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Abstract

:

The implementation of ecological restoration programs is intensively changing the original ecological carrying capacity and the status of ecological security. To evaluate the spatiotemporal variation of ecological carrying capacity and ecological security in China’s eco-engineering areas, an indicator system of ecological carrying capacity and ecological security should be developed. This study developed an evaluation indicator system that contains 29 indicators. The indicators were generated by long-time series and multi-source data. The indicator system presents the relationship between ecological carrying capacity and ecological security and reflects the dynamic change of them in eco-engineering areas. We selected the Three-River Headwaters Region (TRHR) and implemented the Ecological Conservation and Construction Program (ECCP) as a case study. The results showed the variation of ecological carrying capacity (ECC) and ecological security (ES) in the TRHR before (2000–2004), during early term (2005–2009), and during medium term (2010–2015) implementation of ECCP, and limiting factors of ecological carrying capacity and ecological security in TRHR was analyzed. The results showed that the ECC index and the ES index were significantly increase, indicating that the ECC improved and that the ES state got better in the TRHR after implementing ECCP. The water conservation was the major factors limiting the increase of the ECC. The leading factors limiting the improvement of the ES were educational expenditure before 2010 and turned into proportion of tertiary industry and investments for ecological restoration after 2010. The implementation of the ECCP has improved the ES state but has also resulted in new problems. It provides a scientific reference for future research on the indicator system of ecological carrying capacity and ecological security in eco-engineering areas and also has vital practical significance to guide the sustainable development of ecological restoration programs.






Keywords:


ecological carrying capacity; ecological security; eco-engineering areas; the Three-River Headwaters Nation Park; indicator system; sustainable development












1. Introduction


After population explosion and rapid economic development, which benefited from sacrificing the ecological environment, causing a large number of serious global ecological and environmental problems, people became aware of the importance of ecological sustainable development. As vital issues in the ecological sustainable development field, the ecological carrying capacity (ECC) and ecological security (ES) were published successively [1,2,3]. The proposal of ECC and ES has aroused much discussion on the imbalance between supply and demand of ecological resources. However, the ECC and ES involve various definitions and still constitute a polysemous category [1,4,5].



The formal concept of carrying capacity originated from the maximum size of animal population and was to emphasize the ecosystem pressures caused by limited resources [6]. With the continuous occurrence of sustainable emergency, the concept of carrying capacity was extended to particular fields, such as land carrying capacity [7], water carrying capacity [8], tourism carrying capacity [9], and city carrying capacity [10,11]. Researches on carrying capacity have gradually started to a comprehensive evaluation. Ecological carrying capacity evolved from carrying capacity is a more comprehensive concept and encompasses the aforementioned particular fields [10]. ECC focuses on the material supply provided by ecosystems for human survival and development [12]. In the context of the continuous imbalance between human demand and ecological supply, a series of ecological and environmental problems appear and the concept of ecological security is put forward. ES focuses on the balance between supply and demand rather than on the ecological conditions itself [12]. Obviously, ECC is the core of evaluating ES, and they are closely related, but few studies discussed both ECC and ES. When assessing the sustainability of diverse areas, some researches only focused on ECC [8,9,10,11,12] while others only focused on ES [3,4,13,14]. The main cause of this phenomenon is unclear definitions. The controversy regarding the definitions of ECC and ES involves whether to consider the influence of human on ecosystems, which have led to selecting similar indicators when relevant studies evaluate ECC and ES. Therefore, the results are often incomparable between ECC and ES. Thus, the ECC and ES should be defined before they are assessed. ECC should be a prerequisite for judging whether an ecosystem is safe, whereas ES, which focuses on the relationship between human survival demand and ECC, is the key to judge whether an ecosystem is sustainable. This paper clarifies the definitions and relationship between ECC and ES.



Research studies on ECC and ES have gained considerable interest among scientists and land managers. However, most of the relevant studies have qualitatively or semiquantitatively performed their assessments and generally have taken the provincial level or county level as the smallest research unit [13]. Qualitative and county level evaluations of ECC and ES are insufficient because they lead to a lack of information and an uncertain spatial distribution [14]. In addition, the single time scale, short time span, and lack of dynamics are also shortcomings of such prior studies. With the advances in GIS (Geographic Information System, GIS) and RS (Remote Sensing, RS) technology, the data used for assessing the ECC and ES has exceeded that of previous regional surveys and statistics [15]. It is now possible to reveal dynamic changes and spatial characteristics of ECC and ES through using GIS and RS. Except a comprehensive assessment method, it the key to find the limiting factors of ECC and ES [11]. However, few studies have analyzed the limiting factors for improving ECC and ES.



Under the background of land degradation and the demand of sustainable development, a large number of ecological projects have been initiated at the international and national scales, such as the Prevention and Restoration Actions to Combat Desertification in the European Commission [16], and the conservation programs for cultivated, range, and irrigated lands in America [17]. Since the 1950s, exploitation of natural resources had seriously degraded China’s ecological environment. After suffering multiple accentuated calamities such as famine, floods, and droughts, China responded to these national sustainability emergencies via a series of large-scale ecological restoration programs aimed at alleviating ecological environment degradation and exploring a path of sustainable development. By 2015, China had invested $378.5 billion in 16 nation-level ecological restoration programs, covering 624 million hectares and benefiting over 500 million people [18]. The eco-engineering areas where ecological projects were implemented are undergoing variations of community structure [19], ecosystem service [6,20], land use type [6]. These variations affected the supply of ecosystems and thus changed the ECC. In addition, the awareness and investment for ecological protection coupled with the change of ECC impacted the relationship between supply and demand of ecosystems and, thus, changed the ES. The changes of ECC, ES, and sustainability after ecological restoration were founded by many studies [21,22,23,24,25]. In general, the implement of ecological restoration programs has inevitably changed the original ECC and the status of ES. Assessment of the ECC and ES in the eco-engineering areas caused by natural and human-induced disturbances plays a critical role in providing valuable information about ecological background for designing suitable policy measures to adjust ecological restoration programs.



The Three-River Headwaters Region (TRHR) implemented the Ecological Conservation and Construction Program (ECCP) is a typical eco-engineering area in China. The TRHR, which is located in the hinterland of the Qinghai-Tibet Plateau, is at the headwaters of the Yangtze, Yellow, and Lantsan Rivers in China and has a unique alpine vegetation ecosystem [26]. As an important component of the national ecological security strategic structure—the “Two Screens and Three Zones”—in China, the TRHR plays a significant role for the conservation of water and for stabilizing the climate pattern of China as well as all of Southeast Asia [27]. However, owing to the special geographical position and alpine climatic conditions, the ecosystem in TRHR is fragile and difficult to restore after degradation [28]. In recent decades, with global warming, a series of eco-environmental problems have appeared in TRHR, such as melting glaciers and shrinking wetlands [29]. Meanwhile, the increasingly intense human exploitation via overgrazing and mineral mining has further accelerated the eco-environmental deterioration in TRHR [19,20]. Problems, such as grassland degradation, loss of biodiversity, and soil erosion have seriously threatened the ecological security of TRHR and the entire basin [29]. China has responded to the eco-environmental problems by implementing the ECCP in the TRHR since 2005. The program plans to invest 23.56 billion yuan from 2005 to 2020 to reverse ecological deterioration for ecological restoration and to improve the production and living infrastructure for local farmers [30]. In 2015, the TRHR was designated as the first pilot national park in China based on its nature reserves. The mission of the TRHR has been extended from ecological conservation to exploring a harmonious development relationship between humans and nature [31,32]. It was demonstrated that the ECCP had made positive effects, such as increasing grassland yield [33] and advancing the green-up date [34]. Previous assessment of the ECCP was based on a single indictor. Therefore, there is an acute need for an objective and comprehensive assessment of the ability and state of sustainable development in TRHR.



In short, there are two main problems in the studies of ECC and ES in China’s eco-engineering areas. On the one hand, the concepts or definitions are confusing between ECC and ES [1,4,5]. On the other hand, more and more studies paid attention to the sustainability of eco-engineering areas, but relevant studies in China started late and were rare [21,22,23,24,25]. To fill research gap of ECC and ES and to understand the impact of human disturbance on ECC and ES, this study aimed (1) to provide a feasible framework template of ECC and ES assessment for eco-engineering areas disturbed by human; (2) to evaluate the dynamic changes of ECC and ES; (3) to find the limiting factors of ECC and ES; and (4) to provide a scientific reference for optimizing the ecological restoration programs.




2. Materials and Methods


2.1. Study Area


The TRHR is situated in the south of Qinghai Province, China, between 31°36′ and 37°12′ and between 89°22′ and 102°26′ (Figure 1). The region covers an area of 395,000 km² and includes 21 counties and one township. The terrain of the TRHR, where the landform is mainly mountains, rises from southeast to northwest, with an altitude ranging from 1953 to 6748 m (Figure 1). Its typical plateau continental climate is characterized by cold and warm seasons that alternate as well as clear wet and dry seasons with a mean annual temperature of –3.59 °C and a mean annual precipitation of 447.81 mm. Grassland that covers 57.45% of the total area is the main ecosystem type in TRHR. Affected by terrain and hydrothermal conditions, the grasslands show a transition from temperate steppe (below 3500 m), alpine meadow (3500–4000 m), alpine steppe (4000–4500 m), and alpine desert (above 4500 m) from the southeast to northwest [19]. The TRHR, which is called the “Chinese water tower”, has abundant freshwater resources, including more than 180 rivers, 16,500 lakes, 666,600 km² of freshwater marsh, and 1812 km² of glaciers [30]. Moreover, the TRHR is rich in biodiversity in the plateau. There are 2308 species of identified vascular plants, more than 1000 of which are native to China and 40 species that are rare, endangered, and protected species in China, and 338 species of identified animals, of which 69 species are endangered and protected species of China [35].



The population in the TRHR is growing fast. In 2015, the population of the TRHR was 1,352,000, with an increase of 37.27% compared with that of 2000. The population of ethnic minorities exceeds 90% of the total population, and the population that is engaged in agriculture and animal husbandry exceeds 80% of the total population. Regarding education in TRHR, less than 20% of the total rural labor force finishes nine-year compulsory education, which lags behind that of most regions in China. The TRHR has low social development and a simple economic structure. The average annual income of farmers and herdsmen who depend on traditional animal husbandry is less than 4000 yuan (calculated based on Qinghai Statistical Yearbook [36]).




2.2. Development of an Indicator System for Assessing ECC and ES


ECC, a key indicator to reflect the supply capacity of ecological capital to human’s socioeconomic activities, is the prerequisite for evaluating ES [11,12,37]. In this paper, we define ECC as the maximum bearing capacity determined by the structure, process, and spatial pattern of ecosystems and define ES as the characterization of the health status of sustainable coexistence of ecosystems with human society. The concept of ES not only reflects whether an ecosystem is healthy but also describes the relationship between human activities (carrying object) and the eco-environment (carrier) to ensure sustainability.



Based on the aforementioned definition and analysis, the indicator system is developed in three steps. Firstly, we conducted a review of indicators with literature, policy documents, government or agency reports, etc. Secondly, the indicators were refined according to eco-engineer area’s characteristics and data availability. Thirdly, the indicators were adjusted for improvements based on the definition of ECC and ES and on the relationship between the criteria layers. The indicator system developed should follow the principles of integrity, simplicity, independence, operability, and data availability.



In order to distinguish ECC and ES and to clarify their relationship, we developed the indicator system of ECC and ES in this study. The indicator system of ECC contains 15 indicators selected from climate layer, land layer, biota layer, and water layer. The criteria layer could reflect the background of present situations and quality of resource and eco-environment supporting human activities. Specific indicators are shown in Table 1.



Based on the definition of ES mentioned above, the core idea for assessing ES is how human activities change the ECC and whether ecosystems are sustainable. We chose the “pressure–state–response” framework (PSR) that was proposed by the Organization for Economic Cooperation and Development as the foundation of our indicator system for assessing ES. The PSR framework consists of indicators to estimate pressures from human activities, indicators reflecting current ecological status, and indicators representing human response to ecological environment problems. Finally, 14 indicators were selected in the PSR indicator system of ES. Specific indicators are shown in Table 2.




2.3. Data Collection and Processing


To evaluate the changes in the ECC and ES before and after implementation of the ECCP in TRHR, considering the time span of the ECCP, we chose three periods for our study: 2000–2004 (before implementation of the ECCP), 2005–2009 (early term implementation of the ECCP), and 2010–2015 (medium term implementation of the ECCP). The mean value of each indicator during each period was selected as the calculated value to eliminate the effects of interannual variability of each indicator on the results.



Data were obtained by model calculations and statistics. Statistical data, including meteorological, socioeconomic, and ecological environmental monitoring data, was derived from the China National Meteorological Information Center, Statistical Yearbook of Qinghai Province, the Qinghai Farming and Animal Husbandry Statistical Manual, the Bulletin of the State Environment in Qinghai, and the Report of Water Resources Monitoring in TRHR. The wind erosion modulus, water erosion modulus, water conservation, ANPP (Aboveground Net Primary Production, ANPP), and vegetation coverage were estimated using model simulations. Details of how all the ECC and ES evaluation indicators were collected or calculated are shown in Table 1 and Table 2.



Because each indicator has different dimensions, all indicators must thus be standardized to eliminate incompatibilities among the parameters when utilizing the indicators. We used the range normalization method to standardize each qualitative indicator. Additionally, the trends of indicators influencing ECC or ES are inconsistent; thus, the indicators were divided into two types depending on their impact on the ECC and ES: positive (+) and negative (-). The bigger the positive indicators value, the higher ECC or the better ES, whereas the bigger the negative indicators value, the lower ECC or the worst ES. Table 1 and Table 2 give the type of indicators. For positive indicator, the following standardized formula was used:


   X  i , j   =    x  i , j   −  x  i , m i n      x  i , m a x   −  x  i , m i n      



(1)




where Xi,j is the standardized value of indicator i in year j; xi,j is the actual value of indicator i in year j; and xi,min and xi,max are the minimum and maximum values observed in all actual measurements of indicator i for 2000–2015. According to this formula, the value of indicator i is always between 0 and 1. A large value of Xi,j means that indicator i has a strong impact on the ECC or ES, whereas a small value of Xi,j suggests correspondingly small impacts.



Negative indicators with the conceptual meaning of Xi,j contradicts the impact that would be judged using this formula (e.g., a large positive value for the water erosion modulus has a large negative impact on the ECC); then, Xi,j should be calculated using a modified version of this formula:


   X  i , j   =    x  i , m a x   −  x  i , j      x  i , m a x   −  x  i , m i n      



(2)







An analytical hierarchy process (AHP) method was carried to combine multi-indicators in indicator system and then further aggregated to become the ecological carrying capacity index (ECCI) and ecological security index (ESI) by the following equations:


  E C C I =  ∑  i = 1  n   X i  ×  W i  ×  w k   



(3)






  E S I =  ∑  j = 1  m   Y j  ×  W j  ×  w t   



(4)




where Xi and Yj are the standardized value of indicator i and j in the indicator system of ECC and ES, respectively; Wi and Wj are the weight of indicator i and j in the indicator system of ECC and ES, respectively; and wi and wj are the weight of criterion layer k and t in the indicator system of ECC and ES, respectively. The ranges of ECCI and ESI are between 0 and 1. The larger the ECCI value, the higher the ECC. The larger the ESI value, the better the ES status. Through the judgment matrix of AHP, we invited experts who are very familiar with the TRHR, including researchers and policy makers from various organizations, to score for the relative importance of the indicators in criteria layer and indicator items, so as to calculate the weight of criteria layer and indicator items. Table 1 and Table 2 show the weights of criteria layer and indicators items.



In this study, all data processing and spatial analyses were mainly conducted in ArcGIS 10.3 software in Krasovsky_1940_Albers projection. All evaluation data were collected and quantified in different units and at different scales; for instance, water erosion modulus was calculated and characterized by the raster units of 1 km × 1 km, the vegetation types data were collected at the vector data format, and the dosage of pesticides were collected at the county-level of Qinghai Province. To comprehensively assess ECCI and ESI index in the TRHR, we resampled, interpolated, and converted all data to a uniform grid of 1 km × 1 km. Then, using Equations (3) and (4), all indicators were aggregated. Lastly, ES was grouped into six classes (critical, unsafe, endangered, basically safe, safe, and very safe) in ArcGIS by the Jenks natural break optimization for ESI and into the uniform interval ranges of 0–0.45, 0.45–0.5, 0.5–0.6, 0.6–0.65, 0.65–0.7, and 0.7–1 for ESI.



Regression analysis and significance test were applied to analyze the changing trend of ECC and ES for 2000–2015. In this paper, we introduce the concept of a cask effect to analyze the limiting factors present as part of the ECC and ES in TRHR. This analysis could help us determine which indicator is the limiting factor for increasing ECC or improving the ES status.





3. Results


3.1. Spatial and Temporal Changes in the ECC and ES in TRHR


The mean ECCI for the entire Three-River Headwaters Region (TRHR) was 0.559 for 2000–2015, which indicates that the mean ECC in TRHR was at the medium but close to a good level. The spatial pattern decreased from southeast to northwest. The ECCs of Banma, Jiuzhi, Henan, Zheku, and Nangjian counties in the southeast were relatively high, while those of Zhiduo and Qumalai in the northwest and Maduo and Chengduo in the center were relatively low (Figure 2a).



The mean ESI for the entire TRHR was 0.595, which indicated that the ES status of the TRHR was between endangered and basically safe. The spatial pattern of ES shows serious heterogeneity in TRHR. The ES statuses of Zhiduo, Qumalai, and Zheku counties in the west and Guide, Jianzha, Guinan, Gonghe, and Tongde counties in the east are relatively good, while those of Jiuzhi, Banma, Dari, Gande, and Maqin counties in the southwest and Nangqian County in the south are relatively bad (Figure 2b).



For 2000–2015, ECCI showed a statistically significant increasing trend (slope = 0.002/yr, p < 0.01), suggesting the ECC was improving in TRHR. Compared with the ECCI before implementation, ECCI at medium term implementation increased from 0.541 to 0.568 (Figure 3a). Spatially, the area with the high ECC (ECCI > 0.75) increased in the southeast of the TRHR, whereas the area with the low ECC (ECCI < 0.30 and 0.30–0.45) decreased in the west and the area with different classes basically remained unchanged (Figure 4a,c). The ECC during the medium term of the program (2010–2015) changed little compared with that during early term of the program (2005–2009) (Figure 4c,e), and the ECCI during the early and medium terms of the program were 0.567 and 0.568, respectively (Figure 3a). In terms of criterion layer, the land layer index was the highest and the climate layer and water layer index were the lowest. The land layer, terrain layer, and biota layer index were stable during the three periods of the program. The water layer index increased gradually as program implementation progressed. Moreover, the climate layer index fluctuated considerably, which was improved after implementation of the program but decreased during the medium term of the program (Figure 3a).



For 2000–2015, the ESI significantly increased at a slope of 0.002 per year (p < 0.05), indicating that the ES status of the TRHR considerably changed but the increasing trends slowed down after medium-term implementation. Before implementation of the program, during early-term and medium-term implementation of the program, the ESI was 0.580, 0.604, and 0.599 (Figure 3b). Compared with before implementation of the program, the ES status of Maqin, Gande, Jiuzhi, Banma, and Dari counties in the south and Maduo County in the center improved during early-term implementation of the program, and the ES status further improved during medium-term implementation of the program upon expansion of the safe and very safe areas in these counties. Compared with before implementation of the program, the ES status of Zhiduo County in the west improved during early-term implementation of the program, but the improvement decreased during medium-term implementation of the program because of the decrease in the critical and unsafe areas (Figure 4b,d,f). From the perspective of the criterion layer, although the pressure layer index was higher, it decreased as the program implementation progressed. Meanwhile, the lower response layer index obviously increased (Figure 3b).




3.2. Analysis of the Limiting Factors for ECC and ES in TRHR


For the three periods, the main limiting indicators for ECC and the area of each limiting indicator changed little in TRHR. According to the proportion of each indicator area in the calculated area of the TRHR, the main limiting indicators for ECC were water conservation, ANPP, annual amount of solar radiation, >0 °C accumulated temperature, and annual precipitation, among which the area of water conservation as the first limiting factor was more than 40% of the calculated area in the TRHR (Table 3, Figure 5a). In Zhiduo, Qumalai, and Zaduo counties in the west, the main limiting indicators remained unchanged during the three periods, which were ANPP and water conservation. In Nangqian and Yushu counties in the center, the main limiting indicator was the annual amount of solar radiation. In Maduo and Chengduo counties in the center, the main limiting indicators were water conservation and annual precipitation, but the area of >0 °C accumulated temperature, and annual amount of solar radiation increased after implementation of the program. In the east, the main limiting indicators were annual precipitation, water conservation, >0 °C accumulated temperature, and surface water quality before implementation of the program, while the area of annual precipitation and surface water quality decreased and the area of annual amount of solar radiation increased after implementation of the program (Figure 6a,c,e).



For the three periods, the main limiting indicators for ES changed little but the area for each limiting indicator considerably changed. Educational expenditure, the proportion of tertiary industry, investments for ecological restoration, the number of threatened animal species, per capita living space, and dosage of pesticides were the major limiting indicators for ecological security during the three periods (Figure 5b). Before implementation of the program, the main limiting indicator was educational expenditure at 92.21% of the calculated area in the TRHR (Table 4) while the other limiting indicator is the number of threatened vegetation species in Yushu County, i.e., per capita living space in Jiuzhi County (Figure 6a). During early-term implementation of the program, the proportion of educational expenditure decreased to 59.69% (Table 4). During this period, some areas where investments in ecological restoration, the number of threatened animal species, and the proportion of tertiary industry were limiting indicators that appeared in the middle part of the TRHR; in addition, some areas where the dosage of pesticide, number of livestock per unit grassland, and population density were limiting indicators appeared in the east (Figure 6d). During medium-term implementation of the program, areas where educational expenditure was the limiting indicator mostly disappeared. At the same time, a new spatial pattern showed that the indicator items for response layer (such as proportion of tertiary industry, investments in ecological restoration, and per capita living space) were main limiting indicators in the west and middle parts, while the indicator items for the pressure layer (such as the dosage of pesticides and fertilizers, number of livestock per unit grassland, and number of threatened vegetation and animal species) were the main limiting indicators in the east (Figure 6f).





4. Discussion


4.1. Indicator System Development of the ECC and ES


On the basis of clarifying the definitions of ECC and ES, this study developed an indicator system for assessing ECC and ES in eco-engineer areas. We took TRHR implementing ECCP as an example and noted that ECC increased and ES status improved in TRHR after 2000. The results are similar to those calculated by Gao et al. [43] based on ecological footprint method. Additionally, we found that the ES status was still unsafe in the ten years after initiating ECCP, which implied that the eco-environment in TRHR was still vulnerable. This was in line with the evaluation of Liu et al. [27]. The attempt to distinguish the ECC and ES and to clarify the relationship between them is rarely discussed in previous researches. In addition, when evaluating ECC and ES in most previous researches, the information about impervious surfaces was used so that the results were less accurate and included less details. This study used spatial analysis techniques and multisource data to evaluate the ECC and ES. ECC and ES could be analyzed effectively under a finer scale. Therefore, our method makes the assessment of ECC and ES more accurate and better understood by decision makers.



However, there is uncertainty in this method. Some indicators (such as air quality and biodiversity) that play vital role in evaluating ECC and ES have not been fully considered in the indicator system. This is because some long-term data are unavailable. In the backward TRHR, ecological environment monitoring started late and statistical technology was not mature. If the data can be obtained in other eco-engineer areas, then our method can be improved for assessing the ECC and ES.




4.2. Spatiotemporal Variations of the ECC and ES in TRHR


The results calculated by indicator system of ECC and ES developed in this study showed that the mean ECC is in the medium but close to good level in TRHR and that the spatial pattern decreases from southeast to northwest (Figure 2a). Water conservation, ANPP, and annual amount of solar radiation are the main limiting indicators for the ECC in TRHR (Figure 5 and Figure 6). The land layer index is the highest, which indicates that the soil condition is good and the soil holding capacity is high. However, the water layer index is lowest, which is because the TRHR, which is called the “Chinese water tower”, is not only the headwaters of three big rivers (the Yangtze, the Yellow, and Lantsang River) but also is intensively distributed with glaciers, snow mountains, lakes, wetlands, and marshes. Once the surface water becomes polluted, the affected area becomes very large owing to the rich surface water system. In addition, large desert and tundra areas lower the water conservation in TRHR, especially in Zhiduo and Qumalai in the west. Therefore, the main limiting indicator is still water conservation, although the water layer is more important in TRHR. The climate layer index is low and fluctuates considerably, which is due to the bad hydrothermal conditions owing to the high altitude of the TRHR. The instability of the climate layer and water layer is the major reason for the fluctuation of the ECC in TRHR.



Currently, the ES in most areas of the TRHR is still listed by endangered status. The difference between the local economic society conditions and the human response causes various limiting factors in different areas of the TRHR. In the underdeveloped west and middle parts, educational expenditure, the proportion of tertiary industry, and investment in ecological restoration are the main limiting indicators of ES (Figure 6). In these areas, there is lower pressure because of a lower GDP, the smaller number of livestock per unit grassland, and smaller dosage of pesticides and fertilizers; however, extremely poor eco-environment conditions and low ecological carrying capacity increase the burden of eco-environment protection. However, the low economic level can hardly meet the demand of the grand mission of eco-environment protection because investments in eco-environment protection measures and resident education are difficult to guarantee. For these reasons, the ecological security status of underdeveloped regions may further deteriorate in the future. In the relatively developed region of the east, the indicator items for the pressure layer (such as dosage of pesticides and fertilizers, number of livestock per unit grassland, and number of threatened vegetation and animal species) are the main limiting indicators (Figure 6). Although these areas have a relatively high level of ECC, the fast development needs of the economy and society cause greater pressure on ES. Rapid population growth leads to higher population density and urban expansion. Excessive dependence on the dosage of pesticides and fertilizers results in environmental pollution due to a lack of scientific awareness in agriculture. To increase income, the number of grazing livestock is extensively increased, which leads to grassland degradation. Without population control, grazing livestock reduction, and scientific faming, the current ES status must deteriorate again in the future.




4.3. Effect of ECCP in the TRHR


The ECCP that was implemented in 2005 aims to protect the fragile eco-environment, to prevent ecological degradation, to improve resident livelihood, and to promote regional development. The main measures include returning farmlands or rangelands to grasslands, conserving soil and water, protecting biodiversity, restoring ecologically deteriorated land, reducing grazing livestock, ecological migration, and so on. The program was planned for implementation from 2005 to 2020.



The results of the ECC and ES assessed in this study indicate that both improved after implementation compared with before implementation of the program. Improvements in the climatic conditions and water environment are the major reason for the improved ECC. However, the major reason why ES improved has been the increase in human response to ecological protection and the level of ECC.



Although continuous eco-environment deterioration has stopped owing to the ECCP, there are still problems, such as high pressure caused by violent human disturbance and insufficient human response for ES in TRHR. Implementation of the ECCP also has resulted in new ES pressure. The ecological migration measure involves actual internal migration within TRHR; that is, the population of ecological core areas is moved to other non-core areas. This migration only reduces the population density of the core areas but increases that of non-core areas. The pressure on ES from the large population density still exists. Moreover, ecological migration changes the production and lifestyle of the original residents and increases the need for building land in migration areas. If planning is not reasonable, ecological migration may cause higher ecological pressure [44,45].



How to solve the contradiction between economic development and ecological protection is the goal that ECCP is exploring. The economy of TRHR is behind. In 2015, the per capita GDP of TRHR was 19,751 yuan, only 35% of China’s GDP [36]. The root cause of this situation is that industrial structure is too simple [46,47]. For a long time, the economic development of TRHR depended on resource consumption industries, such as animal husbandry, mining, and primary product processing. Moreover, there were 106.49 × 104 of farmers and herdsmen, accounting for 78% of total population in the TRHR in 2015 [36]. Locally, herdsmen are generally characterized by a low educational level, few labor skills in non-herd production, and differences in language and living habits. These characteristics cause their employment channels to be narrow, and it is difficult for them to move out of the grasslands. These herdsmen depend only on grazing to increase their income; however, the large population of farmers and herdsmen in TRHR is far more than the needs of local agriculture and animal husbandry.



After initiating ECCP, some protecting measures had negative impacts on local economy and herdsmen’s income. For instance, livestock reduction is also an important measure for the ECCP. The grazing pressure index for TRHR reduced to 1.46 from 2.29 before implementation of the program [33]. At present, the loss of herdsmen caused by livestock reduction is made up by ecological compensation, but low compensation cannot meet the demand for economic development. In the last several years, numbers of livestock are increasing again. Additionally, vital progress has been made in biodiversity conservation and the number of wildlife populations has dramatically increased [48,49]. As the number of wild herbivore populations rapidly increase, the problem of dividing the grasslands between used by wild herbivores or livestock is becoming more and more prominent. While impacting the development of local traditional animal husbandry, it also gradually threatens the ES of grasslands in TRHR. Yang et al. [50] showed that wild herbivores increase the grazing pressure of the Yellow River source in TRHR by 22.12%. Moreover, according to the planning of the Three-River Headwaters National Park construction, the number of wildlife will increase by 20% by 2020, which means more acute issues will occur between using the lands for livestock and leaving it to wild herbivores.



In the face of the conflict between ecological protection projects and local economic development, the Chinese government is trying ways to solve it. Developing ecotourism is one of the poverty-reduction measures adopted at present. The TRHR has rich tourism resources and is suitable for developing tourism. The TRHR has not only unique snow mountains, glaciers, deserts, and other original plateau landscape but also religion, folk custom, historical relics, and other cultural landscapes. After implementing ECCP in TRHR, the construction of infrastructure such as roads, railways, and airports has improved the tourism reception capacity, and tourism industry is growing. The number of tourists in TRHR was only 143,000 in 1999 and had increased to 2,222,000 by 2007, with a growth rate of 40.9%/yr. Tourism revenue increased from 4.31 million yuan to 59.46 million yuan for 1999–2007, with a growth rate of 38.8%/yr. It is expected that the number of tourists will reach 1.52 million and tourism revenue will reach 9.7 billion yuan by 2025 [51]. In 2015, TRHR became China’s first national park, drawing on the experience of national park construction abroad [52,53,54]; thus, TRHR tourism will get more attention and has great potential.



In China, agronomic restoration measures alone cannot meet the demand of grassland conservation and restoration. More complex and comprehensive measures should be involved, including transforming the traditional production and lifestyle of farmers and herdsmen, adjusting economic structure locally, rectifying the development policies of ethnic minorities, and managing the economic development in grassland regions. Although it is true that the ECC and the ES improved in TRHR after implementation of the ECCP, these gains are vulnerable to setbacks. Thus, a clear path forward should be maintained at all time. By reasonable assessment of the ECC and ES, we can determine the progress of the ECCP and adjust its direction in real time.





5. Conclusions


The indicator system established in this study can be effectively applied to evaluate the ECC and ES in eco-engineering areas. It identifies the hotspots of eco-engineering areas for ecological researchers and decision makers to take further measures for the purposes of sustainability, conservation, and development. Taking the TRHR as an example, the ECC increased and the ES status improved in the ten years after implementation of the ECCP. However, the ES status of the TRHR is still not safe. The analysis of limiting factors found that the keys to ecological environment management are to protect the water eco-environment, to prevent and restore the degraded grasslands, and to protect the biodiversity in TRHR. We suggest that limiting overgrazing, controlling pollution, improving the industrial structure, enhancing resident education levels, and ecological protection awareness should be given more attention in future implementation of the ECCP.
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Figure 1. Location of the Three-River Headwaters Region (TRHR) based on digital elevation model data. 
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Figure 2. Spatial patterns for (a) the mean ecological carrying capacity index (ECCI) and (b) the mean ecological security index (ESI) for 2000–2015 in the TRHR. 
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Figure 3. Criterion layer index of (a) ECC and (b) ES during the three periods. 
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Figure 4. Spatial patterns for the ECCI and ESI during the three periods: (a) ECCI and (b) ESI before implementation of the program; (c) ECCI and (d) ESI during early-term implementation of the program; (e) ECCI and (f) ESI during medium-term implementation of the program. 
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Figure 5. Proportion of main limiting indicators area for ECC and ES in the TRHR during the three periods: (a) Main limiting indicators area ratio for ECC and (b) main limiting indicators area ratio for ES. 
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Figure 6. Spatial heterogeneity of the limiting indicators for ECC and ES during the three periods: (a) ECC and (b) ES before implementation of the program; (c) ECC and (d) ES during early-term implementation of the program; and (e) ECC and (f) ES during medium-term implementation of the program. 
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Table 1. Indicator system of ecological carrying capacity (ECC) in the TRHR.
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Target Layer

	
Criterion Layer (Weight)

	
Indicator (Weight) (±)

	
Data Sources or Calculation Method






	
ECC

	
Climate layer (0.225)

	
C1—Annual precipitation (0.3) (+)

	
National Meteorological Information Center (http://data.cma.cn), ANUSPLIN Interpolation




	
C2—Annual mean temperature (0.3) (+)




	
C3—> 0 °C accumulated temperature (0.15) (+)




	
C4—Annual amount of solar radiation (0.10) (+)




	
C5—Annual frost-free days (0.15) (+)




	
Land layer (0.300)

	
C6—Water erosion modulus (0.17) (-)

	
Revised Universal Soil Loss Equation [38]




	
C7—Wind erosion modulus (0.08) (-)

	
Revised Wind Erosion Equation [39]




	
C8—Soil types (0.17) (+)

	
China Soil Types Map (1:10,000,000) (http://www.resdc.cn/data.aspx?DATAID=145)




	
C9—Digital elevation model (0.29) (-)

	
NASA (http://srtm.csi. cgiar.org)




	
C10—Slope (0.29) (-)

	
Fitting surface method (ArcGIS 10.3)




	
Biota layer (0.225)

	
C11—ANPP (0.40) (+)

	
GLOPEM-CEVSA model [40]




	
C12—Vegetation coverage (0.35) (+)

	
Dimidiate pixel model [41]




	
C13—Vegetation types (0.25) (+)

	
China Vegetation Types Map (1:10,000,000) (http://www.resdc.cn/data.aspx?DATAID=122)




	
Water layer (0.25)

	
C14—Water conservation (0.70) (+)

	
Rainfall storage capacity method [42]




	
C15—Surface water quality (0.30) (+)

	
Bulletin of the State Environment in Qinghai, Report of the Water resources monitoring in the Three-River Headwaters Region (http://sthjt.qinghai.gov.cn/zlzk)








Note: ANPP-Aboveground Net Primary Production.
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Table 2. “Pressure–state–response” PSR indicator system of ecological security ES for the TRHR.
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Target Layer

	
Criterion Layer (Weight)

	
Indicator (Weight) (±)

	
Data Sources or Calculation Method






	
ES

	
Pressure (0.3)

	
D1—GDP (0.30) (-)

	
Resource and Environment Data Cloud Platform (http://www.resdc.cn/data.aspx?DATAID=252)




	
D2—Number of livestock per unit grassland (0.30) (-)

	
Qinghai Farming and Animal Husbandry Statistical Manual (http://tjj.qinghai.gov.cn/tjData/qhtjnj)




	
D3—Number of threatened vegetation species (0.05) (-)

	
Provided by the environmental protection bureau, Qinghai Province (http://sthjt.qinghai.gov.cn)




	
D4—Number of threatened animal species (0.05) (-)




	
D5—Proportion of degraded grasslands to grasslands (0.20) (-)

	
Remote Sensing Interpretation [26]




	
D6—Dosage of pesticides (0.05) (-)

	
Qinghai Statistical Yearbook (http://tjj.qinghai.gov.cn/tjData/qhtjnj)




	
D7—Dosage of fertilizers (0.05) (-)




	
State (0.5)

	
D8—Ecological carrying capacity (1.0) (+)

	
Calculated in this study




	
Response (0.2)

	
D9—Proportion of tertiary industry (0.25) (+)

	
Qinghai Statistical Yearbook (http://tjj.qinghai.gov.cn/tjData/qhtjnj)




	
D10—Population density (0.25) (-)

	
Resource and Environment Data Cloud Platform (http://www.resdc.cn/data.aspx?DATAID=251)




	
D11—Per capita living space (0.10) (+)

	
Qinghai Statistical Yearbook (http://tjj.qinghai.gov.cn/tjData/qhtjnj)




	
D12—Educational expenditure (0.10) (+)




	
D13—Proportion of ecological migration to the population (0.10) (+)

	
[35]




	
D14—Investments for ecological restoration (0.20) (+)
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Table 3. Proportion of each limiting indicator area for ECC.
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	Limiting Indicators
	Before Implementation

(2000–2004)
	At Early-Term Implementation

(2005–2009)
	At Medium-Term Implementation

(2010–2015)





	C1
	10.02
	2.50
	3.58



	C2
	0.09
	0.05
	0.05



	C3
	12.46
	12.44
	7.90



	C4
	7.70
	18.44
	21.37



	C5
	0.06
	0.03
	0.03



	C6
	0.53
	0.49
	0.41



	C7
	0.05
	0.02
	0.03



	C8
	3.61
	3.85
	3.78



	C9
	1.01
	0.86
	0.81



	C10
	0.54
	0.52
	0.52



	C11
	10.77
	13.33
	13.80



	C12
	2.24
	2.41
	1.67



	C13
	0.64
	0.64
	0.62



	C14
	47.62
	43.76
	45.01



	C15
	2.66
	0.66
	0.42
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Table 4. Proportion of each limiting indicator area for ES.
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	Before Implementation

(2000–2004)
	At Early-Term Implementation

(2005–2009)
	At Medium-Term Implementation

(2010–2015)





	D1
	0
	0
	0



	D2
	0.47
	4.13
	4.43



	D3
	0
	0.01
	4.14



	D4
	0
	4.77
	8.68



	D5
	0
	0
	1.94



	D6
	4.53
	4.53
	6.78



	D7
	0.01
	2.76
	4.38



	D8
	0
	0
	0.10



	D9
	0
	5.22
	30.95



	D10
	0.36
	1.01
	0.40



	D11
	2.42
	4.40
	10.68



	D12
	92.21
	59.69
	0.01



	D13
	0
	0
	0.48



	D14
	0
	13.47
	27.01
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