have also undergone a series of ecological and environmental problems, including land degradation [7], urban heat island effects [8], depletion of natural resources [9,10], soil erosion [11], and damage to ecosystem services [12,13]. These problems have posed a major challenge to achieving sustainable development goals [14]. Therefore, understanding the relationship between urbanization and eco-environment is fundamental for enhancing regional sustainability [15], and related research has become a global strategic issue and a hot spot in earth system and sustainability science [16].



In light of the complex relationship between urbanization and eco-environment [16,17], researchers have typically used the Environmental Kuznets Curve (EKC) or the Urbanization-environmental Kuznets Curve (UEKC) to address the U-shaped relationship between urbanization development and eco-environmental status [18,19], which implies that environmental quality initially deteriorates with urbanization, but subsequently improves with increasing development. Currently, scholars have recognized that complex interactions between urbanization and eco-environment exist, and both the EKC and UEKC approaches are not applicable to all regions, although they are appropriate for developed urban agglomerations [20]. Moreover, another shortcoming of these approaches is that they ignore interactions between urbanization process and the eco-environment [21]. To overcome these limitations, the Coupling Coordination Degree (CCD) model was proposed to explore relationships between urbanization and eco-environment [9,22,23]. Compared to EKC/UEKC, the CCD model appears more suitable to describe interactions of two or more subsystems [23,24,25].



Despite a growing number of studies focusing on the interaction between urbanization and eco-environment across various scales and regions, there are still some limitations in previous research. First, most studies focus on urban developed areas, while less attention is paid to ecologically fragile areas [26,27], particularly not being able to reveal the universal mechanism of this interaction. Second, even for the few relevant studies conducted in ecologically fragile regions, there are deficiencies, especially in the construction of eco-environmental indicator systems. For instance, these studies usually employed the parameters reflecting vegetation characteristics, such as vegetation cover [28], land use type [29] or ecosystem service [30]. Nevertheless, the indicators reflecting the human pressure, such as the number of livestock, which are especially crucial in pastoral regions, are basically not covered. Besides, in terms of analysis, more studies have focused on the coupling relationship between urbanization and eco-environment [27,29], but not considered their quantified impacts on each other.



As the worlds ‘third pole’, the Qinghai–Tibetan Plateau (QTP) is one of the most unique regions on the planet [31]. As the Yellow, Mekong, and Yangtze rivers are sourced from here, it is deemed to be Asia’s “water tower”. Moreover, QTP is also an important ecological shield area in China for its abundant natural resources and crucial ecosystems [32]. Since an extensive Western Development Strategy was launched by the Chinese government in 2000, urbanization in the QTP has accelerated rapidly [33,34]. For example, urbanization rate in Qinghai Province reached 60.08% in 2020, and in the Tibet Autonomous Region it was 35.73%, increasing 41.56 and 24.23 percentage points since 1978, respectively. Urbanization has become a significant mechanism for QTP’s economic and social development, by promoting economic growth, reducing numbers of people in poverty, and improving social living standards [35]. However, it has also caused many localized ecological and environmental problems due to intense human activities, ecosystem degradation, and ecological space reduction [36]. For instance, city expansion and infrastructure construction have replaced a large area of forest and grassland on the QTP [12]. Meanwhile, to support increased consumption caused by rapid urbanization, herding and harvesting intensity has been enhanced, resulting in grassland degradation, deforestation, and desertification [37]. Moreover, rapid urbanization has contributed to an increase in anthropogenic pollution, influencing eco-environment quality [38].



Conversely on the QTP, carrying capacity is also a limiting factor for urbanization development, and eco-environment constraints on urbanization are also expected to be more prominent [31]. For instance, social and economic activities are constrained by eco-environment, especially water and calorific condition [37]. Additionally, frequent natural disasters and geomorphic features significantly affect infrastructure construction, which has inevitably restricted urbanization development [39]. Predictably, the future QTP urbanization process will continue unabated, and one key question is how it will interact with the eco-environment in different geographical areas. Nevertheless, to the best of our knowledge, few studies have addressed the interactions between urbanization and eco-environment on the QTP, and their coupled relationships are poorly understood. Meanwhile, in ecologically fragile and predominantly grazed regions such as the QTP, the application of new technologies may mitigate environmental destruction during early urbanization stages [40], and may accelerate environmental restoration during later stages [41]. Moreover, ecological degradation and environmental destruction tend to be limited to towns and surrounding areas, because urbanization tends to concentrate pastoral settlement [42]. Thus, on the regional scale, eco-environmental quality may be optimized with urbanization development. Therefore, we hypothesized that on the QTP, urbanization will be more beneficial to the eco-environment than in other regions.



To fill the research gap and test our hypothesis, we gathered information on the coupled mechanism of urbanization and eco-environment in the eastern QTP in southwest China. Specifically, three scientific objectives were addressed, including to: (1) reveal urbanization spatiotemporal characteristics and eco-environmental status from 2001 to 2018, (2) evaluate dynamic trends present in the coupling degree between urbanization and eco-environment at the county scale, and (3) explore the evolution trends of coupling coordinate types and interaction mechanisms between the urbanization and eco-environmental subsystems over the past 18 years. Our findings will not only improve our current understanding of the coordination of urbanization development and eco-environmental protection, but also help to design better policies to mitigate potential eco-environmental risks due to accelerated urbanization development, thereby contributing to optimal adaptive and management strategies for sustainable development in ecologically fragile regions.




2. Materials and Methods


2.1. Study Areas


We selected the Aba Tibetan and Qiang Autonomous Prefectures (hereafter called Aba Prefecture) in the northwestern Sichuan province as our study areas. It falls between 30°35′~34°19′N and 100°30′~104°27′E, and is in the QTP transition zone and second step of China. As the Yangtze and Yellow Rivers originate in this area, Aba Prefecture is also a critical protection zone and ecological barrier for China [43,44].



Aba Prefecture covers 84,242 square kilometers, including 13 counties (Figure 1). It features complex geological structures, such as typical valley, mountain, and plateau landscapes. The Aba Prefecture climate reflects the vertical topography with a mean annual temperature of 8.5 °C, and mean annual precipitation of 663.5 mm. Grassland and forest are the dominant vegetation types, accounting for 53.83 and 24.2% of the total area, respectively. According to the Aba Statistical Yearbook [45], the study area can be divided into three sub-regions mainly based on complex structure and diverse landforms: valleys (including Wenchuan, Maoxian, Lixian, Heishui counties), mountains (including Songpan, Jiuzhaigou, Jinchuan, Xiaojin, Hongyuan, Maerkang counties) and plateaus (including Rangtang, Aba, Ruoergai counties).



Aba Prefecture has the second-most Tibetan and foremost Qiang residential areas in China. In 2018, it had a total population of 944,000, and a GDP of 32.5 billion CYN. From 1990 to 2018, the mean urbanization rate increased from 18.39 to 40.04%, but the urbanization level for each subregion was uneven. Specifically, in 2018, the urbanization rate for valley counties was generally >40%, for mountain counties around 30~40%, and for plateau counties < 30%.




2.2. Data Resources


Socioeconomic data were collected from the Aba Statistical Yearbook (2001–2019) and Sichuan Statistical Yearbook (2001–2019). Land use and land cover change (LUCC) data were obtained from Yang and Huang [46]. MODIS/Terra Net Primary Production data at 500 m resolution was accessed from the Google Earth Engine cloud platform (https://earthengine.google.com (accessed on 2 February 2022)). Night Time Light (NTL) data and Fractional Vegetation Coverage (FVC) data at 500 m resolution were downloaded from the National Earth System Science Data Center, National Science & Technology Infrastructure of China (http://www.geodata.cn (accessed on 10 February 2022)).




2.3. Evaluation Indicator System


2.3.1. Urbanization Evaluation


Drawing lessons from existing research and following systematic, complete, effective, and operability principles [15,23,28], we established a comprehensive urbanization evaluation system from four aspects: demographic, economic, social, and spatial (Table 1).




2.3.2. Eco-Environment Quality Evaluation


Based on evaluation system selection principles, we consulted relevant research results [15,49,50,51], considered the Aba Prefecture actual situation and data availability, and built a comprehensive evaluation system for eco-environmental quality, including three eco-environmental aspects: level, pressure, and structure (Table 2).





2.4. Methods


2.4.1. Data Standardization


Because indicator dimension and magnitude are different, the original data required standardization. Furthermore, as indicators can be positive or negative, the original data were transformed into nondimensional values using the following equations:



For positive indicators:


    I   i j   =       X   i j   − m i n     X   i             max  ⁡      X   i     − m i n     X   i            



(1)







For negative indicators:


    I   i j   =       max  ⁡      X   i     −   X   i j             max  ⁡      X   i     − m i n     X   i            



(2)




where i is the year, j is the indicator, Xij is the original value of the indicator j in i year, Iij is the normalized value, and   m a x     X   i       and   m i n     X   j       represent the maximum and minimum values of the indicator j in all of the years studied. In Equations (1) and (2), i = 1, 2, …, m, and j = 1, 2, …, n. All the indicator values are within the scope of 0~1 after treatment.




2.4.2. Entropy Weight


Because the evaluation systems for both urbanization level and eco-environmental quality involve many indicators, indicator weights needed to be determined. Therefore, we chose the entropy weight method to assign indicator weights, which overcomes information overlap between multiple indicator variables, thus objectively reflecting internal changes between indicators [55]. Specific steps are as follows:




	(1)

	
calculating specific gravity:











    S   i j   =     X   i j       ∑  i = 1   n      X   i j        



(3)




where Xij is the j-th indicator in i year, Sij is the ratio of Xij to the corresponding indicator, and i = 1, 2, …, m, j = 1, 2, …, n.








	(2)

	
calculating indicator entropy:











     e   j   = − k   ∑  i = 1   n      S   i j       ln  ⁡    S   i j       ,   k =   1     ln  ⁡    n         



(4)




where ej represents the information entropy of the j-th indicator.








	(3)

	
calculating indicator information utility value:











    g   j   = 1 −   e   j    



(5)




where gj represents the entropy redundancy, which measures the difference between the entropy and its maximum possible value.








	(4)

	
calculating indicator weight:











    W   j   =     g   j       ∑  j = 1   p      g   j        



(6)




where Wj is the weight of the j-th indicator.








	(5)

	
calculating the comprehensive index:











    Z   q i   =   ∑  j = 1   n        X   i j         W   j    



(7)




where     Z   q i     is the comprehensive urbanization index (CUI) or comprehensive eco-environment index (CEI) of q region in i year.



Respective indicator weights in the urbanization and eco-environmental evaluation systems are displayed in Table 1 and Table 2, respectively.




2.4.3. CCD Model


To measure the interaction relationship between urbanization and eco-environment, coupling coordination degree (CCD) was calculated by the following formulas:


  C =    U × E           U + E    /  2       2       



(8)






  T = α U + β E  



(9)






  D =  C × T   



(10)




where C is the coupling degree between urbanization and eco-environment, and U and E represent the comprehensive urbanization index (CUI) and comprehensive eco-environment index (CEI), respectively. T is the coordinated development index, α and β represent the contributions of eco-environment and urbanization subsystems, and α + β = 1. In this study, the urbanization and eco-environment subsystems are assumed to be equally important, thus the weights are taken as α = β = 0.5.



The D value lies between 0 and 1, and the higher it is, the more coordinated the relationship between urbanization and eco-environment [28,56]. Consulting previous research [22], D was classified into three categories, four subcategories and twelve types based on the comparative relationship between urbanization and eco-environment (Table 3). Specifically, 0 < D ≤ 0.4 means uncoordinated and seriously unbalanced development, 0.4 < D ≤ 0.6 indicates reluctant uncoordinated development, 0.6 < D ≤ 0.7 means transformation development with moderate coordination, and 0.7 < D ≤ 1 indicates highly coordinated development.




2.4.4. GTWR Model


The geographically and temporally weighted regression (GTWR) model has demonstrated a powerful ability to handle both spatial and temporal information [57]. Compared with traditional statistical models, the GTWR model can effectively reflect the evolutionary relationship of variables in time and space [58]. Based on the GTWR model, we explored relationships and spatiotemporal differences between urbanization and the eco-environment. The GTWR model is expressed as follows:


    y   i j   =   a   0       l o n   i   ,   l a t   i   ,   t   j     +   ∑  i   k      a   i         l o n   i   ,   l a t   i   ,   t   j       x   i j   +   φ   i j    



(11)




where     y   i j     is the CEI of area   i   in period   j  ,     a   0       l o n   i   ,   l a t   i   ,   t   i       is the intercept item of region   i   in period   j  ,     x   i j     is the CUI of area   i   in year   j  ,     a   i       l o n   i   ,   l a t   i   ,   t   i       indicates the regression estimation coefficient of CUI in area   i   and year   j ,       φ   i j     is the random factor of area   i   in year   j  . The function is also suitable for cases when the dependent variable is CUI.



Combined with the spatio-temporal weight matrix, the estimated value of each regression coefficient can be obtained by using the locally weighted least squares method:


    a  ^  (   l o n   i   ,   l a t   i   ,   t   j   ) =       X   T   W     l o n   i   ,   l a t   i   ,   t   j     X     − 1     X   T   W     l o n   i   ,   l a t   i   ,   t   j     Y  



(12)




where   W     l o n   i   ,   l a t   i   ,   t   j       denotes the space weight matrix;   X   and   Y   represent the independent and dependent matrices respectively;     X   T     is the transposed matrix of   X  . In general, the Gaussian kernel equation is used to determine the spatial weight matrix.


  W     l o n   i   ,   l a t   i   ,   t   j     = e x p   −       d   s t     2         h   s t     2        



(13)






      d   s t     2   = α [        l o n   i   −   l o n   i + 1       2   +       l a t   i   −   l a t   i + 1       2    ] + β   (   t   j   −   t   j + 1   )   2    



(14)




where     d   s t     represents the spatial and temporal distance;     h   s t     represents the spatiotemporal bandwidth parameter, which determined by the Akaike information criterion (AIC) function;     h   s t   = α   h   s   = β   h   t    ,     h   s     and     h   t     are the spatial and temporal bandwidth parameters, respectively.






3. Results


3.1. Spatio-Temporal Evolution of Urbanization and Eco-Environment


The CUI index for the entire study area improved steadily, from 0.2021 in 2001 to 0.4283 in 2018 with a growth rate of 0.126/10a, indicating that Aba prefecture urbanization level continued to increase (Figure 2a). Specifically, urbanization progressed fastest in valleys, where CUI increased from 0.2572 in the initial period to 0.5931 in the final stage with a growth rate of 0.187/10a, twice that of plateau counties. This was followed by mountain and plateau areas where CUI increased from 0.2227 to 0.4278 with a growth rate of 0.114/10a, and 0.0732 to 0.2520 with a growth rate of 0.099/10a, respectively. Meanwhile, the gap between sub-regions widened after 2008, indicating that the overall urbanization level presents an unbalanced trend.



As discussed above, regions with relatively higher rapid urbanization rates were mainly distributed in valleys, such as Wenchuan and Maoxian counties. Moreover, as an administrative center of Aba prefecture, Maerkang county is located in mountain areas and also had relatively rapid urbanization. These rapid county urbanization rates reflect their advantageous geographical locations, which have attracted a large amount of investment and increased resources. Furthermore, the CUI curve for the whole study area and for the three sub-regions maintained an increasing trend from 2001 to 2007, but declined significantly in 2008 before rapidly rising, which indicates that the 2008 Wenchuan earthquake had a major negative impact on regional urbanization development.



The overall fluctuation of eco-environmental status across sub-regions was relatively low, and the CEI change rate index varied from 0.3719 in 2001 to 0.4217 in 2018 with a growth rate of 0.028/10a, which was obviously lower than the CUI (Figure 2b). This indicates that the Aba prefecture eco-environment overall status was optimized to a certain extent over the study period. Specifically, as can be seen from Figure 2, ecological environment quality of valley areas was the highest, with an average CEI of 0.4698, followed by mountain areas (0.4485), and plateaus slightly behind (0.3469).



Additionally, both the CUI and CEI index decreased from valley areas to mountain areas then to plateau areas; CUI had relatively large, and CEI relatively small spatial variation (Figure 2).



Based on the principles of the simplest equation and optimal fitting, urbanization development level and eco-environmental quality were further fitted (Figure 3). Surprisingly, only valleys showed a U-shaped curve characterized as “slow down and quick up” (Figure 3b). Nevertheless, it is not in line with the normal “quick down and slow up” character for the coupled curve of urbanization and eco-environment [16,59]. This result indicates that eco-environmental quality decreases slowly with increasing urbanization rate initially, and begins to improve steadily after urbanization rate reaches 0.3692. However, plateaus and mountains, as well as the whole Aba Prefecture all show monotonically increasing fitted curves. Among them, the increasing trend on plateaus was the most significant (Figure 3a,c,d). Generally, the EKC hypothesis was not confirmed in Aba Prefecture. Although climatic conditions, natural resources, local development policies, and industry type are similar, urbanization rate for each sub-region was different. Therefore, we conclude that at the primary stage of the urbanization process in Aba Prefecture, eco-environmental quality was actually optimized with urbanization development, yielding a relatively higher CEI index.




3.2. Urbanization and Eco-Environment Coupling Coordination Analysis


3.2.1. Coupling Coordination Degree


Average CCD during the course of this study continued to increase from 0.5236 in 2001 to 0.6519 in 2018, thereby producing an overall monotonically increasing curve with a coupling correlation coefficient of R2 = 0.923 (p < 0.01) (Figure 4a).



For each sub-region, valley areas ranked first with a mean CCD of 0.6485 and a maximum value of 0.7337 in 2018 (Figure 4b). Mountain areas followed with a mean CCD of 0.6072 and a maximum of 0.6666 in 2016 (Figure 4c), while plateau areas had the lowest mean CCD of 0.4684 and a maximum of 0.5494 in 2018 (Figure 4d), indicating a relatively low level of coupling coordination development compared with valley and mountain regions. This indicates that the plateau region needs additional attention in the future to respond to its lowest coupling coordination degree.



Heatmaps provide not only CCD spatio-temporal changes for each county in Aba Prefecture but also their visibility information (Figure 5). Generally, the color change clearly shows that coupling coordination degree for each county increased gradually from 2001 to 2018, with most CCD scores > 0.5 since 2010. Notably, counties with CCD scores > 0.7 such as Wenchuan (2011–2018), Maoxian (2013–2018), and Maerkang (2014–2018), were mainly concentrated in valleys. Basically, the remaining counties rarely experienced such high CCD scores, especially those in plateau areas.



Besides, plateau CCD changed the most, with a rate of increase of 0.098/10a, followed by valleys and mountain areas with an increase rate of 0.089/10a and 0.066/10a, respectively. Counties with an increase rate < 0.075/10a included Rangtang, Hongyuan, and Jinchuan, with the latter experiencing the lowest growth rate (0.060/10a).




3.2.2. Coupling Coordination Type


Considering the specific time period of urbanization development in the Aba prefecture, we chose four time nodes (i.e., 2001, 2008, 2013, and 2018) for analyses (Figure 6). For example, the urbanization process was accelerated after China’s western development strategy was launched in 2000, the Wenchuan Ms 8.0 earthquake in 2008, and the post-earthquake reconstruction which was basically completed in 2013. From these important time points, we can understand the coupling coordinated relationship between urbanization and eco-environment in the study area (Figure 6).



Furthermore, based on CCD value, the thirteen counties in Aba Prefecture were classified into four categories (Figure 6) and seven sub-categories (Figure 7) according to the standards in Table 3. It can be seen from Figure 6 that most counties with low initial coupling levels increased in the final stage. Specifically in 2001, there were two counties (Ruoergai and Aba) seriously unbalanced, three counties (Wenchuan, Maerkang and Jiuzhaigou) moderately coordinated, and the remaining eight counties reluctantly coordinated. In 2018, there were no seriously unbalanced counties, and the coordination of five counties (Wenchuan, Maerkang, Jiuzhaigou, Maoxian and Lixian) had exceeded 0.7, thereby reaching a high level of coordination (Figure 6).



Moreover, the subclass of the coupling coordination types for each county reflected the contradiction between urbanization and eco-environmental status (Figure 7). It shows that during the 2001~2018 study period, most Aba Prefecture counties were sluggish urbanization types in the initial period, and transformed to coordinated development, or even eco-environment lag type in the final stage (Figure 7). For example, Lixian county in the valley areas was in a sluggish urbanization state (II-1) in 2001, and moved toward to coordinated development (III-3 and IV-3) after 2014. Jiuzhaigou county in the mountainous areas had moved from sluggish urbanization (II-1 and III-1) in 2001~2012, to coordinated development (IV-3) after 2013. Wenchuan, Maoxian, and Maerkang counties had moved to ecological environment lag (IV-2) after 2012, 2014, and 2014, respectively. However, Ruoergai and Rangtang counties in the plateau areas have remained in a state of sluggish urbanization (I-1 and II-1) due to local low-level urbanization, indicating that urbanization status in plateau regions was low and required further improvement.



Overall, the coupling levels of Aba Prefecture have maintained an upward trend, and most counties have gradually moved from an initial low, to a relatively high level of coordination development in the final stage. However, in 2018, three counties (Wenchuan, Maoxian, and Maerkang) in the basically coordinated patterns exhibited a lagged state in the eco-environment, indicating that ecological deficits have begun to restrict the coordinated development of the urbanization and eco-environment.





3.3. Interaction between Urbanization and Eco-Environment


To directly measure the interaction mechanism between urbanization development and eco-environment quality, only the CUI and CEI indexes were analyzed with the GTWR model which was run in conjunction with the mutual variables. The specific model calculation results and remaining parameters are shown in Table 4. It can be seen that the explanation degree of GTWR has reached 90%, with R2 in the model > 0.9, indicating that it described well the interaction between urbanization and eco-environment.



3.3.1. Impact of Urbanization on Eco-Environment


Figure 8 shows the impact of urbanization on eco-environment at the temporal scale from 2001 to 2018. With reference to Figure 2, both the urbanization index and the eco-environment index show increasing trends, which indicates a positive feedback effect on optimizing the eco-environment. Generally, for the whole study area, there was a positive feedback of urbanization development on optimizing eco-environmental quality, with a mean influence coefficient of 0.1964 (Figure 8). Moreover, the impact on plateaus was greatest, followed by mountains, and for valleys it was relatively low. Specifically, the positive impact of urbanization development on eco-environmental status for valleys, mountains, and plateaus were 0.1042, 0.1779, and 0.3564, respectively. Overall, the impact of urbanization development on eco-environmental quality in most Aba Prefecture counties was basically the same, indicating that urbanization is conducive to optimizing the eco-environment, especially in the initial urbanization period. However, with urbanization development, its positive effect on the eco-environment was gradually weakened (Figure 8). For example, although the overall positive impact of urbanization on eco-environmental quality in Hongyuan county lasted longer, it inevitably transformed from positive to negative after 2015. This shows that urbanization is not always conducive to optimizing the eco-environment in this county.




3.3.2. Impact of Eco-Environment on Urbanization


Figure 9 showed the impact of eco-environment on urbanization at the temporal scale. For the whole study area generally, the influence coefficient of eco-environmental quality on urbanization development was basically the same, fluctuating around the zero axis with a mean of −0.0037 (Figure 9). This implies that the negative effect of eco-environment on urbanization development in Aba Prefecture was insignificant, as it was in the early stage of urbanization and has not reached the eco-environmental carrying capacity threshold.



In terms of spatio-temporal distribution, the negative impact of eco-environmental quality on urbanization development is higher in valleys and mountains than in plateau areas. Specifically, the impact of eco-environmental status on urbanization development for valleys, mountains and plateau areas were −0.0025, −0.0054, and −0.0018, respectively. This implies that the eco-environment of Aba Prefecture is not conducive to urbanization. In fact, with reference to Figure 2, CUI only began to overtake CEI in 2018, indicating that urbanization had developed slowly.






4. Discussion


We explored the coupling relationship and the interaction between urbanization development and eco-environmental status in ecologically fragile areas on the eastern Tibetan Plateau, southwestern China. Our contribution provides a new perspective for investigating coupled relationships between urbanization and the eco-environment in ecologically fragile areas, since previous studies have usually focused on developed regions [15,49]. It can enrich current understanding of sustainability science, enhance the comprehensive geographic research paradigm, and help to better assess the urbanization and eco-environment relationship within the context of ecological civilization and sustainable development. Moreover, it also helps to enhance the effectiveness as well as sustainability of regional policy formulation in ecologically fragile regions during urbanization.



4.1. Differences between Ecologically Fragile and Developed Regions


In our study, there was an overall monotonically positive effect of urbanization on the local eco-environment, which contrasts with most studies in which eco-environmental quality initially deteriorates and then improves, especially in developed urban agglomerations. For example, Martínez-Zarzoso and Maruotti [18] obtained some evidence from urbanizing countries confirming that environmental impacts follow a EKC curve. Moreover, Fang et al. [16] found that although the coupling curves between urbanization and the eco-environment are heterogeneous, the UEKC hypothesis is tenable for most developed urban agglomerations in China. Nevertheless, our results concur with most studies, indicating that urbanization could promote coupled coordination with the eco-environment to a certain extent, and that areas with higher urbanization levels are more likely to develop in harmony with the eco-environment [22,24].



There are several potential explanations for the positive effect of high-level urbanization on the eco-environment on the QTP. First, it is more likely that urbanization is mainly accompanied by population migration of pastoralists to cities and towns [33]. As a result, livestock numbers drop, grassland grazing intensity is subsequently mitigated, and ecological degradation and environmental destruction largely limited to towns and surrounding areas. Thus, for the whole prefecture, eco-environmental quality may be actually optimized with urbanization, because eco-environmental pressure is alleviated to some extent [60]. Second, urbanization can be a source of higher productivity, because population agglomeration may reduce traditional livestock husbandry, as more pastoralists shift to secondary and tertiary industries [61]. For example, in 2018, tertiary industry GDP in Aba Prefecture was 11.7 billion yuan, which was almost eight times that in 2001 [62]. Moreover, the eco-environment may also benefit from an increase in environmental-friendly service sectors, such as ecotourism [63,64].



Except for the difference in natural conditions, urbanization effects on the eco-environment between developed, and ecologically fragile regions may be mainly related to the different urbanization stages. In fact, Aba Prefecture was in the primary urbanization stage with a rate of 40.04% in 2018, which is much lower than the national average value of 59.58%. Unexpectedly, we found that the results of the few relevant studies in ecologically fragile areas are also inconsistent. Among them, the findings of Tian et al. [30] on the Tibetan Plateau, and Feng et al. [22] in the Pan-Third pole region are overall consistent with our study, which shows that there exists positive feedback effect of urbanization development on the eco-environment. However, Hu et al. [27] found that high-level urbanization has a negative effect on the eco-environment in the Three Gorges Reservoir Area. Furthermore, Pan et al. [65] showed that rapid urbanization has led to a decline in regional ecosystem services. Nevertheless, the study by Ariken et al. [28] for the provinces along the Silk Road Economic Belt in China showed that urbanization has both positive and negative effects on the eco-environment in different regions. This suggests that even in ecologically fragile areas, the coupling relationship between urbanization and the eco-environment are heterogeneous, as a result of differences among different regions and various eco-environmental indicators.



Our GTWR analysis showed that eco-environmental status had a negligible effect on the urbanization process (Figure 9), whereas an urbanization effect on the eco-environment appeared as the initial positive influence diminished (Figure 8), presumably due to increasing consumption of resources and energy [66].



So far, urbanization in Aba Prefecture has been conducive to reducing the overall pressure of anthropogenic activities and improving the eco-environment, and facilitating the benign interactive process between it and the eco-environment. However, it is predictable that although this positive effect may occur in the initial stages of urbanization, the local eco-environment will deteriorate if further urbanization is not reasonably planned.




4.2. Research Limitations and Future Research Directions


Inevitably, our study has certain limitations. First, due to the lack of data for statistical analysis, it was not possible to extend the analysis period before 2001. Furthermore, the actual eco-environment indicators (e.g., air and water pollution) were also not analyzed. Moreover, we regarded the number of livestock as one of the pressure indicators to measure local ecological environment quality, however, Hou et al. [61] showed that with urbanization, some pastoralists purchase feed for their livestock, thus actually relieving their pressure on the grassland. Unfortunately, due to a lack of feed trade data, our impact of livestock on the ecological environment may be overestimated.



Second, the present index system of eco-environment quality was constructed without accounting for human-related pollution, perhaps making our evaluations different from their actual eco-environment status.



Third, limitations also relate to methodological issues in this study. For example, it was assumed that each dimension of local urbanization development has an equal impact weight. This may not be consistent with the actual condition. Moreover, the CCD and GTWR models may not capture the complexity of the interaction between urbanization and eco-environment.



Fourth, to reduce the redundant information and potential collinearity with the traditional index system, we did not consider other factors that may impact the eco-environment, such as climate change, human activities, and land use changes. This may lead to an exaggeration for the impacts of urbanization on eco-environment, and made it impossible to quantitatively analyze the influencing factors.



These limitations also indicate directions for future research. Firstly, to address data limitations, multi-sourced data with better temporal granularity should be further explored. If data are available, a long-time scale should be explored to enhance scientific integrity and further verify the research findings. Secondly, the index system for urbanization development and eco-environment quality should be constructed with more valid and reliable indicators, and adjusted according to regional conditions to provide more systematic and in-depth assessment. Lastly, in terms of methodological issues, more scientifically rigorous and accurate methods should be studied, especially for adopting different weights for the particular urbanization development and eco-environmental quality dimensions.





5. Conclusions


5.1. Main Findings


In contrast to previous research largely focused on developed regions, we selected Aba Prefecture located on the eastern Qinghai-Tibet Plateau of southwestern China as a case study, and conducted coupling coordination analysis and interaction identification between urbanization development and eco-environmental quality. This study could broaden existing research fields and promote greater understanding on the interaction between urbanization process and eco-environmental status in ecologically fragile areas in China, and even globally. Key points from the conclusions are as follows:




	(1)

	
The Aba Prefecture was in an accelerated urbanization stage, with valleys developing more rapidly than mountain and plateau areas. Moreover, overall eco-environmental quality growth was enhanced with urbanization. Overall, urbanization played a decreasingly positive role and was conducive to lowering anthropogenic activities and improving eco-environmental quality in Aba Prefecture during the 2001~2018 period.




	(2)

	
Regions with higher urbanization levels are also overall inconsistent with higher eco-environmental quality in Aba Prefecture. Spatially, heterogeneous effects of urbanization development on eco-environmental quality were clearly evident in various geographical areas. Specifically, valleys had the highest eco-environmental quality as well as urbanization level, followed by mountains and plateaus.




	(3)

	
For the entire Aba Prefecture, as well as the vast majority of its counties, there was an increasing trend in the coupling coordination degree (CCD) between urbanization development and eco-environmental quality, indicating that coordinated development was overall optimized. Spatially, CCD gradually decreased in the order valleys > mountains > plateaus, and eco-environment quality displayed the same pattern. Specifically, urbanization development in the plateau region was relatively limited and could not keep up with the pace of the eco-environment, resulting in a relative lag in the coordination degree.




	(4)

	
In terms of coupling types, although the entire Aba Prefecture as well as the vast majority of its counties had transformed from uncoordinated development in the initial stage to transformation development in the final period, local development cannot be deemed sustainable. The main constraint for this insufficient development is the reason for low urbanization development level, especially in plateau areas. Overall, urbanization level had a decisive influence on CCD due to the relatively huge gap between urbanization and the eco-environment. Specifically, the higher the urbanization level, the better the coordination.










5.2. Policy Implications


Our results can provide appropriate guidance strategies for a healthy urbanization development approach in Aba Prefecture and even other ecologically fragile areas with an undeveloped economy. Firstly, the results revealed that there is a profound relationship in the interaction between urbanization and eco-environment, indicating restrictions on urbanization should not be regarded as the only means to prevent ecological degradation. Consequently, local authorities should pay more attention to promoting a higher urbanization level, and integrate eco-environmental efficiency improvement into sustainable regional development. In combating the problems existing in current urbanization, the focus should be on providing diverse scientific and reasonable urbanization development modes.



Secondly, local government needs to comprehensively consider urbanization development level and eco-environmental status of each region with spatial heterogeneity, to make overall planning and reasonable arrangements in advance. Specifically, as mountain and plateau areas in Aba Prefecture appear to be over reliant on grassland resources and therefore high environmental pressures, and lagging behind in urbanization, more attention should be vigorously paid to facilitate urbanization here. For example, it is necessary to improve basic public services in these regions, such as transportation and education, to attract more population and investment. Conversely, local governments in valley areas need to pay more attention to ecological protection and stop rapid urbanization at the expense of the eco-environment. To do so, local authorities should seek a development pattern that has less impact on the eco-environment, for instance, eco-environment monitoring systems and protection policies should be adopted.



Lastly, we showed that a low level of resource-related industries (i.e., animal husbandry) has a very limited ability to drive the urbanization process, resulting in inefficient use of natural resources. Therefore, local authorities in Aba Prefecture should strive to continuously optimize and upgrade industrial structures to reduce resource consumption and improve ecological efficiency. Meanwhile, greater efforts need be put into government policy support, specifically, subsidies and tax incentives should be given to green industries, such as tourism and services.
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Figure 1. Location of Aba Prefecture. 
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Figure 2. Temporal evolution of (a) comprehensive urbanization index (CUI) and (b) comprehensive eco-environment index (CEI) in Aba Prefecture and each sub-region during 2001~2018 period. 
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Figure 3. Fitted curves between urbanization level and eco-environmental quality in Aba Prefecture (a) and each sub-region (b–d) during 2001~2018 period. * indicates 95% credible interval; ** indicates 99% credible interval. 
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Figure 4. Temporal evolution of coupling coordination degree between urbanization and eco-environment in Aba Prefecture (a) and each sub-region (b–d) during the 2001–2018 period. ** indicates 99% credible interval. 
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Figure 5. Temporal evolution of coupling coordination degree for each county in Aba Prefecture from 2001 to 2018. 
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Figure 6. Spatial evolution of coupling coordination stage for each county in Aba Prefecture during 2001–2018. 
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Figure 7. Temporal evolution of coupling coordination types for each county between urbanization and eco-environment in Aba Prefecture from 2001 to 2018. I-1, II-1, and III-1 represent sluggish urbanization with serious imbalance, reluctant coordination, and moderate coordination, respectively. II-3, III-3, and IV-3 represent coordinated development with reluctant coordination, moderate coordination, and high coordination, respectively. IV-2 represents eco-environment lag with high coordination. 






Figure 7. Temporal evolution of coupling coordination types for each county between urbanization and eco-environment in Aba Prefecture from 2001 to 2018. I-1, II-1, and III-1 represent sluggish urbanization with serious imbalance, reluctant coordination, and moderate coordination, respectively. II-3, III-3, and IV-3 represent coordinated development with reluctant coordination, moderate coordination, and high coordination, respectively. IV-2 represents eco-environment lag with high coordination.



[image: Remotesensing 15 01661 g007]







[image: Remotesensing 15 01661 g008 550] 





Figure 8. Urbanization impact on eco-environment for each Aba Prefecture county during the 2001–2018 period. 
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Figure 9. Impact of eco-environment on urbanization for each Aba Prefecture county during the 2001–2018 period. 
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Table 1. Urbanization evaluation system.
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Primary Indicators

	
Entropy Weight

	
Secondary Indicators

	
Unit

	
Weight

	
References






	
Demographic urbanization

	
0.198

	
Percentage of non-agriculture population

	
%

	
0.104

	
[23]




	
Percentage of primary industry employment *

	
%

	
0.095




	
Economic urbanization

	
0.277

	
GDP per capita

	
Yuan

	
0.179

	
[28]




	
Proportion of secondary and tertiary industry GDP

	
%

	
0.099




	
Spatial urbanization

	
0.289

	
Area of urban districts

	
km2

	
0.105

	
[19]




	
Nighttime light intensity

	
/

	
0.184

	
[47]




	
Social urbanization

	
0.235

	
Number of health technicians per 10,000 people

	
Person/10 thousand

	
0.134

	
[24]




	
Number of general education teachers per 10,000 people

	
Person/10 thousand

	
0.101

	
[48]








Note: * represents a negative indicator. Indicator weight was calculated using the entropy weight method.
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Table 2. Eco-environment quality evaluation system.
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Primary Indicators

	
Entropy Weight

	
Secondary Indicators

	
Unit

	
Weight

	
References






	
eco-environmental level

	
0.274

	
Fraction of vegetation coverage

	
%

	
0.119

	
[49]




	
Net primary productivity

	
kg·C/m2

	
0.156

	
[52]




	
eco-environmental pressure

	
0.359

	
Coverage of arable land *

	
%

	
0.182

	
[15]




	
Number of livestock *

	
Sheep unit/km2

	
0.177

	
[53]




	
eco-environmental structure

	
0.367

	
Coverage of forest

	
%

	
0.183

	
[28]




	
Coverage of grassland

	
%

	
0.183

	
[54]








Note: * represents a negative indicator. Indicator weight was calculated using the entropy weight method.
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Table 3. Coupling coordination degree classification.
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Composite Category

	
Coordination Level

	
Subcategory

	
Systematic Exponential Comparison

	
Type






	
Coordinated development

	
0.7 < D ≤ 1

	
High coordination

	
E-U > 0.1

	
Sluggish urbanization (IV-1)




	
U-E > 0.1

	
Ecological environment lag (IV-2)




	
|E-U| < 0.1

	
Coordinated development (IV-3)




	
Transformation development

	
0.6 < D ≤ 0.7

	
Moderate coordination

	
E-U > 0.1

	
Sluggish urbanization (III-1)




	
U-E > 0.1

	
Ecological environment lag (III-2)




	
|E-U| < 0.1

	
Coordinated development (III-3)




	
Uncoordinated development

	
0.4 < D ≤ 0.6

	
Reluctant coordination

	
E-U > 0.1

	
Sluggish urbanization (II-1)




	
U-E > 0.1

	
Ecological environment lag (II-2)




	
|E-U| < 0.1

	
Coordinated development (II-3)




	
0 < D ≤ 0.4

	
Serious imbalance

	
E-U > 0.1

	
Sluggish urbanization (I-1)




	
U-E > 0.1

	
Ecological environment lag (I-2)




	
|E-U| < 0.1

	
Coordinated development (I-3)
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Table 4. GTWR model results of taking CUI and CEI as the dependent variable.






Table 4. GTWR model results of taking CUI and CEI as the dependent variable.





	
Dependent Variable

	
Variable

	
Estimated Value






	
CUI

	
R2

	
0.9403




	
Spatio-temporal Distance Ratio

	
0.3649




	
Final Bandwidth

	
0.1150




	
Residual Squares

	
0.0691




	
Sigma

	
0.0172




	
AICc

	
−1161.68




	
CEI

	
R2

	
0.9417




	
Spatio-temporal Distance Ratio

	
0.5418




	
Final Bandwidth

	
0.1150




	
Residual Squares

	
0.3461




	
Sigma

	
0.0385




	
AICc

	
−752.69
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