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Abstract

:

Wetlands are among the most productive ecosystems on Earth, providing various key ecosystem services to humans and other organisms. However, an insufficient understanding of the economic value and importance of wetland resources has seriously weakened the ecosystem service value of wetlands. Thus, a more comprehensive understanding of wetland ecosystem services must be revealed in order to propose appropriate conservation policies. Therefore, to achieve the abovementioned goals, we used the emergy value accounting method to account for the ecosystem service value of the Maqu alpine wetlands, and the Logarithmic Mean Divisia Index was used to analyze the driving forces affecting changes in ecosystem services. The results indicate that the ecosystem service value of the Maqu alpine wetlands showed a trend of decline and then rebound during 1990–2020; its unit area emergy value decreased from 3.85 × 1010 sej/m2/y to 3.04 × 1010 sej/m2/y during 1990–2000, and after 2010, it began to gradually rebound. Moreover, the monetary ecosystem service value of the Maqu alpine wetlands continued to rise during the study period, reaching 41.45 USD/m2/y in 2020, thus reflecting the great potential value of wetland ecosystems. Based on our analysis, the key drivers affecting the changes in ecosystem services include economic scale and emergy benefit. Rapid and intensive human activities have boosted local economic development, but these developments have come at the cost of environmental degradation. Finally, some suggestions are proposed. This study suggests that the alpine wetlands in Maqu occupy an important ecological position within the whole Yellow River basin. Therefore, it is worthwhile to invest a significant amount of funding in their restoration and protection.
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1. Introduction


With the increasing impact of human activities on natural ecosystems, the relationship between natural ecosystems and human well-being is inevitably becoming stronger [1]. Wetlands are among the most diverse and productive ecosystems in the world, formed by the interaction of the process characteristics of aquatic and terrestrial ecosystems, and provide a wide range of services and benefits to humans, including climate regulation, water purification, flood hazard reduction, recreational and cultural services, and wildlife habitats [2,3,4]. In addition, wetlands are capable of hydrological and chemical cycling and are known as the “kidney of the landscape”. The ecosystem service value (ESV) provided by wetland ecosystems makes them the most valuable ecosystem per unit area [5,6], and Davidson et al. estimate that the global annual monetary value of wetland ecosystem services is approximately USD 47.4 trillion dollars [7], representing 43.5% of the value of all natural resources. Although humans have gradually realized the value and importance of wetland ecosystems [8,9], pristine wetland ecosystems have been destroyed in order to gain land for more productive agricultural practices and access to more productive resources and development space. Since 1990, the world has lost about 50% of its wetlands due to various natural and anthropogenic factors, such as global warming, extreme weather, continued population growth, and accelerated urbanization [10,11,12,13]. Globally, wetland loss is most severe in Asia [14,15]. In China alone, the amount of wetland area decreased by approximately 33% between 1978 and 2008 [16], and the degradation of wetlands, as well as the loss of wetland ESV, have significant negative impacts on overall ecosystems, human livelihoods, and biodiversity.



In general, ESV consists of two components: economic value and ecological value [17]. The most widely applied ESV research methods in previous studies have been the market approach [18], the nonmarket approach [19], and the InVEST model [20]. Only a portion of the benefits provided by wetland ecosystems can be directly traded in the market, and economic valuation methods are a powerful tool for valuing such ecosystem services (ESs) that can be directly assigned a monetary value [21,22]. However, in fact, not all ESs are subject to market transactions; for example, wetlands provide sources of human well-being that also include social and ecological capital [8]. When estimating their value using market-based economic methods, the true value of these environmentally affected ESs may not be revealed [23], i.e., the actual value of ESs may be largely underestimated. Therefore, estimating the value of the overall benefits of ESs is a key challenge for economic valuation methods [8,24]. This also means that in the face of ESs that cannot be incorporated into market transactions, economic valuation methods will no longer be applicable. The emergy accounting method is a precise way to estimate the ESV from a donor’s perspective. It provides a method to value ESs by means of unifying different types of ESVs into solar equivalent joules (sej) [25,26,27], and it has also been widely used in the valuation of ESs of various wetlands [26,28,29,30]. For example, Yang et al. used the emergy method to calculate the distribution of aquatic ESV in several provinces in China [31]. Sun et al. have also used it to quantify various inputs and ESVs in wetland restoration, in addition to assessing the sustainability of wetlands [32,33]. Generally, the emergy accounting method is an appropriate way to evaluate ESs, as it can reflect the internal relevance and properties of ESs but avoid the limitations of economic valuation methods. For this reason, the emergy accounting method is chosen to assess the overall benefits of ESs, with the aim of objectively revealing the ESV of Maqu alpine wetlands.



As the most representative alpine inland wetlands, the bogs of the Maqu alpine wetlands are densely distributed and are important ecological reservoirs on the Qinghai–Tibet Plateau. They have an irreplaceable role in water conservation, flood regulation, climate regulation, and water purification. However, the degradation of alpine wetlands has damaged the structure of wetlands and weakened their ecological service functions [34,35], which seriously threatens the ecological security and high-quality development of the upper Yellow River. Due to the sensitivity and vulnerability of alpine wetlands, many scholars have studied their ESVs [32,36]. Wu et al. [37] used land use data to estimate the ESV of ecosystem services on the Tibetan Plateau and revealed the spatial and temporal distribution characteristics of the average ESV. Liu et al. [38] used the InVEST model to determine the spatio–temporal pattern of ESV in Yushu and the central region of the Tibetan Plateau over the past 20 years and discussed its relationship with land use change and human well-being. Li et al. [39] studied the spatio–temporal dynamics and natural driving mechanisms of different typical ecosystem services in the northeast of the Qinghai–Tibet Plateau and explored the trade-offs and synergies between ESs. Previous methods for assessing the value of alpine wetland ecosystems are highly limited, and a comprehensive evaluation of the degradation, restoration, and economic benefits of alpine wetland ESs remains incomplete. It is not only necessary to evaluate the ESV situation of Maqu alpine wetlands by employing appropriate methods but also to reveal the driving factors affecting the changes in ESV. Hence, we utilize the Logarithmic Mean Divisia Index (LMDI) method to explore the driving factors of ESV changes [40,41]. When evaluating the contribution of each driving factor, the LMDI method is one of the most commonly used indicator decomposition methods [42]. Compared with other analysis methods, it has a good theoretical basis, adaptability, and easily interpretable results. It is also easy to use and widely used in the decomposition of driving factors [42]. Sun et al. [43] used the LMDI method to analyze the sustainable development level of Shenyang and determined the driving force of energy utilization. Isik et al. [42] used the LMDI method to analyze the driving forces of CO2 emissions from the transport sector in Turkey. In addition, compared with other decomposition analysis methods, the LMDI method also demonstrates the advantage of no residual terms [40]. Thus, this is the preferred method to solve the problem of further analyzing the contribution of key drivers. Therefore, the specific objectives of this study are to (1) assess the ESV of alpine wetlands in Maqu County, Gannan Prefecture, and analyze the changes in their ESV in conjunction with the changes in wetland areas between 1990 and 2020 and (2) utilize the LMDI method to determine the contribution degree of different key drivers.




2. Materials and Methods


2.1. Study Area


Maqu County is in the upper reaches of the Yellow River. It is situated in the southwest of Gannan Tibetan Autonomous Prefecture, a combination of Gansu, Qinghai, and Sichuan provinces (located at 101°15′–102°29′ east longitude, 33°00′–34°30′ north latitude). The territory is 3300–4806 m above sea level, with a high terrain in the west and low terrain in the east. The climate is characterized as cold and humid alpine, with an average annual precipitation of 615.5 mm, an average sunshine duration of 2419.1 h, an average annual temperature of 3.0 °C, and an annual relative frost-free period of about 19 days. Maqu County covers an area of 10,191 km2. The Yellow River accounts for up to 45% of the outflow from Maqu and has the prestigious name of “The first bend of the Yellow River”. It is one of the most representative alpine marsh wetlands in China, as well as one of the areas with the highest density of marsh distribution (Figure 1).




2.2. Data Source


The included data sources comprise three types: remote sensing image data of land use types, physical quantity data related to the accounting of the emergy value of each wetland ecosystem service function, and transformity data for converting emergy into emergy value. In particular, the remote sensing images of land use types in Maqu County from 1990 to 2020 were collected through the Geospatial Data Cloud (https://www.gscloud.cn/ (accessed on 19 August 2021)). The original data on materials were mainly derived from the Statistical Yearbook of Gannan Prefecture (1990, 2000, 2010, and 2020), Maqu County Annals (1990 and 2000), Gansu Yearbook (2000 and 2005), and Gansu Water Resources Bulletin (2000 and 2010). The unit emergy values (UEVs) came from the authors’ previous research. Detailed data sources are listed in Table S1.




2.3. Methodology


2.3.1. Wetland Ecosystem Service Function Classification System


Based on comprehensiveness, we selected the ES classification framework based on the Millennium Ecosystem Assessment and Fisher [1,44,45]. The ESs of wetlands in Maqu County were described using three categories: provisioning services, regulating services, and cultural services. In addition to the 9 functions mentioned in Table 1, wetlands also have the function of alleviating floods and rainstorms. However, due to the difficulty in obtaining data, we have not quantified them, but the importance of this function cannot be ignored. We screened the final services that fit the alpine wetland ecosystem of Maqu under this ecosystem classification system. Table 1 shows these ESs in detail.




2.3.2. Emergy Value Accounting Methods for Wetland Ecosystem Service Values


An emergy map of the wetland ecosystem is shown in Figure 2, illustrating the flow of various emergy consumed in the conversion process. The baseline emergy value used in this study refers to the emergy value assessment value of global renewable resources by Brown and Ulgiati [46]: 12.0 × 1024. The basic equation of the emergy value analysis method is as follows:


  E =  ∑    f   i     ×   U E V   i   i = 1,2 , 3 , ⋯ n ,  



(1)




where E denotes the total solar emergy value; fi denotes the i-th material or emergy input stream; and UEVi is the per unit energy of the i-th element. The formula for calculating the emergy of each ecosystem service is shown in Supplementary Materials.





2.4. Logarithmic Mean Divisia Index


The Maqu wetlands provide services that benefit the residents of the entire basin. However, human activities and climate change have degraded ecosystems, creating serious ecological challenges. It is necessary to identify the key drivers that affect the changes in ESs in order to devise an appropriate long-term development strategy. Such goals require the establishment of a decomposition formula. Before applying the LMDI method, emergy benefit (EB), economic scale (ES), grassland resource endowment (GR), grazing intensity (GI), livestock farming scale (LS), water consumption (WC), and water resource endowment (WE) were analyzed as the key driving forces (Table 2). Unit area ESs (Ep) can be used to reflect the impact of Maqu wetlands on the whole of Maqu County; the equation for describing the relationships among different factors contributing to Ep is expressed below (Equation (2)):


   E   p  =   U   A   =   U   G D P   ×   G D P   P O P   ×   P O P    G   A    ×    G   A     L   P    ×    L   P     W   Q    ×    W   Q     W   I    ×    W   I    A   ,  



(2)




where Ep, U, and A represent ESs per unit area within Maqu County (sej/m2), the emergy value of total ESs (sej), and the area of Maqu County (m2), respectively. GDP, POP, GA, LP, WQ, and WI represent the gross regional product of Maqu County (RMB), population of Maqu County (person), grassland area of Maqu County (m3), number of livestock (kg), water consumption by local people (m3), and total water inflow (m3), respectively. EB (=U/GDP) denotes the emergy value of ES per unit GDP; ES (=GDP/POP) denotes economic output per capita; GR (=POP/GA) denotes grassland resources provided per capita by wetland in Maqu County; GI (=GA/LP) denotes grassland area supporting the survival of each livestock; LS (=LP/WQ) represents the number of livestock supported per unit of water consumption; WC (=WQ/WI) represents the proportion of human-used water in the total surface water inflow into Maqu County; WE (=WI/A) denotes water inflow per unit area.



In this section, we decompose the changes in the aggregated indicator (ΔEp) caused by various driving factors from the baseline year (Ep0) to the final year (Epn). There are two forms for applying the LMDI method, namely, additive or multiplicative form [41]. In this study, we use the additive form, the main decomposition formula of which is as follows (Equations (3)–(11)):


   △ E   p  =   △ E p   n   −   △ E p   0   =   △ E   E B   +   △ E   E S   +   △ E   G R   +   △ E   G I   +   △ E   H S   +   △ E   W C   +   △ E   W E   ,  



(3)






    △ E   E B   = ω ×   ln  ⁡  (     E B   n       E B   0       ) ,  



(4)






    △ E   E S   = ω ×   ln  ⁡  (     E S   n       E S   0       ) ,  



(5)






    △ E   G R   = ω ×   ln  ⁡  (     G R   n       G R   0       ) ,  



(6)






    △ E   G I   = ω ×   ln  ⁡  (     G I   n       G I   0       ) ,  



(7)






    △ E   L S   = ω ×   ln  ⁡  (     L S   n       L S   0       ) ,  



(8)






    △ E   W C   = ω ×   ln  ⁡  (     W C   n       W C   0       ) ,  



(9)






    △ E   W E   = ω ×   ln  ⁡  (     W E   n       W E   0       ) ,  



(10)






  ω =     E p   n   −   E p   0       ln  ⁡    E p   n     −   ln  ⁡    E p   0        



(11)









3. Results


3.1. Emergy Value of Maqu County ESs


Using the emergy value accounting method for the 1990–2020 wetland ES value in Maqu County, the accounting process for 2020 is illustrated herein as an example, as detailed in Table 3. Data for other years are detailed in Tables S2–S4.



Table 4 and Figure 3 show the ESV and its change trends for each ES provided by the alpine wetlands in Maqu during 1990–2020. To further analyze the change trends, we divided the study periods into four categories: 1990–2000, 2000–2010, 2010–2020, and 1990–2020. The results show that the emergy values in the above four periods were 3.85 × 1010 sej/m2/y, 3.04 × 1010 sej/m2/y, 3.55 × 1010 sej/m2/y, and 4.64 × 1010 sej/m2/y. The total emergy value decreased during 1990–2000 and showed a gradual recovery trend in the remaining three periods.



The emergy value of provisioning services maintained an upward trend during 1990–2020. In particular, the emergy value of livestock production reached 5.50 × 108 sej/m2/y in 2020. This is because, after 2005, the livestock production scale in Maqu County expanded rapidly, and the number of livestock and livestock products also significantly increased to almost four times the value in 1990. The trend of the raw material emergy value decreased, decreasing from 1.87 × 1010 sej/m2/y in 1990 to 1.79 × 1010 sej/m2/y at its lowest, with its proportion also decreasing from 48.7% to 39.5%. This is due to the continuous reduction in wetland areas in Maqu County during 1990–2020.



The emergy value of regulating services decreased between 1990 and 2000, and then continued increasing. Firstly, the ESV of regulating services decreased by 5.75% between 1990 and 2000, and the growth rates for 2000–2010 and 2010–2020 were 9.23% and 14.81%, respectively. The value of water conservation was the largest among the regulating services, and its ESV decreased by 6.84% between 1990 and 2000, which is related to the decrease in precipitation and runoff in Maqu County. In particular, in 2000, the difference in entry and exit runoff in Maqu County was only 14.22 m3, which directly affected the function of water conservation. The trends for water purification emergy values and carbon sequestration and oxygen release services are consistent with the total emergy values. All three services provided by the wetland ecosystem depend on the role of wetland vegetation, which is closely related to the changes in wetland environments.



In terms of cultural services, the proportion decreased from 10.93% to 0.96%, and the emergy values of scientific research and recreation both showed a decreasing trend. Due to the decreasing wetland area year after year, along with the degradation of wetlands, resources related to human well-being, such as landscape aesthetics, ecotourism, and wetland ecosystem cultural studies, have also been greatly reduced.



As shown in Figure 3, during 1990–2020, the dominant ESs in Maqu County were provisioning services and regulating services, which means that the ESs of the Maqu wetlands are centered on the hydrological and ecological landscape characteristics of the wetland ecosystem. The predominant ESs shifted from provisioning services to regulating services, meaning that ESs, which are associated with natural properties, have become more important to local residents. Cultural services account for a relatively small proportion of the ESs in Maqu County. On the one hand, Maqu County’s scientific research and tourism started late, and tourism has begun to develop since 2005. On the other hand, animal husbandry has been the main industry of Maqu County for a long time, which also conforms to its actual economic structure.



Table 5 shows the monetary value of wetland ESs for the period 1990–2020, and its interannual variation trend clearly increases. From 1990 to 2020, the gross county product of Maqu County increased by nearly 44 times, while the monetary value of wetland ESs in Maqu County increased from 3.93 USD/m2/y to 41.45 USD/m2/y, an increase in nearly 10 times. This means that human demand for wetland ESs increases with rapid economic development; the services and well-being provided by wetlands are the embodiment of their resource value.




3.2. Driving Forces


In order to identify the key driving forces leading to the drastic changes in the ESs of Maqu wetlands, we selected seven driving factors for analysis. Figure 4 shows the contribution degree of the seven driving forces to the changes in total ESV (∆Ep) during 1990–2020. The results show that Ep significantly decreased in the first stage (1990–2000) and increased in the other two stages, especially the third stage. Overall, Ep increased by 15.47% during the whole study period. The main reason for this is the positive impact of economic scale (∆ES), grassland resource endowment (∆GR), water consumption (∆WC), and water endowment (∆WE), as shown in Figure 4. The largest positive factor was the economic scale (∆ES), which induced Ep growth of 115.47% in the first period, 122.21% in the second period, and 81.43% in the third period. The second positive factors were water consumption (∆WC) and grassland resource endowment (∆GR). ∆WC-induced Ep increased by 102.91% in the first stage, 21.65% in the second stage, and 95.89% in the third stage. ∆GR increased by 25.11%, 26.73%, and 11.59% in the first, second, and third stages, respectively. The positive effect weakened in the third stage, which was due to the gradual reduction in grazing grassland area and the gradual scarcity of grassland resources due to population growth in Maqu County. The other is the water resource endowment (∆WE). In the first period, Ep decreased by 17.82%, while in the second and the third period, Ep increased by 8.89% and 71.80%, respectively. In the third period, the increase was larger, which not only offsets the decrease in the first period but also plays a role in making the water resource endowment a positive factor. These changes reflect the important effects of precipitation and temperature on wetland ecosystems in Maqu County.



As for the negative driving factors, the emergy benefit (∆EB) decreased the most. Ep decreased by 163.03% in the first stage, 133.87% in the second stage, and 64.82% in the third stage. These results indicate that the ecological environment and ecosystem services provided by Maqu wetlands cannot meet the requirements of local development. In other words, the emergy benefit of the ESs has been greatly reduced, which means that ESs are becoming scarce and increasingly valuable to the local people. Another negative factor is grazing intensity (∆GI), which decreased Ep by 17.51%, 52.54%, and 54.33% in the three periods. This means that grazing intensity in Maqu County gradually increased, thereby increasing the burden on wetlands. The last negative factor is the livestock farming scale (∆LS), which led to a 113% decrease in Ep in the third stage. This indicates that for counties purely involved in animal husbandry, such as Maqu County, the scale of animal husbandry has a huge impact on natural and wetland environments.





4. Discussion


4.1. Comparison with ESV Studies Based on Market Calculation Methods


Ecosystem-based management (EBM) would be the ideal outcome for changing the way we live and increasing the habitability of the planet [51]. Therefore, the use of appropriate methods to calculate the true value of ecosystem services can make these results a powerful reference for policymakers to make decisions. Compared with the nonmarket approach and other methods, emergy methods have several advantages: (1) The emergy value accounting approach considers the formation of ecosystem services as an eco-thermodynamic process and enables detailed analysis of material flows and emergy transfers, quantifying the contribution of each flow and stock to the environment [33,52]. (2) Emergy value accounting methods can provide a comprehensive description of the intrinsic natural properties of ecosystem services that are not limited by the problems of market prices and human preference-based valuation methods [53,54]. (3) Such methods connect ecosystems by considering natural resource inputs and investments with human society. This approach connects ecosystems and human societies by considering natural resource inputs and investments with human society, and can objectively reveal the value of ecosystem services from an ecocentric rather than anthropocentric perspective [55,56]. Table 6 shows the comparison between the ESV results obtained by other scholars using market-based calculation methods and the results of this paper, which can reflect the advantages of the emergy method. Our results are approximately 12 times higher than the ESV results of several scholars, including Niu et al. [57], Wang et al. [58], and Chen et al. [59] in Maqu County. This confirms the view of Costanza et al. [60] that economic calculation methods are too narrow to comprehensively measure all the ways people benefit from ecosystem services, which may lead to a serious underestimation of ESV. Meanwhile, compared with the ESV results obtained by Xie et al. [61] on the Qinghai Tibet Plateau, the results of our research are about nine times higher than theirs. This means that the Maqu alpine wetland is a high-value area for ecosystem services in the entire Qinghai Tibet Plateau, and its important ecological status cannot be ignored.




4.2. Driving Forces Affecting Changes in ESV in Maqu Wetlands


In order to further explore the influence of each driving factor on ES changes, we classify the seven driving forces into three categories: socioeconomic development factors (∆EB, ∆ES, and ∆WC), human activity factors (∆GI and ∆LS), and natural influence factors (∆GR and ∆WE). Socioeconomic development factors had the greatest influence on ES changes, followed by human activity factors and, lastly, natural influence factors.



The results of the LMDI analysis showed that the development of social and economic levels will improve people’s quality of life and may change people’s consumption patterns and regional industrial structures [62]. As the quality of life improves, diets tend to change, and people may opt for richer dietary types, such as fish and meat, over single grains [63], potentially leading to the development of local livestock and fisheries and, thus, changing the natural use of wetlands. When people’s living standards improve, they are more inclined to pursue spiritual abundance [64]. This is reflected in the rise of the tourism industry in Maqu County, and people’s demand for wetland ESs tends toward landscape, culture, and religion [65,66]. With the aim of improving the awareness of wetland protection in order to protect the scientific research value and cultural value of the wetland, Maqu wetlands have joined the Ramsar Convention. Measures to protect wetlands have been introduced around the world, such as the NWCP in China and the wetland restoration measures and restrictions implemented in Europe [67].



Human beings have always influenced and altered nature to varying degrees [68]. Human intervention has had both positive and negative effects on ESV changes in Maqu wetlands. On the one hand, as people have realized the value of wetlands, the protection of natural wetland resources has become an important task, including preventing the loss of natural wetlands and restoring wetland resources. Human intervention has a significant effect on the protection and restoration of wetlands, and the ESV of protected wetlands is significantly higher than that of unprotected wetlands [69]. Increased investment in wetland conservation can significantly improve wetland ESV [70]. Government decision making is crucial in this regard. On the other hand, human activities have negative impacts on ESV. In terms of economies, human beings should focus on economic development to eliminate poverty. In order to develop economies, investment in development converts natural wetlands into other land types, such as cultivated land, construction land, etc. [71], which is occurring globally. However, this has also introduced heavy environmental pressure, resulting in the disappearance of natural wetlands and a decline in ESV [72]. Human beings may not be able to afford the consequences of ecological poverty brought about by economic development [73].



The last is the influence of natural factors on changes in ESV. Different from coastal wetlands, Maqu wetlands are typical inland alpine wetlands, and the impact of social and economic development and human activity factors on ESV changes is usually greater than that of natural factors [74,75]. This is consistent with the results of this study. ∆GR and ∆WE have relatively small effects on ESV, but natural factors still cannot be ignored.




4.3. Recommendations for Improving ESV


The health of wetlands is important because they support the survival and development of people and organisms [76]. In order to develop economies, society will choose to sacrifice natural wetlands and convert them to land types with higher economic benefits [77]. As the most valuable ecosystem, the loss of wetlands will limit the ability of ecosystems to provide more sustainable ecosystem services, resulting in a long-term decline in environmental quality [78]. In this context, finding more innovative development methods to enhance ESV is critical for local decision makers.



According to the driving force analysis results of this study, socioeconomic development and human activity environmental protection factors have a promoting effect on the improvement in changes in ESV. However, while appropriate socioeconomic development is indeed beneficial for ES development, it is not advisable to pursue economic development too blindly. More important is how to use wetland resources scientifically to achieve a dynamic balance and coordination between wetland ecosystems and the development goals of society. The local government should pay attention to the proper adjustment of economic structure. Converting the single industrial structure of Maqu County to wetland tourism is also one of the important means of the rational utilization of wetlands, which has been implemented in many areas [79]. However, implementing such a policy in Maqu County is difficult, according to the field survey. Due to the limitations of the environment and education levels, local residents are very dependent on animal husbandry, and many herdsmen are unwilling to give up grazing or transfer their income focus to other work. At this time, local governments should consider both incentive and mandatory policies, especially in terms of financial subsidies, to solve such problems. In addition, another advantage of developing the tourism and service industries is that the service industry provides a higher income with fewer emissions and can provide more jobs for local herdsmen, such that the pressure on grasslands and wetlands is reduced.



Finally, an important aspect leading to the decline in wetland ES value is that local governments do not recognize the real contribution of wetland ecosystems; thus, they formulate unreasonable development policies [70]. Through field interviews with 153 local herders, we found that local people do not have a clear understanding of the true contribution and importance of wetland ecosystems. Therefore, in order to enhance the environmental awareness of local residents, the government can advertise on TV, produce and distribute leaflets, offer offline speeches, and promote Internet publicity [73], thus allowing herders to fully understand wetland ecosystems and their contribution. Moreover, local herdsmen can be trained in other aspects of work so as to achieve the goal of economic restructuring. These efforts could help to enhance mutual understanding among all stakeholders, thereby avoiding potential conflicts and solving common problems.




4.4. Present Limitations


The research in this paper is conducted in a small area. Although the data are different, the principle of calculation is generally the same. There are bottom–up methods for evaluating large-scale ecosystem services at local and regional scales [31], and decision making often takes place at the local or regional level [60]; this is beneficial for the results of this article to serve as a reference for other larger regions. However, some limitations should be addressed in future work. Firstly, when the LMDI method is used to analyze the driving factors of ES changes, the driving factors selected mostly involve human activities and social factors, and the influence of natural factors on ES changes is rarely discussed. Secondly, in terms of data, the UEV used in this study is based on research results published in different international journals and books, which may cause some uncertainty in the results. However, this uncertainty has little impact on the results of the overall trend analysis, and it can still provide valuable information for decision makers to understand the status of wetlands [70]. In future research, we will combine the influence of social and natural factors on changes in ES to assess wetland ecosystem service values more completely, accurately, scientifically, and reasonably, thus better supporting the management and development of wetlands.





5. Conclusions


It is important to consider the interconnection between wetland ecosystem services and economic development to provide sustainable development suggestions for decision makers. According to the method of emergy and LMDI analysis, we came to the following primary conclusions:




	(1)

	
The total emergy value decreased during 1990–2000 and showed a gradual recovery trend in 2000–2020. The ESV of provisioning services maintained an upward trend from 1990 to 2020 due to the rapid expansion of the livestock production scale and rapid economic development in Maqu County over the past 30 years. Regulating services decreased between 1990 and 2000 and then continued increasing. Cultural services continued to decline from 1990 to 2020, and due to the degradation of wetlands, the recreational resources they provided also diminished.




	(2)

	
Between 1990 and 2020, the dominant ES among ecosystem services shifted from providing services to regulating services. This means that people have become aware of the importance of ESs in terms of natural properties, and the demand for them continues to increase.




	(3)

	
The continuous positive contribution of economic scale (∆ES) and grass resource endowment (∆GR) has become the main driving factor for the development of ESs. Local governments should pay attention to the proper adjustment of the economic structure and increase the proportion of the tourism and service industries. Emergy benefit (∆EB) and grazing intensity (∆GI) contributed the most to the negative factors impacting Maqu wetlands.




	(4)

	
Socioeconomic development and human activity environmental protection factors have a promoting effect on the improvement in ESV. With the intensification of human activities, rapid economic development has come at the cost of wetland degradation. The lower the benefit of ESs, the less ESs provided by Maqu Wetland can meet the local development needs. The local government should pay attention to the proper adjustment of economic structure. Through timely knowledge popularization, local residents should have a comprehensive understanding of the value of wetlands, and some incentive and mandatory policies, especially in the aspect of financial subsidies, should be promoted to protect wetlands.
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Figure 1. Map of the study site. 
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Figure 2. Emergy diagram of Maqu wetland ecosystem (in the figure, renewable resources such as solar emergy will be lost due to reflection during input, and the lowest dotted line indicates the final dissipation of emergy). 
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Figure 3. The change trends of ESs provided by Maqu wetlands during 1990–2000 (a), 2000–2010 (b), 2010–2020 (c), and the whole study period (d). Names of three categories and nine ESs are noted on the left side. 
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Figure 4. The contribution of different factors to changes in ESs from 1990 to 2020. (∆Ep: total changes in ESV; ∆EB: emergy benefit; ∆ES: economic scale; ∆GR: grassland resource endowment; ∆GI: grazing intensity; ∆LS: livestock farming scale; ∆WC: water consumption; ∆WE: water resource endowment). 
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Table 1. Wetland ecosystem service value classification system in Maqu County.
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Wetland Ecosystem Service Types

	
Evaluation Index






	
Provisioning Services

	
Livestock production

	
yak and goat slaughter; milk and wool output




	
Raw material production

	
herbage yield




	
Regulating Services

	
Water conservation

	
Surface water supply; groundwater recharge




	
Climate regulation

	
Local temperature and humidity regulation




	
Carbon sequestration

	
Carbon sequestration by wetland vegetation




	
Oxygen release

	
Oxygen release by wetland vegetation




	
Water purification

	
Heavy metal removal of aquatic plants




	
Culture Services

	
Recreation

	
Wetland tourism revenue per unit area




	
Scientific research

	
Scientific research value per unit area











 





Table 2. The description of seven driving forces.
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	Driving Force
	Description





	Emergy benefit (∆EB)
	It reflects the emergy benefit of Maqu County economic development, namely the scarcity of Maqu wetland ESs.



	Economic scale (∆ES)
	It reflects the level of local economic development.



	Grass resource endowment (∆GR)
	It reflects the local grass resource endowment.



	Grazing intensity (∆GI)
	It reflects the grazing intensity of the local grassland.



	Livestock farming scale (∆LS)
	It reflects the water consumption of local livestock husbandry, namely the scale of farming.



	Water consumption (∆WC)
	It reflects the extent of local water utilization.



	Water resource endowment (∆WE)
	It reflects the local water resources endowment.










 





Table 3. The emergy analysis table of valuation on wetland ecosystem services in 2020 in Maqu County.
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	Items
	Raw Data
	Unit
	UEV (sej/unit) 1
	Sources
	Total Emergy

(sej/y)





	Renewable Resource
	
	
	
	
	



	Sunlight
	7.77 × 1018
	J
	1
	Brown and Ulgiati [46]
	7.77 × 1018



	Deep heat
	1.06 × 1015
	J
	4.90 × 103
	Brown and Ulgiati [46]
	5.18 × 1018



	Wind
	6.93 × 1010
	J
	8.00 × 102
	Brown and Ulgiati [46]
	5.55 × 1013



	Rain (geo potential)
	2.97 × 1016
	J
	1.05 × 104
	Brown and Ulgiati [46]
	3.12 × 1020



	Rain (chemical)
	4.28 × 1015
	J
	7.00 × 103
	Brown and Ulgiati [46]
	3.00 × 1019



	Runoff (geo potential)
	9.29 × 1016
	J
	1.28 × 104
	Brown and Ulgiati [46]
	1.19 × 1021



	Runoff (chemical)
	1.97 × 1015
	J
	2.13 × 104
	Brown and Ulgiati [46]
	4.19 × 1019



	Provisioning Services
	
	
	
	
	



	Livestock production
	1.73 × 1011
	g
	Calculated by Eq
	Zhu [47]
	5.81 × 1014



	Raw material production
	7.18 × 1011
	g
	2.70 × 104
	Dong et al. [48]
	1.94 × 1016



	Regulating Services
	
	
	
	
	



	Water conservation 2
	3.92 × 1015
	g
	Calculated by Eq
	Zhu [47]
	2.75 × 1019



	Water purification 3
	3.60 × 107
	g
	Calculated by Eq
	Odum [49]
	2.38 × 1017



	Climate regulation
	1.27 × 1012
	g
	5.15 × 105
	Odum [49]
	6.56 × 1017



	Carbon sequestration
	2.96 × 109
	g
	4.58 × 103
	Brown and Ulgiati [50]
	1.35 × 1013



	Oxygen release
	5.46 × 1013
	g
	4.58 × 103
	Brown and Ulgiati [50]
	2.50 × 1017



	Culture Services
	
	
	
	
	



	Recreation
	Calculated by Eq
	
	Calculated by Eq
	This article
	2.73 × 1017



	Scientific research
	Calculated by Eq
	USD
	Calculated by Eq
	This article
	1.98 × 1017







1 The value of livestock production services consists of four components: yak, sheep, milk, and wool, and the transformity is 4.00 × 106   ( s e j / u n i t )  , 2.00 × 106   ( s e j / u n i t )  , 2.00 × 106   ( s e j / u n i t ) ,   and 4.40 × 106   ( s e j / u n i t )  , respectively. 2 The service value of water conservation is composed of groundwater recharge and surface water recharge of wetland ecosystem, and the transformity is 2.23 × 103   ( s e j / u n i t )   and 7.01 × 103   ( s e j / u n i t )  , respectively. 3 The value of wetland water purification is calculated by formula. Considering the availability of data, only the absorption data of three common heavy metal pollutants, Cu, Zn, and Pb, were selected to account for the value of water purification, but there is also efficient nutrient removal, especially nitrogen compounds, such as nitrates, which are all important effects of water quality purification. The transformity of Cu, Zn, and Pb were 6.80 × 109   ( s e j / u n i t )  , 1.25 × 1010   ( s e j / u n i t ) ,   and 1.25 × 1010   ( s e j / u n i t )  .













 





Table 4. The emergy value of wetland ecosystem services per unit area in Maqu County in 1990–2020 (sej/m2/y).






Table 4. The emergy value of wetland ecosystem services per unit area in Maqu County in 1990–2020 (sej/m2/y).





	
Year

	
Provisioning Services

	
Regulating Services

	
Culture Services






	

	
Livestock production

	
Raw material production

	
Water conservation

	
Climate regulation

	
Water purification

	
Carbon sequestration 1

	
Oxygen release 1

	
Scientific research

	
Recreation

	
Total 2




	
1990

	
1.41 × 108

	
1.87 × 1010

	
1.42 × 1010

	
6.21 × 108

	
2.90 × 108

	
1.28 × 104

	
2.32 × 108

	
1.77 × 109

	
2.44 × 109

	
3.85 × 1010




	
2000

	
1.75 × 108

	
1.87 × 1010

	
9.17 × 109

	
7.08 × 108

	
2.92 × 108

	
1.28 × 104

	
2.32 × 108

	
4.53 × 108

	
6.26 × 108

	
3.04 × 1010




	
2010

	
3.04 × 108

	
1.89 × 1010

	
1.42 × 1010

	
6.88 × 108

	
2.96 × 108

	
1.28 × 104

	
2.44 × 108

	
3.47 × 108

	
4.80 × 108

	
3.55 × 1010




	
2020

	
5.50 × 108

	
1.84 × 1010

	
2.60 × 1010

	
6.21 × 108

	
1.92 × 108

	
1.28 × 104

	
2.37 × 108

	
1.87 × 108

	
2.58 × 108

	
4.64 × 1010








1 The service emergy values of carbon sequestration and oxygen release show no interannual variation in the table due to the small interannual fluctuation, but the actual variation is consistent with the variation in their total service emergy values when they are converted to service emergy per unit area due to the numerical expression. 2 The total emergy value per unit area here refers only to the total emergy value of the nine ecosystem services listed in the table, excluding renewable resources, to facilitate subsequent calculations and analysis.













 





Table 5. Emergy value and monetary value of wetland ecosystem services in Maqu County in 1990–2020.






Table 5. Emergy value and monetary value of wetland ecosystem services in Maqu County in 1990–2020.





	Year
	Emergy Value (sej/y)
	Emergy Value Currency Ratio (sej/USD) 1
	Monetary Value (USD/m2/y)





	1990
	4.24 × 1019
	1.04 × 1010
	3.93



	2000
	3.31 × 1019
	1.59 × 109
	6.16



	2010
	3.81 × 1019
	1.45 × 109
	13.05



	2020
	4.90 × 1019
	7.63 × 108
	41.45







1 The monetary ratio of emergy value used in this paper in the process of monetary value equivalent accounting is calculated from the ratio of emergy value converted from local standard coal consumption in each selected year to local GDP in the same year [31,49].













 





Table 6. Comparison with ESV results based on market calculation methods.






Table 6. Comparison with ESV results based on market calculation methods.





	Monetary Value (USD/m2)
	Data Source





	1.42
	Niu et al. [57]



	1.41
	Xie et al. [61]



	0.82
	Wang et al. [58]



	0.98
	Chen et al. [59]



	13.05 1
	This article







1 Considering the timeliness of the literature, we chose to compare the results of 2010 with other studies.
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