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Abstract

:

Rapid economic development and population growth in China’s Yangtze River Delta (YRD) are exerting significant environmental pressure on the region’s land and water, especially in hilly areas where many drinking water reservoirs have been constructed. These areas, which are characterized by steep slopes and thin soils, provide critical services, including flood control, water resource supply, food production, and recreational opportunities for nearby highly developed and heavily populated areas of the delta. We contrast two of these areas—the well-studied Tianmu Lake watershed and the much larger Qiandao Lake watershed. Both face similar challenges from nitrogen and phosphorus pollution due to rapid socio-economic development, but differences in watershed size and distinctions related to political boundaries influence the range of approaches available to maintain water quality. We review experiences of controlling nutrient pollution in these watersheds as case studies, and based on that information, propose an integrated framework to minimize nitrogen and phosphorus pollution in similarly challenged watersheds. The framework, which is designed to be generalizable rather than prescriptive, emphasizes source control, delivery interception, and fate management of nutrients.
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1. Introduction


Although serious environmental damage due to water pollution in populated, usually low-lying regions of the world is well documented [1,2,3,4,5,6], concern about this issue is now shifting to hilly watersheds, many of which serve as headwaters for downstream population centers. Human disturbance in these areas is intensifying, and pollution due to nutrients such as nitrogen and phosphorus is increasing [7,8,9,10]. The sources, transport, and retention of nutrients in these watersheds are tightly coupled with various human activities, a fact that renders narrow measures to control pollution ineffective [11,12,13,14]. A systems framework to guide nutrient management in threatened hilly watersheds is, therefore, desirable, as are integrative approaches that encompass the entire life cycles of polluting nutrients. Such a framework should be realistic and generalizable, providing reproducible and scalable insights that can be applied broadly.



China’s Yangtze River Delta (YRD) serves as an ideal research area to devise such a framework (Figure 1). It encompasses about 118,000 km2 of land and inland water and is among the most complex and human-impacted basins in the world [15,16]. The YRD is experiencing rapid development and significant population growth, mostly along the seaboard and in the low-lying, northern alluvial plain [17,18,19]. The environmental challenges facing these areas of the YRD, especially preservation of water resources, such as Taihu Lake, one of China’s largest and most nutrient-polluted water bodies, are well known [20,21,22,23,24,25,26,27].



The southern portion of the YRD, which is characterized by hilly watersheds with thin, easily erodible soils and large tracts of native forests (Figure 1), is now being imperiled by human caused N and P pollution [16,28,29,30,31,32,33]. This region is marked by an extensive network of dams and reservoirs that was constructed primarily for flood control, drinking water, and hydroelectric power [34,35,36,37]. There is growing pressure to divert water from the area’s reservoirs to meet the demands of nearby population centers; lake-based ecotourism and recreation are also expanding, and economic incentives are driving shifts toward agricultural intensification [14,38,39,40,41]. These dynamics are drawing attention to the causal nature of human activities and the need for integrated approaches to control nutrient pollution. The evaluation of the hilly watersheds of the YRD, therefore, offers an opportunity to comprehensively assess nutrient management options to preserve water quality.



Herein, we examine two hilly catchments in the YRD that are similarly threatened by human-caused N and P pollution, yet differ greatly in scale, intensity of management, and other contrasting characteristics [42,43,44,45,46,47]. This leads to practical insights for mitigation, not just in the YRD, but also in similar watersheds elsewhere [27]. We begin by reviewing the two YRD watersheds and the major determinants of water quality in them. We then generate an integrative framework to control N and P pollution in these and similar catchments. Our objective is to synthesize useful information from two well studied, model catchments into a widely useful, practical guide to control such pollution.




2. Study Areas


2.1. Tianmu Lake Watershed


The Tianmu Lake watershed covers an area of 153 km2 (Figure 2) centered on an 11.6 km2 reservoir that lies 19 m above sea level, and was impounded in 1961 [48]. The watershed provides headwaters for the much larger Taihu Lake basin, which has historically suffered from frequent harmful cyanobacterial blooms and has been the subject of intensive environmental management to reduce nutrient pollution [49]. Tianmu Lake receives a mean annual rainfall of 1394 mm [50], and is fed by inflows from small rivers and streams that descend from the surrounding hills (Figure 2), the highest of which rises to 531 m above sea level and forms the westernmost reaches of the Tianmu Mountains [51]. The lake lies within Liyang, a county-level city in Jiangsu Province, but a small portion of the surrounding watershed extends into neighboring Anhui province. Only 5% of the basin’s land is classified as urban, and the population is just 50,000 [52].



Tianmu Lake provides more than 1500 mW of hydroelectricity via two pumped storage power stations, as well as irrigation water and flood control [53,54,55,56]. It is also an important source of drinking water for the city of Liyang and nearby communities. Recognizing the potential of the area for recreation, the Jiangsu provincial government created the Tianmu Lake Tourist Resort in 1992 and took steps to protect the quality of the lake’s water, including reduction of water use for irrigation [14,56]. Recreation has consequently become a major contributor to the region’s economy and a key factor in management decisions for the lake, which has received the Chinese government’s highest, 5A rating as a scenic area.



Although land use models confirm the importance of ecological maintenance in the area surrounding Tianmu Lake, agriculture remains a major economic driver [33]. Almost all of the region’s valleys and many of the steeper, erodible slopes are cultivated [33,57]; and in contrast to the 1960s and earlier, when manure and other organic materials predominated as nutrient sources, chemical fertilizers are now applied extensively [14,45]. Although the ecological vulnerability of the watershed remains modest in comparison to other portions of the surrounding Taihu Lake basin, 15% of nearby land is at risk because of grain production, and vulnerability is increasing [46].




2.2. Qiandao Lake Watershed


The Qiandao Lake watershed is almost seventy times larger than the Tianmu Lake watershed and is located about 200 km south of it in Zhejiang and Anhui provinces (Figure 3). The lake drains a hilly and heavily forested area of 10,442 km2 with about two-million residents [58,59,60]. One of the largest freshwater reservoirs in China, Qiandao Lake was created by a dam on the Xin’an River in Zhejiang Province [61,62]. The dam, which was completed in 1959, lies southwest of Hangzhou, a beneficiary of the 845 mW of hydropower produced by the structure’s generators and a major recipient of the lake’s water for drinking as well [38]. The Xin’an River, which enters through the lake’s northwestern arm, provides almost 70% of inflows [63], but more than 50 smaller waterways of at least 10 km in length also enter the lake [64].



Qiandao Lake is a deep water body with a surface area of 583 km2 and a lengthy, undulating shoreline with four main arms. Its surface area is punctuated by 1078 islands [65], which have greatly contributed to the lake’s official designation as a 5A scenic area for tourists, more than 17 million of whom visited the area in 2018 [39]. Tourism and recreation have created a few hotspots of development [66,67,68], but urban and associated growth in the basin has remained remarkably constant in comparison to adjacent areas of Zhejiang Province and the northern and coastal areas of the YRD.



The impoundment of Qiandao Lake submerged a rich river valley, triggering profound changes in land cover/land use in the surrounding basin. More than 120,000 farmers were displaced, and this reshaped agriculture in the region by reducing the amount of arable land available for crop production [62,67,69]. Some displaced farmers became fishermen or moved away [70], but many relocated to higher ground and cleared erodible land on steep slopes [71]. Other agricultural areas have appeared in protected zones near the shore, where they have illegally displaced natural vegetation that serves as an ecological buffer [71]. Some fields (Figure 4) even occupy land that temporarily emerges from the lake during drier parts of the year [69].



Three-quarters of the Qiandao Lake watershed remains forested, but grain production has declined significantly in recent decades [47], so that cropland now occupies just 8.3% of its area. Agriculture has nevertheless responded to rapid socio-economic development and correspondingly improved living standards by expanding in other ways. Intensively managed tea plantations and orchards now occupy 4.5% and 2.3%, respectively, of the watershed, and greenhouses are also appearing. Most remaining cropland is northwest of the lake in Anhui Province, where agriculture is of small scale and dispersed in remote areas along minor streams [64]. Tea, on the other hand, is a growing factor for land use near the lake in Zhejiang Province, but it is only a minor activity in distant parts of the watershed [72,73]. These political and spatial distinctions have become important factors for the design of policy interventions to reduce N and P pollution in the watershed (Section 3.3).





3. Major Determinants of Water Quality


The preservation of clean surface water is usually the top priority in recreational areas, such as Qiandao Lake and Tianmu Lake, which place heavy emphasis on nature and ecotourism [73,74,75]. In reality, compromised water quality and sporadic algal blooms have been a chronic problem in both lakes for decades [76], due in part to pollution of water sources by manufacturing, quarrying, domestic activities, and recreational infrastructure. Construction of sewage treatment facilities, closure of industrial and quarrying sites, removal of livestock and poultry farms, and stringent enforcement of regulations have greatly reduced the contribution from these sources [14,77,78]. As a consequence, agriculture and fish are now major determinants of water quality in the two lakes [48,79,80].



3.1. Changes in Drainage Areas


Although pollution of Tianmu Lake has been apparent since the early 1990s, the release of nutrients from the surrounding terrain was of only of modest concern before the turn of the century [76]. This changed when favorable economics and supportive policies triggered changes in land use (Figure 5A) that included a sudden, rapid expansion of tea plantations in the watershed [77,78]. The area planted with tea has grown nearly six-fold since 2000 (Figure 5B), even as that devoted to crops has declined [81]. Indeed, the land area occupied by tea is now greater than the area covered by open water. Tea plantations typically form a buffer between forested areas, which comprise 54% of the watershed, and croplands, which comprise 16% of the watershed, and they tend to be clustered in the northern part of the watershed, near recreational areas (Figure 2). Although most plantations are on slopes of up to 15 degrees, some have been laid out on hillsides with slopes greater than 25 degrees [81].



Detailed information on total nitrogen (TN) and total phosphorus (TP) release from different land cover categories in the Tianmu Lake watershed is available, and that has facilitated hydrological modeling’s pinpointing of principal areas of concern [82,83]. Although forested areas remain the dominant land cover, they release relatively small amounts of TN and TP annually on a per hectare basis (Figure 6). Other land use categories represent varying degrees of disturbance. In each case, annual per hectare release of nutrients into the environment greatly overshadows that of forests—by a factor of three to eight in the case of TN and five to eight in the case of TP. The contribution of tea to nutrient runoff, especially that of TN, is disproportionately high (Figure 6) and associated with hotspots, most of which are near the lake [55]



Release of TN and TP from tea plantations is a complex consequence of several factors. Tea provides significant economic returns, so it typically receives multiple seasonal applications of organic fertilizers (mostly manure but also some seed meal), as well as inorganic N and P at levels considered excessive [41,78]. The canopy cover of tea is never complete, and because the bushes are pruned in the spring, vegetation coverage is reduced from roughly 70% to about 30%, coincident with spring fertilization. This corresponds in time to the onset of the rainy season, when erosion is most likely [77]. Clearing land for tea also accounts for a portion of the basin’s bare areas in any given year, and this adds to nutrient runoff attributable to tea cultivation. In aggregate, these factors implicate tea plantations, due to their expansion over the past two decades, as a major target for reduction of nutrient flows into the lake.



The situation is similar for Qiandao Lake, where non-point release of TN and TP is the most significant threat to the water quality [69] and where 60% of the former and 80% of the latter is attributed to agriculture [84]. It is estimated that fertilizers account for 79% of TN loss and 88% of TP loss in the upper basin [71]. Although per hectare loss of TN, and to a lesser extent TP, from tea plantations is highly significant [63], grain cultivation on small, difficult to monitor farms is also a major source of nutrient runoff in the Qiandao Lake watershed [47,59,61,63,85]. High average chemical fertilization rates, which exceed internationally accepted standards by 60%, exacerbate this problem [69,71,84]. Agriculture has consequently been targeted in efforts to reduce TN and TP loads into the lake by 25% and 30%, respectively, by 2024 [84].




3.2. Changes in Water


Fish stocking and aquaculture have been important practices in Tianmu Lake for more than 50 years. Fish farms have, nevertheless, led to the destruction of wetlands adjacent to the lake [86], and they contribute pollutants in the form of residual feed and excreta [87]. Bighead carp and silver carp traditionally accounted for more than 95% of the caged species in the lake, with crucian carp included as a minor component of the mixture [14]. Bighead carp is particularly valuable from the perspective of tourism, which offers visitors a specialty cuisine based on this locally produced species [88,89], but it depletes zooplankton and can have disproportionately detrimental effects on the aquatic food chain [48,76].



These complex issues were addressed comprehensively, when in 2006, management of fish in Tianmu Lake was reoriented from economic to environmental focus [14]. The production of bighead carp was reduced from 600 to 400 metric tons per year, increasing the proportion of silver carp, which prefers phytoplankton as a food source and is beneficial to the lake [40]. Steps were also taken to enhance the breeding of wild fish, many of which are omnivorous and thus capable of removing a wide range of organic substances from the water [14]. Fishing for wild species is now prohibited, and the contribution of fish and aquaculture to the pollution of the lake has been curtailed [48,90,91].



Qiandao Lake offers a contrasting perspective. Although said to have the best water in the world, the lake experienced serious algal blooms in 1998–1999 and sporadically thereafter [47,58]. The 1998–1999 blooms coincided with a steep drop in the number of bighead carp and other wild carp species in the lake, thus implicating fish as regulators of water quality [85,92]. Carp populations in Qiandao Lake had been decimated by overfishing, much of it illegal [92,93]. Steps were consequently taken to re-establish carp; stocking levels were increased by an order of magnitude, and predator fish were removed [47,93]. One-quarter of Qiandao Lake was also designated a no-fishing zone to protect spawning areas, and fishing regulations were rigorously enforced [59,92]. These policies rapidly increased the quality of the lake’s water and have been maintained to ensure that desirable bighead and silver carp populations persist at levels that permit fish-harvest in the spring and summer [47,70,93].



Qiandao Lake and its river estuaries also support a significant aquaculture industry, but it is now strictly controlled [94,95]. Although this limits the polluting effects of nutrients from unconsumed feed and concentrated fish excreta, caged fish have been implicated as a source of pollution in estuaries [47]. Fish cages have been removed from sensitive stream areas [95], and the zone of the lake reserved for caged-culture is now limited to less than 1% of the lake’s total surface area. Only about one-third of caged areas is approved for artificially fed fish [96]. In spite of these restrictions, fish yields from aquaculture have risen substantially since 1998 [47], and caged Kaluga sturgeon from Qiandao Lake is now the world’s main source of caviar [97,98].




3.3. Policy Intervention


Knowledge of the important roles of agriculture and fish as determinants of water quality in Tianmu Lake and Qiandao Lake has led to a variety of steps to prevent nutrient pollution. These include the reforestation of highly erodible sites, the removal of farms from riverbanks, the promotion of organic farming, the rehabilitation of water infrastructure, the construction of wetland projects, and efforts to manage wild fish populations and regulate aquaculture [71,99,100]. Although such measures are potentially subject to constraints and opportunities imposed by political boundaries, borders have not become an issue in the small Tianmu Lake watershed, which lies almost entirely within Jiangsu Province (Figure 2). In contrast, the border between Zhejiang Province and Anhui Province bisects the Qiandao Lake watershed and decouples the lake, almost all of which lies in the former, from the polluted Xin’an River, which draws its inflows from the latter [46,85,101].



Economic and social factors exacerbate these spatial differences [94,99]. Personal income and per capita GDP in the Anhui portion of the watershed is less than that in the Zhejiang portion of the watershed and much less than that in the city of Hangzhou, which receives the benefit of the drinking water [59,62,99]. The major source of pollution (Anhui Province), the adjacent recipient of pollution (Zhejiang Province), and the more distant beneficiary of the lake (the city of Hangzhou) are consequently separated from one another—spatially and in terms of wealth, political organization, and actual and perceived benefits [63]. These distinctions add complexity, but they also make the Qiandao Lake watershed an ideal candidate for experimentation with payment for ecosystem services (PES) as a means to control water pollution.



Payment mechanisms for ecological protection of the Qiandao Lake watershed [99] were in fact first implemented in the late 1990s, coincident with algal blooms that then were polluting the lake. Zhejiang Province initiated transfers to Chun’an County, which surrounds the lake, and began to divert a portion of its earnings from tourism to preserve the lake’s environment [59]. Beijing also recognized the environmental fragility of the basin, designating it a key ecological function zone and providing funds for environmental remediation. These initial approaches became comprehensive, when in 2007 the basin was designated a demonstration zone for PES. In late 2011, the formal, three-year Xin’an River Basin Water Environment Pilot Implementation Plan became operational as the first trans-provincial PES scheme in the country [99].



Transboundary PES schemes are inherently contentious [102,103]. Disputes about rights and responsibilities are common, as are disagreements about who pays, who is compensated, and how costs and benefits are balanced [104]. Coordination is complex, as are negotiations on the details of environmental monitoring and assessment. All of these issues came into play at Qiandao Lake [59,99,101]. The economically disadvantaged Anhui Province did not want to consider sending funds to richer Zhejiang Province, which was willing to transfer funds to one of its poorer counties but hesitant to send funds across the border to another province. Zhejiang Province also asserted that Beijing should pay, because it receives benefits from hydroelectric power production by the dam.



As mediated by Beijing, the first three-year pilot agreement relied on joint monitoring of four equally weighted indices, including TN, TP, ammonia N, and the permanganate index, which were combined into a single index of water quality [98,105,106]. If water quality monitored at the point where the Xin’an River crosses from Anhui into Zhejiang Province exceeded the baseline standard established prior to the implementation of the PES scheme, Anhui Province would receive 100 million yuan from Zhejiang Province, but if the opposite was true, Zhejiang Province would receive 100 million yuan from Anhui Province [94,99]. In either case, Beijing would pay 300 million yuan a year to Anhui Province, which would match this sum with 100 million yuan [94,105].



The pilot experiment, which ran from 2012 through 2014, and a second agreement, which ran from 2015 through 2017, yielded mixed results. The concentration of ammonia N rose during the pilot period, but this was counterbalanced by declines in TN and TP, such that Anhui Province received compensation. Although reductions in TN and TP were not sustained during the second period [94,102,107], the PES scheme has, nevertheless, been reauthorized from 2018 through 2020, with weights of the four individual indices adjusted in an attempt to achieve desired reductions in TN and TP [30].



It is important to note that Anhui Province was granted great discretion in use of the PES funds to improve water quality [94,95,105]. Although some of the funds were used to build ecological restoration structures and reduce pollution from industrial and residential areas, agriculture and aquaculture emerged as priorities. Projects were funded to remove more than 6000 fish cages, convert over 300,000 ha of farmland to forest, establish ecological tea gardens, and prevent the over-fertilization of crops. This displaced many fishermen and farmers, who, according to surveys, are satisfied with the payments, even though their income has changed little [95]. All parties agree that reduction of TN and TP pollution from agriculture remains a top priority, so the most recent agreement emphasizes this issue as a means of improving water quality [107].





4. Integrative Management to Mediate Nutrient Loss


Tianmu Lake and Qiandao Lake exemplify reservoirs located in hilly, environmentally sensitive basins of the YRD and similar areas elsewhere, where traditional patterns of land use find themselves in conflict with pressures brought on by urbanization and economic development [30,74,80,108]. Water purity is of paramount importance in these areas, where TN and TP pollution from agriculture and aquaculture is a major contributor to low water quality, where recreation and tourism are economic drivers [48,69,79,80,90,108], and where efforts to control pollution are often reactive and first triggered by crisis events, such as the sudden appearance of algal blooms [59,82]. The above dynamics are occurring in similar lakes and watersheds located in other parts of the world, including North America [109], Latin America [110,111], Europe [112,113], and Asia [114,115,116]. Here, too, the complex challenges of nutrient pollution are apparent, but the responses are often uncoordinated and reactive [27,74,117,118,119].



By virtue of their location in the rapidly developing YRD, the Tianmu Lake and Qiandao Lake watersheds are under considerable environmental pressure and have been intensively investigated from a range of perspectives designed to reduce nutrient pollution. Nevertheless, they differ in several key characteristics that influence these efforts. The watersheds thus complement one another to facilitate the development of an integrated framework to prevent TN and TP pollution in similar areas (Figure 7). Although based on insights from two case studies, the framework is not meant to be constrained by site-specific factors, such as the expansion of tea or the availability of defined governmental policies. The framework is also not intended to be prescriptive; rather, it is designed to be used widely as a generalizable guide. It rests on three strategies that emphasize relationships and provide redundancy to the system: source control, delivery interception, and fate management. If, for example, the release of excess TN and TP into a basin cannot be prevented, the framework still offers options to manage pollution. The integrated nature of the framework also allows for functional overlaps among the strategies; e.g., PES schemes can both preclude nutrients from entering the system and prevent their delivery to the lake, and wetlands can both intercept nutrients and foster self-purification.



The first and most desirable priority is simply to exclude unwanted nutrients from entering the basin of interest (Figure 7). Source control can take a variety of broad forms, some of which reflect specific governmental policies, such as the PES scheme in place at the Qiandao Lake watershed. Others, such as the 1991 directive from Beijing that prohibits agricultural fields on hillsides with slopes greater than 25 degrees, and the Grain for Green program, a generalized PES scheme that provides subsidies and other incentives to remove sensitive land from agricultural production [120,121], are not tailored to any specific ecological zone [81]. China has also established ecological red line areas that prohibit all forms of development in the most sensitive lakeshore areas and sharply curtail activities in others [22,71,122,123]. Although analogous regulatory strategies to exclude nutrients may be difficult to implement in other countries [103], a reduction of fertilizer application rates, checks on the expansion of agriculture, and the regulation of aquaculture, all are widely feasible approaches.



There are a variety of generalizable options to achieve the second priority, the interception of nutrients (Figure 7). These include contour planting, avoiding fertilization before heavy rain events, the application of protective mulches, and the construction of buffer strips below erodible land. Such measures have been examined in detail in the Tianmu Lake basin, where up to 75% of TN loads can be retained if appropriate measures are implemented [50]. Small upland ponds and cascading wetlands are both able to strongly buffer nutrient loads in hilly catchments [124,125,126]. The efficacy of the latter has been demonstrated along the Zhangtian River in the Tianmu Lake watershed (Figure 2). The river, which is known to be a major carrier of nutrients from agricultural fields [14,86], has been equipped with nine overflow dams, and in preliminary experiments, these have retained 38% of the incoming TN and 84% of the incoming TP. The adjacent Xiasong River, which still flows freely, achieves corresponding retention rates of just 10% and 48%, respectively.



The third priority, self-purification (Figure 7), can be achieved by several approaches, including the management of wild and caged fish populations to reduce nutrient loads and the preservation of wetlands [14,93,127,128,129]. The natural wetland that forms at the convergence of the Zhangtian, Xiasong, and Pingqiao rivers (Figure 2), for example, is known to represent a dynamic and critical component of Tianmu Lake’s capacity to self-purify [14,61,78]. This area has been functionally degraded by pollution from upstream aquaculture and agriculture [52], but it is now being dredged and is undergoing restoration [130]. These and similar projects in the Qiandao Lake watershed [84,100] exemplify the widespread attention being given to the management of fish and wetlands as a means of maintaining water quality [131,132].




5. Final Remarks and Broader Relevance


The environmentally sensitive hilly basins surrounding Tianmu Lake and Qiandao Lake in the YRD differ greatly in expanse and in the extent to which they are influenced by political boundaries, but they face a common set of challenges that are being faced by similar basins elsewhere [6,7,8,9,10,133], including those in areas that have transitioned from rural to urban [134,135]. Consideration of the two case studies from the YRD and the resulting framework for the control of nutrient pollution in basins with similar characteristics allows three main conclusions to be drawn. Each has implications for reducing nutrient loading in similar basins located away from the YRD [27,136].



The first conclusion is that watershed size and political boundaries are important factors. Smaller size and the absence of political entanglements enables rapid and responsive management decisions, and also easily facilitates the implementation of pilot projects to generate needed data. These dynamics allowed authorities at Tianmu Lake to enshrine long-term environmental benefits rather than short-term economic gains as the goal of watershed management [14]. They also enabled the city government of Liyang to join forces with the Nanjing Institute of Geography and Limnology, a unit of the Chinese Academy of Sciences, to establish the Tianmu Lake Watershed Ecological Observation Station in the basin, with the goal of developing technologies for comprehensive management of the Tianmu Lake watershed [137].



Larger watersheds that extend across multiple political boundaries do not enjoy these advantages, but size often generates interest from outside investors. Thus, the size and complexity of the Qiandao Lake watershed drew the attention of the central government, which resulted in the landmark Xin’an River Basin Water Environment Pilot Implementation Plan [99,107], and it also attracted the World Bank, which has funded large scale projects to preserve the water quality in the basin [84,100].



The second conclusion is that heightened interest in recreation, although a complicated issue [138], can be an important factor in preserving water quality. The economic potential of recreation was decisive in focusing the attention of local governments in both the Tianmu Lake [14] and Qiandao Lake [139] watersheds on management for long-term environmental benefits. Tourism can generate revenue for investment in measures, such as wetland reconstruction and rehabilitation, and it also draws attention to the management of fish populations and aquaculture activities as means to preserve water quality, both in the YRD [14,59] and in similar basins elsewhere [140,141,142].



The third and final conclusion is that approaches to reduce nutrient loading should be as integrated as possible and based on a comprehensive understanding of the underlying dynamics of the relevant watershed. The Tianmu Lake and Qiandao Lake watersheds have benefitted from important advances in this regard, and were thus used as case studies in the current analysis. Such understanding should encompass not just environmental issues, but also governance, socio-economic factors, and—as is clear from the considerations of fish and aquaculture in the case studies—the potential for trade-offs and synergies, some of which may be site-specific.
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Figure 1. The Yangtze River Delta of Eastern China showing land cover/land use as of 1985 and 2015. Taihu Lake, and the locations of Tianmu Lake and Qiandao Lake, are indicated on the left. Major cities are identified on the right. 
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Figure 2. The Tainmu Lake watershed. (A) Location of the watershed in the Yangtze River Delta. (B) Topographic map of the watershed showing the lake and the principal rivers that enter it. The dark line separates Jiangsu Province to the north from Anhui Province to the south. (C) Land cover/land use in the watershed as of 2017. 
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Figure 3. The Qiandao Lake watershed. The dark line separates Anhui Province on the left from Zhejiang Province on the right. 
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Figure 4. The intrusion of small scale agriculture onto an ecological buffer zone near an inlet to Qiandao Lake. 
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Figure 5. Changes in land cover/land use in the Tianmu Lake watershed between 2000 and 2017. (A) Land cover/land use in the years 2000 and 2017. The category bare and disturbed land includes construction land, and in 2017, land removed from crop production and returned to its natural state. (B) Year by year changes in the area devoted to cropland and tea production. 
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Figure 6. Contributions of principal land cover types to rates of loss of total nitrogen (TN) and total phosphorus (TP) in the Tianmu Lake watershed as of 2009 [82,83]. 
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Figure 7. The diagrammatic representation of an integrative three-stage approach to control TN and TP pollution in hilly watersheds. The framework is based on analyses of the Tianmu Lake and Qiandao Lake watersheds but is meant to be generalizable. Strategies are identified by blue boxes, with brief explanations below in white boxes. Actions, which are grouped under each of the gray boxes, are representative and not comprehensive. 
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