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Abstract

:

The management effectiveness of protected areas plays a key role in biodiversity and ecosystem services conservation. We evaluated the effectiveness of Qilian Mountain Nature Reserve (QMNR) in reducing human footprint (HF). Four dominant human activity factors, including population density, land use, road distribution, and night light, were incorporated for HF mapping. Comparisons of the HF value between inside and outside QMNR and its four functional zones were conducted. The results show that both the HF inside and outside of QMNR were increasing, but the difference between them was increasing, indicating partial management effectiveness. The north part of the central reserve has a good effect in reducing human impacts, while the effectiveness was poor at both ends of the reserve. The HF value of the most strictly managed core and buffer zones increased by 10.50 and 6.68%, respectively, for 2010–2020. The QMNR was effective in controlling population density and land use, but ineffective in reducing road construction, mining, and construction of hydropower facilities.
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1. Introduction


The designation of protected areas is one of the most effective ecological measures to conserve biodiversity and maintain ecosystem services [1]. More than 200,000 protected areas have been set up worldwide, covering 15.4% of the land and 7.5% of the ocean [2]. China has designated more than 11,800 protected areas, covering 18% of land and 4.6% of territorial waters, one of the world’s largest protected area systems [3,4,5]. After designating protected areas, the managers have put a large-scale investment in their management, and people have also given up many livelihood opportunities. Therefore, it is necessary to evaluate its effectiveness in management, which has been taken seriously by the International Union for Conservation of Nature [6] and the World Commission on Protected Areas (WCPA) [7,8].



According to the essential elements in the management process of protected areas, the WCPA constructed an evaluation framework listing the essential elements [9]. A lot of evaluation work was carried out under the guidance of this framework, but gaps still exist. For example, most assessments based on this evaluation framework focused on ecological indicators, including the number of species [10,11], habitat quality [12], and ecosystem service [13]. Although these indicators may accurately reflect the changes in protected objects before and after establishing protected areas, it is not easy to rapidly evaluate the management effectiveness of large protected areas and multiple protected areas. This is due to the high cost and time-consuming data acquisition, including changes in the accurate number of threatened and endangered species over a long period. For this reason, management effectiveness assessments were only conducted across 18.29% of the area covered by protected areas and conserved lands [2]. After 2020, there is a need to better monitor the effectiveness of protected and conserved lands more generally through assessments of governance, management, and conservation outcomes (https://livereport.protectedplanet.net/) (accessed on 15 April 2020).



Protected areas protect biodiversity and ecosystem services by restricting and prohibiting human activities [13,14]. Therefore, analyzing the spatio-temporal changes of human activities in nature reserves since their establishment may be regarded as a simple and effective evaluation method for management effectiveness [15,16]. Many scholars have made explorations using this method [17]. Specifically, Jones et al. [8] analyzed changes in human activities in global protected areas such as population density, farming, road, night light, and navigable waterways. They found that human activities had increased in about 55% of more than 20,000 protected areas that were established before 1992, and their effectiveness in protecting biodiversity needs to be enhanced. Anderson and Mammides [18] and Geldmann et al. [16] also assessed the effectiveness of global protected areas in reducing human activities. Similar studies are also available at national and regional scales, including China [19], South Ecuador [20], and Tibetan Plateau [21,22,23]. These studies provided a simple and efficient way for evaluating the effectiveness of large or multiple protected areas in reducing human pressure. However, they did not consider enough human impact factors due to data availability. Most of them only considered population density and land use, and ignored other factors such as grazing and road distribution [16], or regarded them as static [24,25,26], which reduced the reliability of the assessment result to a certain extent. Fortunately, with the continuous development of remote sensing, it has gradually become possible to incorporate more human impact factors.



Qilian Mountain Nature Reserve (QMNR) is rich in biodiversity and has high ecosystem service value. Owing to its large area, obtaining accurate long-term data on ecosystem service value and rare species quantity covering the whole reserve is time-consuming and high-cost. Therefore, the existing assessments of management effectiveness for QMNR just analyzed the changes in ecosystem service value [27,28] and biodiversity [29] for small parts of QMNR, most of which are short-term evaluations. Considering that it was established as a nature reserve in 1988, these assessments are highly insufficient to comprehensively reveal the management effectiveness of the whole reserve since its establishment. However, with the increasing abundance of remote sensing data and spatial gridding population data, it gradually becomes easier to measure and compare the changes of human impacts inside and outside the reserve and in each functional zone since its establishment to reveal its management effectiveness.



The human footprint (HF) is a comprehensive measure of multiple human pressures on the environment [25,26]. In this study, our aims are (1) to measure the HF value in QMNR and its surrounding areas using the well-established global HF model [11,12,13], which was localized based on our comprehensive understanding of natural and human conditions of Qilian Mountains and data availability; (2) to compare and analyze the changes of HF value inside and outside the reserve and in each functional zone to evaluate the effectiveness of the QMNR in reducing human impacts. If the HF value inside the QMNR shows a decreasing trend after its establishment, especially if the decrease is more and faster than the outside, then we think the establishment of the native reserve is effective. Otherwise, it is ineffective.




2. Materials and Methods


2.1. Study Area


The QMNR is located on the northeastern edge of the Qinghai–Tibet plateau, known as the world’s third pole (Figure 1). The east of the QMNR meets the western edge of the Loess Plateau, and the north is connected with the southern part of the Inner Mongolia Plateau. It spans Qinghai and Gansu provinces. The main land use/cover types in QMNR include grassland (~45%), alpine desert (~25%), forestland (~18%), and cropland (~8%). QMNR is rich in biodiversity and ecosystem services, including water retention.



QMNR officially became a nature reserve in 1988, with a total area of 3.46 million hm2. The government divided it into four functional zones (Figure 1), i.e., core, buffer, experiment, and peripheral zones. Their areas are 869,600, 562,500, 1,357,400, and 665,800 hm2, respectively. The degree of restriction on human activities from the core to the peripheral zone is gradually reduced. In this study, a peripheral buffer zone equal to the area of the nature reserve was made outward around the boundary of the nature reserve (Figure 1), and its HF value was measured to compare its changes inside and outside the nature reserve.




2.2. Measuring of the Human Footprint Value


Using the HF model [25,26], we first measured the HF value in QMNR and its surrounding areas. Then, we compared and analyzed the changes in HF value inside and outside the reserve and each functional zone to evaluate the effectiveness of the QMNR in reducing accumulating human impacts.



Considering the characteristics of the study area and data availability, we localized the well-established global HF model and incorporated four categories of human impact factors, including population density, land use, road distribution, and night light. Their disturbance to the ecosystem was quantified in the range of [0, 10] (0 is the minimum disturbance and 10 is the maximum. See “Section 2.4” for details) and accumulated in equal weight to measure HF value. The equation is as below [25,26]:


  H F   i , t   = p o p d   i , t   + l a n d u s e   i , t   + r o a d   i , t   + n i g h t l i g h t   i , t    



(1)




where HF(i,t) refers to the HF value in grid i in t year. popd(i,t), landuse(i,t), road(i,t), and nightlight(i,t) stand for the disturbance intensity by population density, land use, road distribution, and night light in grid i in t year.




2.3. Comparisons of the Human Footprint Value


The management effects of the QMNR were evaluated by comparing the changes in HF value before and after its establishment. The equation is as below:


  Δ H F   i , Δ t   = H F   i ,  t m    − H F   i ,  t n     



(2)




where ∆HF(i,∆t) refers to the change in the HF value of grid i from tm year to tn year.



Although the QMNR was officially established in 1988, protection policies and measures were not carried out at once to prohibit/restrict human activities within it. Considering the delay in management and data availability, we took 1990 as the benchmark. The period 1980–1990 was regarded as “before the establishment” and the period 1990–2020 was “after the establishment”. The evaluation was carried out in two spatial dimensions. First, the changes in HF value inside and outside the nature reserve over the past 40 years were compared and analyzed. The peripheral buffer zone surrounding the peripheral zone was designated outside the nature reserve (Figure 1). Second, the changes in HF over the past 40 years in each functional zone were analyzed.




2.4. Data and Processing


The data sources and processing of the four categories of human impact factors, including population density, land use, road distribution, and night light, are introduced as follows.



2.4.1. Population Density


The greater the population density, the greater the disturbance intensity of human activities to the ecosystem. Largely following Venter et al. [26], we quantified the disturbance intensity of population density to the ecosystem. Grids with a population density greater than 1000 people per m2 are assigned a pressure score of 10, and then Equation (3) was used for the following assignment:


  P o  p  s c o r e   = 3.333 ×   log   10     p o p d + 1    



(3)




where Popscore refers to the disturbance intensity of population density popd to the ecosystem, with a range of (0, 10), where 0 means the minimum, and 10 represents the maximum.



The 1 km global population density dataset, WorldPop (https://www.worldpop.org) (accessed on 10 July 2020), was used in this paper. It uses a random forest algorithm to allocate China’s county-scale population census data into a 1 km grid cell. For the Tibetan Plateau, it has been updated annually since 2000 with the highest precision [30,31]. For the years 1980 and 1990 when the 1 km population density data were missing, the statistical demographic data of Gansu [32] and Qinghai [33] were allocated into grids based on the spatial pattern of population distribution in 2000. The specific equation is as below:


  p o p  d i  =         p  d i    p  d j    × p o p  d j          p  d i ′    p  d j ′    × p o p  d j                      j = i + 10    



(4)




where popdi refers to the grid-scale population density in i year, pd, pd′ represent the statistical population of Qinghai and Gansu provinces, respectively, i = 1980 and 1990.




2.4.2. Land Use


The land cover change caused by human land use activities is the most direct disturbance of human beings on the terrestrial ecosystem [34]. Different types of land use represent the different degrees of human pressure on the ecosystem. This study uses the 1 km China’s land-use/cover dataset [35,36] for 1980–2020. Based on Landsat TM/ETM+ remote sensing images as the primary data resources, this dataset is generated by manual visual interpretation, which contains six first-level and 23 s-level land use types. The definition of each land use type is available in [35,36].



We quantified and assigned the disturbance intensity of different land use types to the ecosystem based on previous studies [37,38]. Specifically, urban construction land is essential for human production and living, and human activities have the strongest disturbance on the natural ecosystem, which could be assigned a value of 10. Other construction lands and rural residential areas come second and third place, with values of nine and eight. Land cultivation can also greatly impact the natural ecosystem, and cropland is assigned a value of seven. Subsequently, a value of two is assigned to orchards, groves, and nurseries. Additionally, one is given to reservoir, pond, and bottomland. Finally, it should be pointed out that the disturbance of grazing activities to the grassland ecosystem in the Qilian Mountains is also important, but the satellite-based grassland data cannot distinguish whether it is used for grazing [39]. In this way, the disturbance of grazing to the ecosystem would not be considered in this study.




2.4.3. Roads and Railways


The disturbance of roads and railways to their surrounding ecosystem is great [40,41], and the distance of their disturbance even reaches 5 km [41]. Although roads and railways are included in construction land, the disturbance of roads and railways to their surrounding ecosystem is not involved. Some studies on the disturbance intensity of roads and railways to the ecosystem for the Tibetan Plateau [42] show that the disturbance intensity of freeways to the ecosystem is the highest, followed successively by national, provincial, and county roads. The disturbance intensity of railways is similar to that of the national road. Based on the global HF model [26] and the Qilian Mountains and Qinghai–Tibet Plateau situation, we scored the buffer zone for the disturbance of roads and railways to their surrounding ecosystem (Table 1). The roads and railways dataset for Qilian Mountains and their surroundings are cited from Gao et al. [43,44].




2.4.4. Night Light


As far as Qilian Mountains are concerned, human activities such as factories and mines, quarries and salt mines in remote areas cannot be ignored. The 1 km land use data adopted in this study fail to capture these human activities, while night light data can capture them well at 1 km scale due to the sensitivity of satellite sensors. Therefore, night light data are incorporated into the HF model to map human impacts like the global dataset [24,25,26]. The larger the DN value of night light data, the stronger the disturbance of human activities to the ecosystem.



DMSP/OLS began to produce night light space products in 1992, and VIIRS provided a new generation of global night data after the DMSP/OLS stopped updating in 2014. Therefore, correction and fusion were needed for these two datasets before they could be used simultaneously. Li et al. [45] transformed and fused them and produced a 1 km night light dataset for 1992–2019, which was used in this study. For simplicity, the data for the years 1980 and 1990 were replaced by the data for 1992, and the data for 2020 were replaced by the data for 2019. According to the well-established classification method of night light by Wu et al. [46], we grouped night light data using DN = 4 as group distance, and assigned their disturbance scores to the ecosystem from 0 to 10.






3. Results


3.1. Changes in Human Footprint Value inside and outside the QMNR for 1980–2020


The HF value outside the QMNR have always been greater than those inside the reserve, and both of them show an increasing trend for 1980–2020 (Figure 2). Additionally, the increasing tendency of HF value inside and outside the reserve did not change around the time of its establishment in 1990. After 1990, the HF value still increased inside the reserve and even faster for 2010–2020 than in the previous period. Specifically, after the establishment of the reserve, the HF value inside the QMNR increased by 0.8687 and the value outside the QMNR increased by 1.4488 for 1990–2020. These results indicated that the establishment of the nature reserve did not effectively reduce human impacts inside of it and even showed an increasing trend, and the percentage of increase was even greater than that outside the reserve.



In addition, we can also find that the differences in HF value between inside and outside the reserve were slowly expanding. Additionally, the HF value decreased both inside and outside the reserve from 2000 to 2010, and encouragingly, the decline of HF value inside the reserve was greater than that outside of it, which demonstrated that the establishment of the reserve slowed down the increase of human activities to a certain extent, but did not change the overall trend of increase.



Regarding spatial distribution (Figure 3), the HF value of the reserve and its surroundings is high in the east and low in the west, and the value outside the reserve is greater than inside the reserve for all years. It can also be seen that the HF value of urban regions is high.



The changes in the spatial distribution of HF since the establishment of the reserve in 1990 were described as follows (Figure 3). Overall, the HF value increased in most areas inside and outside the reserve, and the increase was even more pronounced outside the reserve, especially from 2010 to 2020. More specifically, the HF value at both ends of the reserve showed an increasing trend, especially in the northwest from 2010 to 2020. The HF value decreased mainly in the center of the reserve, especially on the north side of the middle. The increase of HF value outside the reserve was greater than that inside the reserve, which was mainly distributed in the northwest corner and edge areas in the middle north. The comparison between internal and external shows that the establishment of the nature reserve is effective in the north part of the middle of the nature reserve, and not effective at both ends of it, especially the northwest end.




3.2. Changes in Human Footprint Value in Four Functional Zones of QMNR for 1980–2020


The HF value in each functional zone of QMNR is illustrated in Figure 4. The HF value in the experimental zone was the largest, followed by the core and the peripheral zones, and the buffer zone was the smallest.



Before the establishment of the reserve, the HF values of each functional zone show an increasing trend for 1980–1990. For 1990–2000, they also increased, but the percentage is smaller than those for 1980–1990. Additionally, from 2000 to 2010, they decreased slightly. The above indicates that since the establishment of the protected area in 1990 to 2010, human activities in each functional zone have been restricted to a certain extent. However, from 2010 to 2020, the HF value of each functional zone increased substantially. In particular, the HF values of the core and buffer zones which strictly limit human activities, increased by 10.50% and 6.68%, respectively. It suggests that the human activities of each functional zone during this period have not been effectively restricted.



It can also be seen from Figure 4 that population density and land use are the most dominant human activity factors in each functional zone. The increase in population density and land use in each functional zone was slight, and even showed a downward trend from 2000 to 2010. However, the scores of roads and railways of each functional zone gradually increased, and the score of night light increased substantially from 2010 to 2020, especially in the core and experimental zones, which increased by 45.23% and 39.86%, respectively. It suggests that the current management has effectively controlled the increase of population and land use activities in each functional zone of the reserve, but road construction, mining activities, and the construction of hydropower facilities characterized by night light are still increasing.





4. Discussion


By measuring the HF value of the QMNR and its surrounding regions and comparing it between inside and outside of the QMNR as well as the four functional zones of the reserve, we found that the QMNR is partially effective in reducing human impacts. Our results are consistent with the findings of previous studies that the Qilian Mountains grassland ecosystem is generally stable, but the local deterioration has not been stopped due to human disturbance [47,48]. Next, we discussed the potential reasons for partially effective and policy implications of our findings.



4.1. Why Partially Effective


The establishment of nature reserves will limit economic development to a certain extent. The Qilian Mountains are located in Gansu and Qinghai provinces in western China, which are backward and poor, and the need for economic development is urgent. Therefore, setting up a nature reserve here will cause conflicts between protection and development. Coordinating the contradiction between development and protection challenges the local government. Specifically, from 1990 to 2000, although the governments implemented reforestation policies, the area of forest and grassland ecosystems in QMNR is still decreasing while the area of farmland and roads is still increasing. From 2000 to 2010, although immigration [49] and the implementation of the Grain for Green Program reduced the HF, the Western Development Strategy in Gansu and Qinghai resulted in the construction of the Xining-Zhangye Highway, National Highway numbered 312, Lanzhou-Xinjiang Railway, and roads through the woods in QMNR, which have resulted in locally enhanced HF. From 2010 to 2020, nighttime lighting data and field investigations show that human activities, including mining of mineral resources and construction of hydropower facilities, still exist in QMNR, and the overall HF in QMNR has increased. These human activities have led to the degradation of glaciers and the decline of water conservation capacity in the reserve [50]. The above facts suggest that the government’s focus on economic growth and insufficient attention to ecological conservation is one of the main reasons for poor conservation.



In addition, although the Qilian Mountains were established as a nature reserve as early as 1988, due to the lack of data on the spatial distribution of biodiversity and ecosystem services at that time, the extent of ecologically important areas was not accurately identified. The delimitation of the protected area was not clear until October 2014, which also brought great difficulties to the conservation and management work for 1988–2014. This may be another reason that affects the management effect. For example, more than 150 hydropower stations have been built in the Qilian Mountains, 42 of which are located in reserve, most of which were built before 2014. Thus, the HF values increased within the nature reserve.




4.2. Policy Implications


In order to achieve conservation goals, the management of nature reserves should be strengthened. The Qilian Mountains are located in the western part of China. Compared with the eastern part of China, the population here is small, and the economic development is backward. If nature reserves here are only partially effective in reducing human activity, are nature reserves in the densely populated and economically developed eastern region less effective? It can also be seen from Figure 3 that the HF value in the eastern part of the QMNR is higher than that in the western part. Zhang et al. [19] also show that nature reserves in eastern China are less effective in reducing human activity than in western China. Therefore, the policy implication of this study is that the management of nature reserves in China needs to take more measures and needs to be strengthened. Specifically, the boundary delimitation of nature reserves should be timely, the human activities in and around them should be regularly investigated and monitored, and the protection effectiveness should be regularly evaluated.



More measures should be taken to reconcile the relationship between biodiversity and ecosystem services conservation and human development. The reason why human activities in and around the Qilian Mountains Nature Reserve have continued to increase after the establishment of the nature reserve is that there is an urgent need for economic development here. It is unsustainable and unfair to set up protected areas to protect biodiversity by simply restricting the resource utilization activities of local residents without considering their livelihoods. The managers of China’s Sanjiangyuan National Park have solved this problem by hiring local residents to participate in the national park management [51]. Considering that both Sanjiangyuan National Park and QMNR are located on the Qinghai–Tibet Plateau and have similar natural conditions, perhaps this solution is worthy of reference for managers of QMNR. Additionally, good conservation planning can also coordinate the relationship between conservation and development. Due to the large area of the Qilian Mountains Reserve, the areas of particular importance for biodiversity and ecosystem services need to be further clarified through investigation and simulation, especially the important areas for ecosystem services [52]. The important areas for biodiversity and ecosystem services should be incorporated into the reserves, and areas that do not have conservation value should be removed from the reserve as soon as possible to reduce the impact on economic development [13].




4.3. Strengthens and Limitations


The area of QMNR is large, and our study period reached 40 years. It is time-consuming and high-cost to assess the effectiveness of the reserve using traditional ecological indicators, including biodiversity and ecosystem services [22]. Thus far, globally, at least 22.5 million km2 (16.64%) of land and inland water ecosystems, and 28.1 million km2 (7.74%) of coastal waters and the ocean, are within protected areas. Management effectiveness assessments were just conducted across 18.29% of the area covered by protected areas. However, the target set by Parties to the Convention on Biological Diversity is 60%. Additionally, the Protected Planet Report 2020 also said that there is a need to assess the effectiveness of protected and conserved areas more generally. A low-cost and high-efficiency method is required to carry out a conservation effectiveness assessment for such a large area of protected areas. Considering the increasing availability of long-term human activity datasets at the global and regional scales [26,53,54,55], this simple and efficient HF method can be used to evaluate the effectiveness of multiple nature reserves over large spatial scales in reducing human activity because it does not require the collection of long sequences of biodiversity and ecosystem services related data, and it is worth extending to more regions and countries, especially for a country like China with a large protected area. Furthermore, our dataset has higher accuracy than the global dataset since our human activity datasets are mostly regional scale datasets. The global dataset overestimated the distribution of cultivated land here [21].



There are also some limitations in this study. First, the human activity factor we currently consider is insufficient. For example, the Qilian Mountains are pastoral areas, and grazing is an essential human activity [56], but our HF dataset does not consider grazing activities due to the lack of regional-scale data on livestock numbers. Therefore, our HF results are a conservative estimate of the intensity of human activity for the Qilian Mountains region. In addition, there is a high correlation between population density and land use and other human activity factors, and the absolute value of HF obtained by direct equal-weight spatial accumulation may be high [53], especially for urban areas with high population density. However, this systematic error does not change the overall trend of HF, and therefore does not affect the reliability of the comparative evaluation results of the reserve. In the future, spatial accumulation using the fuzzy algebraic sum method [54] may be an alternative for more accurate spatial mapping of human activity intensity.





5. Conclusions


Using HF value as an indicator, we evaluated the management effectiveness of QMNR by comparing inside and outside the reserve and its four functional zones. We found that (I) the establishment of QMNR slowed down the increase of HF inside the reserve to a certain extent, but did not change the overall increasing trend. The north part of the center of the reserve has a good effect in reducing human impacts, while the effectiveness was poor at both ends of the reserve. (II) After the establishment of the nature reserve, human activities in each functional zone have not been effectively controlled, including the core and buffer zones that strictly restrict human activities. From 2010 to 2020, the HF value of the core and buffer zones increased by 10.50% and 6.68%, respectively. (III) The reserve has effectively controlled the increase in population density and land use activities in the core and buffer zones, but road construction, mining, and construction of hydropower facilities still show an increasing trend. Employing local residents to participate in the management of protected areas and good conservation planning may coordinate the relationship between conservation and development.
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Figure 1. Location and functional zones of the Qilian Mountain Nature Reserve. 
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Figure 2. Comparative analysis of human footprint value between inside and outside of the Qilian Mountain Nature Reserve. 
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Figure 3. Spatial distribution of human footprint inside and outside of the Qilian Mountain Nature Reserve for 1980–2020. 
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Figure 4. Disturbance intensity to the ecosystem of each functional zone in the Qilian Mountains Nature Reserve from 1980 to 2020. 
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Table 1. Disturbance scores of roads and railways to the ecosystem in the Qilian Mountain Nature Reserve.
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Categories

	
Buffer Distance




	
0–1 km

	
1–2 km

	
2–5 km






	
Freeway

	
10

	
6

	
3




	
National roads

	
8

	
4

	
2




	
Provincial roads

	
4

	
2

	
1




	
County roads

	
2

	
1

	
0




	
Railway

	
8

	
4

	
1
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