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Abstract

:

Under the influence of human activities, eutrophication has become an increasingly serious global phenomenon, especially in shallow lakes. Many studies have shown that aquatic macrophytes play a significant role in controlling eutrophication, but only few of these studies are ecosystem based. In this paper, we applied a mass-balance ecosystem model to a shallow eutrophic lake (Lake Datong, China) as a case study with the aims of evaluating the status of ecosystem restoration via the recovery of aquatic vegetation and providing adaptive management suggestions. Results showed that the ecosystem was immature with weak energy flows and nutrient cycling largely due to the excessive submerged macrophytes and the lack of fish as consumer. In the early stages of restoration, the number of fish should be reduced, and aquatic vegetation needs to be recovered to mitigate eutrophication. When the aquatic vegetation community tends to be stable, herbivorous and omnivorous fish should be moderately stocked, and dead aquatic macrophytes should be harvested to maintain the healthy and sustainable development of the ecosystem. This study provided insights for the ecological restoration of shallow eutrophic lakes and revealed the urgent need for ecosystem-based restoration.
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1. Introduction


Eutrophication is a global environmental problem wherein the excessive amount of nutrients in water leads to the growth of primary producers [1,2,3]. Eutrophication of aquatic ecosystem is mainly caused by excessive nutrient input and global warming [4,5]. Most of the freshwater lakes and wetlands are facing the problem of water quality deterioration and ecological imbalance due to the increasing anthropogenic activities particularly in developing countries [6]. Eutrophication not only affects water quality and aquatic organisms, but also may change the trophic relationship and structure of the food web. Eutrophic lakes have simpler food web structure, lower biodiversity, and shorter food chains than non-eutrophic ones [7].



Extensive research on eutrophication has been conducted during the past five or six decades and major advances in controlling eutrophication of lakes has been made [8]. The restoration methods of eutrophic lakes can be classified into the following categories: managing nutrient inputs, removing algal, biomanipulation and bioremediation [9,10,11]. Managing nutrient inputs is a traditional and effective method to control eutrophication. With the deepening of the research on eutrophication of lake ecosystems, it is gradually realized that eutrophication is a typical ecological problem and research on bioremediation of shallow lakes via the recovery of aquatic vegetation is getting more attention [12,13].



It is generally accepted that excessive nutrient input mainly nitrogen and phosphorus, are the key factors accelerating the process of eutrophication in aquatic ecosystems [14]. Aquatic macrophytes can assimilate nitrogen and phosphorus in water and sediments, absorb suspended matter in water, reduce the nutrient level of water, improve water transparency, release oxygen through photosynthesis, increase the concentration of dissolved oxygen in water, and improve the water environment [15,16,17,18,19]. The eutrophication of water bodies and decline in aquatic vegetation can lead to the collapse of aquatic ecosystems and deteriorate water quality, and many studies have shown that the recovery of aquatic vegetation (especially submerged vegetation) can greatly improve the ecological environment of damaged shallow lakes [20]. Studies have also shown that when exogenous pollution is effectively controlled, the artificial recovery of aquatic vegetation may accelerate the ecological restoration of shallow eutrophic lakes [21]. In other words, the recovery of aquatic vegetation is an effective ecological restoration approach for mitigating eutrophication of shallow lakes [21,22].



The recovery of aquatic vegetation has become a prospective field in global aquatic ecosystem research and is increasingly becoming a research hotspot in conservation work [23,24]. Experimental studies on aquatic vegetation began in China in the early 1990s. However, the traditional assessment methods only monitor the physicochemical factors of water environments and examine certain species. Moreover, species-based work is not a very useful way for examining ecosystem processes that involve many species [25], thereby making ecosystem-based restoration particularly important. Ensuring the continuance of ecosystem sustainability and diversity requires the knowledge of food webs and the abundance and structure of resources, whereas the fulfilment of societal requirements and desires requires ecosystem models that offer predictions given specific environmental changes or conditions [26].



In China, water eutrophication had been reported in 67 lakes which is about 51.2% of the total number of lakes [6]. However, only few eutrophic lakes were assessed by using ecosystem models. Using models to guide ecosystem-based restoration is imperative to mitigate eutrophication in China, where numerous lakes are suffering from eutrophication. Therefore, we applied an ecosystem model to a shallow eutrophic lake undergoing ecological restoration via aquatic vegetation recovery, to evaluate this ecosystem and predict the restoration outcomes by performing scenario and management simulations. The objectives of this study are (1) to evaluate the status of the lake ecosystem in the process of ecological restoration; (2) to predict the effects of different combinations of aquatic macrophyte and fish biomasses from the ecosystem perspective; and (3) to provide adaptive management suggestions for follow-up restoration and predict the outcomes (Figure 1). Our study also provided scientific and theoretical support for the ecosystem-based restoration of shallow eutrophic lakes.




2. Materials and Methods


2.1. Study Area


Lake Datong, which is located 112°1′–112°42′ E and 29°4′–29°22′ N in Hunan Province, China, was selected as the shallow eutrophic lake for this study. This lake is 15.75 km long from east to west and 13.7 km wide from south to north [27] and has an area and average depth of 82.67 km2 and 2.5 m, respectively. The water quality of this lake began to deteriorate as a result of the fishing and agricultural activities in the area and the discharge of domestic sewage [28]. The lake was eutrophic with a low aquatic vegetation coverage [27,29]. Restoration measures in Lake Datong began in late 2017, including banning fishing, removing fish, controlling sewage, and recovering aquatic vegetation, and the lake was in a state of forced human control. The monitoring data from January to November 2019 are shown in Table 1. The measurements were conducted by the Chinese Research Academy of Environmental Sciences using standard methods [30]. The data showed that it was still assessed as mild to moderate eutrophication, although the water quality had been improved. The coverage of aquatic vegetation in Lake Datong had reached 47.46% in July 2019, but due to the removal, the biomass of fish was very low. This study focuses on the combined effects of aquatic vegetation with fish on biomass and the follow-up management.




2.2. Modeling the Lake Datong Ecosystem


2.2.1. Ecosystem Model


The Ecopath with Ecosim (EwE) model, developed by International Center for Living Aquatic Resources Management, has a friendly interface and powerful functions to simulate the aquatic ecosystems. EwE is a mass-based whole ecosystem model that takes all trophic levels of the ecosystem into account and is mainly used to simulate ecosystem status and internal energy flows [31]. It is widely used to simulate the structure of aquatic food webs, and predict the impact of fishery activities on fishery resources. There are several examples, such as the construction of the great lakes’ food webs and the assessment of marine fisheries resources, mostly using the EwE model [32,33]. While, it is less used to evaluate ecological restoration of lakes. Given the urgency of restoring eutrophic lakes, we use the Ecopath model, a module of EwE, for ecosystem-based restoration in this work.



The Ecopath model is developed from Polovina’s steady-state model to reflect the energy balance of each component of an ecosystem. At any time, any biological or functional group in an ecosystem can satisfy the following relationship [34]:



Production = catches + predation mortality + biomass accumulation + net migration + other mortality. The relationship is based on the mass per unit area.



This model can be expressed concisely and intuitively as


   B i  ×   ( P / B )  i  × E  E i  −    ∑   j   B j  ×   ( Q / B )  j  × D  C  i j   −  Y i  = 0  



(1)




where Bi is the biomass of functional group i, (P/B)i is the biological turnover rate of functional group i, that is, the ratio of production to biomass, EEi is the ecotrophic efficiency of functional group i, Bj is the biomass of predator functional group j, (Q/B)j is the consumption-to-biomass ratio of functional group j, DCji is the proportion of group i in the diet of group j,      Σ  j = 1  n   B j  ·   ( Q / B )  j  · D  C  j i     represents the amount of functional group i ingested by all n functional groups, and Yi is the fishery yield of group i [34,35]. In this model, ecotrophic efficiency (EE) represents the yield loss ratio of each group due to predation or fishing and can be estimated after the input of B, P/B, Q/B, and DC for all groups. EE < 1 is guaranteed after the parameters are entered.



The energy balance in the Ecopath model is modeled as


    ( P / Q )  i  +   ( U / Q )  i  +   ( R / Q )  i  = 1  



(2)




where (P/Q)i is the production-to-consumption ratio, (U/Q)i is the proportion of unassimilated food in consumption, and (R/Q)i is the respiration-to-consumption ratio [35]. In the model, (P/Q)i is calculated based on the input values of (P/B)i and (Q/B)i, (U/Q)i is treated as an input, and (R/Q)i is estimated by using (2). We also ensure that the Ecopath model can achieve energy balance (R/Q > 0) at parameterization.




2.2.2. Functional Groups


According to the trophic habits (mainly diet) and the available information, we divided the Lake Datong ecosystem into 10 functional groups (Table A1, Appendix A) [34]. Since we focused on ecosystem-based restoration rather than fisheries management, we did not divide each fish species into a functional group, but divided fish into as few functional groups as possible based on diet, thereby simplifying the ecosystem and facilitating research. Due to the large number of small fish species and low biomass, we divided the small fish into a functional group and considered them omnivores as a whole. The zooplankton functional group included protozoans, rotifers, cladoceras and copepodas, of which protozoa dominated the biomass. The phytoplankton functional group included chlorophytes, bacillariophytes, cyanophytes, euglenophytes, cryptophytes, dinophytes and chrysophytes, of which cryptophytes dominated the biomass. Unfortunately, we did not get data on organisms such as aquatic oligochaetes and aquatic insects, so we only considered molluscs as benthic invertebrates. The recovery of aquatic vegetation was mainly through submerged macrophytes, and submerged macrophytes accounted for a large part of aquatic macrophytes in Lake Datong, so we only considered submerged macrophytes as aquatic macrophytes. These functional groups must include the detritus group [34], which is the sum of all inanimate organic matter in the ecosystem, including dead animal and plant corpses, animal manure, residues from feeding, and organic matter carried into lakes by rivers in the form of dissolved or solid particles [36].




2.2.3. Input Parameters


The biomasses of phytoplankton, zooplankton, molluscs and submerged macrophytes and fish catches in Lake Datong were taken from July 2019 sampling data. Phytoplankton and zooplankton were collected along with water, and the biomasses were calculated as wet weight based on microscopic counts. The biomass of submerged macrophytes was solved by differential method based on survey data. The molluscs were collected using Petersen dredger and quadrat method. Fish was caught using gill nets and ground cages. The biomass (B), P/B, and Q/B of fish were estimated from catches and morphological data based on empirical formulas [35,37,38]. The parameters of fish functional groups with multiple species were calculated as the sum the parameters of each species by weighting the biomass. Meanwhile, the P/B of phytoplankton, zooplankton, submerged macrophyte and molluscs, the P/Q of molluscs and zooplankton, and the diet compositions were obtained from studies conducted in similar lakes [33,39,40,41]. The biomass of detritus in the ecosystem was estimated by the linear model of Pauly et al. [42]. U/Q was set to its default values of 0.20 and 0.40 for carnivore and herbivore groups, respectively [35]. Following Kao et al. [33], we set U/Q to 0.55 for molluscs. The units of biomasses were converted into t/km2. The input and output parameters and diet compositions of the Lake Datong model are listed in Table 2 and Table A2, respectively.




2.2.4. Model Balancing and Uncertainty


After inputting the necessary parameters for all functional groups, the model was debugged for balancing. The EE < 1 and GE (=P/Q), which mostly ranges between 0.1 and 0.3, estimated by this model typically show physiological significance [23]. We also used pre-balance (PREBAL) diagnostics to diagnose the model data [43]. As is included by the diagnosis, biomass should span 5–7 orders of magnitude, levels of biomass decline with increasing trophic level by ~5–10% slope (on log scale) and P/B and Q/B ratios of predator groups should be lower than that of prey groups. According to Christensen et al. [35], to balance and optimize the model, its input parameters, especially the diet compositions, need to be fine-tuned.



The uncertainty was assessed by a ‘pedigree’ index in EwE. Each input parameter was assigned an index value and a confidence interval based on its origin and precision (high or low precision, estimated by model, “guesstimated”, approximate or indirect method, from other models, or from literature, etc.) [44]. The overall ‘pedigree’ index τ of the information was calculated:


  τ =    ∑    i = 1  n     ∑    j = 1      l  i j    n  ,  



(3)




where lij is the pedigree index for group i and parameter j, n is the total number of groups [34].





2.3. Scenario Simulations


To predict the effects of combinations of aquatic macrophyte and fish biomasses from the ecosystem perspective, we performed scenario simulations based on the original model as a full factorial experiment that included two three-level factors, namely, aquatic vegetation coverage and fish stocking. Aquatic vegetation coverage was set to 10% (2000), 35%, and 70% (1970s) [29], and fish stocking was set to 0, 50, and 100 t/km2. Nine combinations were inputted as parameters before running the model. Several key indicators were compared to determine their impacts on the ecosystem structure and the function of aquatic macrophyte and fish biomasses.




2.4. Management Suggestions


According to the scenario simulations, EE of each functional group, the analysis of mixed trophic impacts, energy flows and food web structure, and overall ecosystem indicators, we proposed several suggestions on the follow-up management of ecological restoration in Lake Datong from the aspects of biomass regulation and food web structure optimization.




2.5. Management Simulation


We used our model in a simulation to verify the feasibility of the management suggestions and then compared the ecosystems before and after management in terms of their energy flows, nutrient cycling, and food web structures based on several indicators. The new input parameters were obtained from Guo et al. [39].





3. Results and Discussion


3.1. PREBAL and Uncertainty


The PREBAL analysis showed that biomass, P/B and Q/B generally decreased with increasing trophic levels (Figure 2). Biomass spanned 7 orders of magnitude, which was consistent with PREBAL’s diagnosis. But the slope of the decline was higher because the fish was removed, resulting in low biomass of the fish at high trophic levels. For P/B and Q/B, each functional group roughly conformed to the trend line, indicating good diagnostic results.



The pedigree index was 0.459, which belonged to superior middling from 150 EwE models (0.16–0.68) [45]. Moreover, PREBAL’s rules of thumb were used to adjust the data to make the model parameters more reasonable. The PREBAL and pedigree Index results indicated that the parameters of the model were reliable and the results of the model could describe the ecosystem well.




3.2. Status of the Lake Datong Ecosystem


3.2.1. Food Web and Trophic Structure


Our model estimated the trophic level of each functional group of the Lake Datong ecosystem. These levels varied between 1 (primary producer) and 3.232 (Carnivorous fish; Table 2). According to the integrated trophic level of the food web as proposed by Lindeman [46], the primary producers and detritus of the food web were defined as level I, and the trophic levels of consumers gradually increased [35]. Primary producers included submerged macrophytes and phytoplankton. The two primary producers and detritus groups in Lake Datong were all level I, the molluscs and zooplankton were level II, and fish groups occupied higher trophic levels (Table 2). The food web energy flows of the Lake Datong ecosystem were mainly driven by three pathways, including two grazing food chains (from submerged macrophytes and phytoplankton) and one detrital food chain. Among these pathways, detritus acted as the main energy source of the Lake Datong food web (Figure 3).




3.2.2. Flows and Biomasses


Throughput refers to the flux of nutrients flowing through a trophic level per unit time. The total throughput of each trophic level includes the amount of output (amount of catching and deposition from the ecosystem), predation, respiration (excluding respiration from plants and detritus), and flow to detritus [36]. Trophic level I accounted for most of the system throughput and total biomass (Table 3), thereby indicating that the bottom-up effect dominated in the Lake Datong ecosystem. As shown in Figure 3, the throughput of primary producers was 5887.7 t·km−2·a−1, the amount of predation was only 799.7 t·km−2·a−1 because of the limited number of herbivores, and the amount of flow to detritus was 5088 t·km−2·a−1, which accounted for 86.42% of the throughput of primary producers. The total flow to detritus from each trophic level was 9786 t·km−2·a−1, of which 4817 t·km−2·a−1 was consumed, whereas the remaining 4969 t·km−2·a−1 (50.78%) was separated from the ecosystem due to mineralization [47]. Therefore, a large amount of submerged macrophytes was neither grazed nor recycled but was deposited to the sediment as reflected in the low EE values of the submerged macrophyte and detritus groups. The throughput from primary producers was 6688 t·km−2·a−1 (Table 3), whereas that from detritus was 14,604 t·km−2·a−1, which accounted for 68.59% of the system throughput.



The transfer efficiencies (TEs) of the primary producers and detrital pathways in the Lake Datong ecosystem were 0.321% and 0.283%, respectively. The total TE was 0.289%, which was far lower than the average ecosystem transfer efficiency (9.2%) reported by Christensen et al. [48] and the optimal “1/10 Law” of ecological pyramid energy conversion efficiency [46]. The total throughput of trophic levels II and that of trophic levels III were 5616 t·km−2·a−1 and 1.539 t·km−2·a−1, respectively. The ratio of those, the TE of trophic level II, was 0.0274%. The TE values of trophic levels III and IV were 2.319% and 0.381%, respectively. The TE of each trophic level in Lake Datong is shown in Table 4.




3.2.3. Mixed Trophic Impacts


The trophic relationship among the functional groups was analyzed by using the module of mixed trophic impacts (Figure 4). Primary producers positively affected most functional groups mainly because they acted as food sources of other functional groups. The molluscs functional group had negative effects on the submerged macrophyte and detritus groups (through consumption) and all the consumers (through competition). The carnivorous fish group had strong negative effects on all the fish functional groups through top-down predation. The omnivorous fish group affected positively on the submerged macrophyte and detritus groups and affected negatively on the molluscs group.




3.2.4. Total Properties of the Ecosystem


The 24 indicators of Odum evaluated ecosystems based on six aspects, namely, community energetics, nutrient cycling, community structure, life history, selection pressure, and overall homeostasis [49]. The summary statistics and key indicators of the Lake Datong ecosystem are listed in Table 5.



For community energetics, as the system biomass increases, the ratio of total primary production to total respiration (TPP/TR) gradually decreases from greater than 1 to close to 1. TPP and TR are two important indicators that describe ecosystems. The difference between these indicators lies in net system production. The TPP/TR in mature ecosystems is close to 1, whereas the net system production is close to 0 [50]. The TPP/TR and net system production of the Lake Datong ecosystem obtained from the model were 6.411 and 4969.63 t·km−2·a−1, respectively, thereby suggesting that too many nutrients were left unutilized in this ecosystem.



The ratio of total primary production to total biomass (TPP/TB) is also expected to be a function of system maturity [51]. As discussed above, the respiration for immature systems is less than their primary production, that is, the TPP/TR is greater than 1. In this case, more biomass is accumulated as the system matures. Therefore, immature systems are expected to have the highest TPP/TB, which diminishes as these systems mature. The Lake Datong ecosystem had a TPP/TB of 1.231.



The connectance index (CI) and system omnivory index (SOI) reflect the complexity of internal connections in an ecosystem [51]. A greater system maturity corresponds to higher connection complexity (food web) among its functional groups [50]. In this case, CI and SOI are positively correlated with system maturity. The Lake Datong ecosystem had a CI and a SOI of 0.277 and 0.070, respectively, which suggested that this ecosystem was immature with a linear food web structure and low internal connection complexity.



With regard to nutrient cycling, Finn’s cycling index (FCI) refers to the ratio of cycling flow to the total system throughput, whereas Finn’s mean path length (FMPL) refers to the average length of each cycle through the food chain [52]. A mature system typically has a high degree of material recycling and a long food chain through which energy flows pass [35]. The Lake Datong ecosystem had an FCI and an FMPL of 17.55% and 2.923, respectively, which pointed toward its low maturity. The vast unutilized components of each functional group entered the detritus group, and the food chains from detritus accounted for more than half of the total system throughput. Given that most of the detritus leaved the system due to mineralization and sedimentation, many matters could not be recycled and the cycling proportion was decreased, that is, the FCI decreased. FMPL was also limited by the degree of circulation. The high TPP/TR and TPP/TB, and the low TE, FCI, FMPL, CI, and SOI suggested that the Lake Datong ecosystem was in an immature stage of development.





3.3. Scenario Simulations


We ran 9 scenario combinations, and the results of several key indicators that reflect ecosystem maturity are shown in Figure 5. Along with an increasing aquatic vegetation coverage and decreasing fish stocking, the color of TPP/TR square deepened (denoting an increasing value), which indicated a decreasing system maturity. The TPP/TB was greatly affected by submerged macrophytes, making it closer to P/B of the submerged macrophyte group (1.25). The effect of fish stocking on TPP/TB was relatively smaller, so that we couldn’t observe the results intuitively from the color, but through numerical comparison, we could find that: the TPP/TB decreased with the increase of fish stocking when controlling the aquatic vegetation coverage. In the process of ecosystem development, with the accumulation of biomass, the TPP/TB gradually decreases and approaches to 1. This result showed that, fish stocking could accelerate the development process and increase the maturity of the system. The color depths also suggested the significant influence of aquatic vegetation coverage on FCI and FMPL. Meanwhile, the color for fish stocking hardly changed. A comparison of their values revealed that FCL and FMPL were consistent with TPP/TR and TPP/TB even though their values reflected opposite trends because high FCL and FMPL corresponded to the high maturity of the ecosystem. Our factors didn’t significantly influence CI and SOI because these indices reflected the complexity of the food web, whereas the factor changes didn’t change the diet compositions. Under the combined scenario of 10% aquatic vegetation coverage and 100 t/km2 fish stocking, the model was unbalanced, which mean that excessive fish stocking would also cause ecosystem collapse, although fish stocking could increase system maturity.



The results suggested that enough fish as consumers must be present in a lake with a high aquatic vegetation coverage. The TPP/TR, TPP/TB, FCI, and FMPL results showed that the fish stocking could enhance the utilization of nutrients, accelerate the accumulation of biomass, improve nutrient cycling, and extend the length of food chains, thereby enhancing the maturity of the ecosystem. However, too much fish could also lead to ecosystem collapse due to the lack of food. Meanwhile, the CI and SOI results suggested that the complexity of the food web couldn’t be improved only by increasing fish biomass. We also need to increase species diversity and improve the structure of the food web to make food chains web-like.



Submerged macrophytes are important primary producers in an aquatic ecosystem that provide a nutrition foundation and living environment for aquatic animals [53,54,55]. In the early stage of shallow lake ecosystem restoration, submerged macrophytes, as pioneer species, can accelerate the succession of the ecosystem and maintain its biodiversity and stability [56]. However, in our scenario simulations, decreasing the biomass of submerged macrophytes and increasing that of fish can significantly enhance the energy flows and nutrient cycling of the ecosystem, which is consistent with the findings of Li [36]. This result indicated that the low maturity of the Lake Datong ecosystem was largely driven by the excessive submerged macrophytes and the lack of fish. A similar situation can also be observed in the waters of other regions, which maintain appropriate biomass levels by using herbivory management approaches [26]. On the one hand, the large-scale planting of aquatic macrophytes to improve the aquatic vegetation coverage leads to high primary production that can’t be consumed. On the other hand, the nutrients deposited by aquatic macrophytes, as endogenous nutrients, begin to be released when the nutrient load from exogenous inputs decreases, thereby decelerating the restoration process of eutrophic lakes [57]. Therefore, removing excessive aquatic macrophytes and stocking fish are important in the later stage of ecological restoration, which has guiding significance for the restoration of shallow, eutrophic lakes.




3.4. Management Suggestions


The results of the scenario simulations showed that only increasing or decreasing biomass hardly improved the food web structure. Therefore, we proposed several management suggestions from the aspects of regulating biomass and improving food web structure.



3.4.1. Regulate Biomass


After the sewage discharge reduction, aquatic vegetation recovery, and fish removal, the Lake Datong ecosystem was in a state of reconstruction. The biomass of fish in Lake Datong was low, whereas that of submerged macrophytes was high, thereby leading to the utilization of a large amount of primary production and reducing the EE of the submerged macrophytes group (0.059). Withered submerged macrophytes should be removed during autumn and winter to improve water quality and avoid excessive mineralization [36,58]. Increasing the biomass of herbivorous fish can increase the consumption of submerged macrophytes [59,60]. However, given the stability of the submerged macrophytes community and its important role in water purification, the EE of the submerged macrophytes group should not be too high, so the biomass of herbivorous fish should not be excessive.



The detrital food chain accounted for 68.59% of the total system throughput. In the molluscs group with large biomass, 88% of diet came from detritus, but its EE was almost 0. The large amount of energy from the molluscs group couldn’t be passed on. The molluscs group should have played an important part in the energy flows of the Lake Datong ecosystem. According to mixed trophic impacts, omnivorous fish had a strong effect on molluscs. Therefore, increasing the biomass of omnivorous fish will significantly enhance the energy flow.




3.4.2. Improve Food Web Structure


The food web of the Lake Datong ecosystem had three pathways for energy flows, including two grazing food chains and one detrital food chain. For the grazing food chains from submerged macrophytes, herbivore fish can be introduced. Meanwhile, for detrital food chains, stocking omnivorous fish and small fish can enhance the utilization and flows of detritus [39,61]. Introducing shrimp not only remits the predation pressure on small fish as bait base but also enhances the food web structure. Compared with the grazing chains from submerged macrophytes and detrital food chains, the grazing chains from phytoplankton in the Lake Datong ecosystem were extremely fragile. The EE of phytoplankton was as high as 0.848, whereas that of zooplanktons was as low as 0.019. Therefore, consistent with biomanipulation [62], the amount of filter-feeding fish should not be increased.



Small fish as bait positively affected most fish (Figure 3) and provided the high species diversity of the ecosystem (Table A1). But the biomass of small fish in Lake Datong was very low, thereby making this group extremely vulnerable. Small fish also played an important role in upward energy transfer. To maintain food web stability, the biomass must be increased and the species diversity of small fish must be maintained [63,64].



Given the top-down effect on the species we stocked, introducing carnivorous fish was not recommended at this stage. To balance the ecosystem inputs and outputs, we recommend fisheries management measures for rational fishing, such as determining the species and seasons of fishing and setting the minimum fish length and catch. Biodiversity conservation and fishery management should be performed simultaneously [65,66].





3.5. Management Simulation


We performed a management simulation based on management suggestions. We simulated the Lake Datong ecosystem after stock enhancement (a total of 17 t/km2 aquatic organisms, including 5 t/km2 omnivorous fish, 2 t/km2 herbivorous fish, 5 t/km2 small fish, and 5 t/km2 shrimps), the timely removal of withered submerged macrophytes in autumn and winter (removal rate of 80%), and rational fishing (fishing mortality of 50%). We then reanalyzed the ecosystem and compared its structure and function with the pre-management results (Table 6).



After the management simulation, all indicators except for TPP/TB and CI had demonstrated great improvements. Specifically, TPP/TR reduced from 6.411 to 1.401, total TE increased from 0.289% to 3.515%, and FCI and FMPL increased greatly to 59.19% and 8.427, respectively. In sum, the energy flows and nutrient cycling in the Lake Datong ecosystem were strengthened after the management simulation.



The SOI used for describing the food web structure also increased. However, the CI of the Lake Datong ecosystem decreased slightly. The connectance for a given food web is quantified as the ratio of the number of actual links to the number of possible links [67]. Even though we planned to introduced more species, it couldn’t be well reflected in this simplified model, thereby explaining the reduction in CI. The food web structure of the Lake Datong ecosystem may actually be more complex that what we had expected because of the lack of information on benthos, such as aquatic oligochaetes and aquatic insects. The decrease of TPP/TB was due to the influence of submerged macrophytes. The removal of submerged macrophytes leaded to the shift of TPP/TB away from the P/B of the submerged macrophyte functional group.



Our management simulation based on the management suggestions showed significant improvement in energy flows, nutrient cycling, and food web structure. Overall, our findings verified the feasibility of the suggestions and provided a reference for the ecological restoration of shallow eutrophic lakes. However, using these findings as reference in ecological restoration does not signify in any way an attempt to immobilize the same ecological community at some point in time but rather to optimize the potential for local species and communities to recover and continuously reassemble, adapt, and evolve [68].



Numerous shallow eutrophic lakes can be found in the middle and lower reaches of the Yangtze River Basin, some of which have shown good performance in their aquatic vegetation recovery to mitigate eutrophication, such as Lake Donghu [56] and Wuli Lake [21]. However, aquatic macrophytes may also accelerate eutrophication owing to the release of nutrients from actively growing or senescing macrophytes [69,70]. In this study, we took Lake Datong as an example to examine the ecosystem-based restoration of shallow eutrophic lakes and illustrated the short-term benefits and long-term effects of aquatic macrophytes in ecological restoration. In this way, we offered theoretical and scientific support for the ecosystem-based restoration of these types of lakes. In the early stage of restoration of shallow eutrophic lakes, the number of fish should be reduced, and the aquatic vegetation should be recovered to mitigate eutrophication. When the aquatic vegetation community tends to be stable, herbivorous and omnivorous fish should be moderately stocked, and dead aquatic macrophytes should be harvested to maintain the healthy and sustainable development of the ecosystem.





4. Conclusions


(1) The ecosystem model of Lake Datong was constructed successfully. The high TPP/TR and TPP/TB, and the low TE, FCI, FMPL, CI, and SOI of the Lake Datong ecosystem suggested an immature stage of development.



(2) The low maturity of the Lake Datong ecosystem was largely driven by the excessive submerged macrophytes and the lack of fish. Decreasing the biomass of submerged macrophytes and increasing that of fish can significantly enhance the energy flows and nutrient cycling of the ecosystem. But increasing or decreasing biomass hardly improved the food web structure.



(3) Removing macrophytes, stocking herbivorous and omnivorous fish, and rational fishing can not only enhance the energy flows and nutrient cycling of the ecosystem, but also improve the food web structure. This study offered theoretical and scientific support for the ecosystem-based restoration of shallow, eutrophic lakes.
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Table A1. Functional groups of the Lake Datong ecosystem.
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	No.
	Functional Group
	Composition





	1
	Carnivorous fish
	Siniperca chuatsi, Culter alburnus, Culter mongolicus, Erythroculter dabryi, Cultrichthys erythropterus, Coilia brachygnathus



	2
	Filter-feeding fish
	Aristichthys nobilis, Hypophthalmichthys molitrix



	3
	Omnivorous fish
	Pelteobagrus fulvidraco, Cyprinus carpio, Carassius auratus



	4
	Small fish
	Paracanthobrama guichenoti, Acheilognathus macropterus, Squalidus argentatus, Sarcocheilichthys sinensis, Saurogobio dabryi, Rhodeus sinensis, Hemibarbus maculatus, Sarcocheilichthys nigripinnis, Hyporhamphus intermedius, Pseudorasbora parva, Hemiculter leucisculus, Hemiculter bleekeri, Mastacembelus aculeatus



	5
	Herbivorous fish
	Parabramis pekinensis, Megalobrama amblycephala



	6
	Zooplankton
	Protozoans, Rorifers, Cladoceras, Copepodas



	7
	Molluscs
	Cristaria plicata, Unio douglasiae, Lanceolaria gladiola, Arconaia lanceolate, Hyriopsis cumingii, Cristaria plicata, Bellamya sp.



	8
	Phytoplankton
	Chlorophytes, Bacillariophytes, Cyanophytes, Euglenophytes, Cryptophytes, Dinophytes, Chrysophytes



	9
	Submerged macrophyte
	Hydrilla verticillata, Myriophyllum spicatum, Ceratophyllum demersum, Vallisneria natans



	10
	Detritus
	Detritus
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Table A2. Diet compositions of the Lake Datong ecosystem.
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	No.
	Groups
	1
	2
	3
	4
	5
	6
	7





	1
	Carnivorous fish
	0.03
	
	
	
	
	
	



	2
	Filter-feeding fish
	0.076
	
	
	
	
	
	



	3
	Omnivorous fish
	0.175
	
	
	
	
	
	



	4
	Small fish
	0.077
	
	0.004
	
	
	
	



	5
	Herbivorous fish
	0.053
	
	
	
	
	
	



	6
	Zooplankton
	0.589
	0.937
	0.293
	0.420
	0.170
	0.004
	



	7
	Molluscs
	
	
	0.152
	
	
	
	



	8
	Phytoplankton
	
	0.063
	
	0.120
	
	0.200
	0.01



	9
	Submerged macrophyte
	
	
	0.131
	0.200
	0.796
	
	0.11



	10
	Detritus
	
	
	0.420
	0.260
	0.034
	0.796
	0.88



	11
	Sum
	1
	1
	1
	1
	1
	1
	1
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Figure 1. Analytical flowchart of this study. 
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Figure 2. The PREBAL diagnostic analysis of input parameters (Biomass, P/B and Q/B). All y axis values are log-scaled whereas species on the x axis are ranked from highest to lowest trophic level. The red dotted line represents regression between trophic level and other values. 
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Figure 3. Flow diagram (left) and Lindeman spine (right) of the Lake Datong food web. Different colors correspond to different functional groups, the thickness of each line segment denotes the relative energy flow, and the font size represents the relative biomass. P: producer; D: detritus; TL: trophic levels; TST (%): total system throughput (%); TE: transfer efficiency. 
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Figure 4. Mixed trophic impacts among the functional groups of the Lake Datong food web. 
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Figure 5. Several key indicators across 9 scenarios of aquatic vegetation coverage and fish stocking. TPP/TR: total primary production/total respiration; TPP/TB: total primary production/total biomass; FCI: Finn’s cycling index; FMPL: Finn’s mean path length; CI: connectance index; SOI: system omnivory index. The ‘/’ represents the model imbalance under this scenario. 
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Table 1. The monitoring data from January to November 2019.
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	Parameters
	Unit
	Average
	Maximum
	Minimum
	Standard Deviation





	Chlorophyll a
	mg/L
	0.014
	0.042
	0.001
	0.014



	Total phosphorus
	mg/L
	0.121
	0.184
	0.078
	0.034



	Total nitrogen
	mg/L
	0.98
	1.75
	0.41
	0.44



	Secchi depth
	cm
	39
	86
	11
	19



	Chemical oxygen demand (Mn)
	mg/L
	5.3
	6.5
	4.3
	0.6
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Table 2. Input and output (BOLD) parameters of the Lake Datong model.
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	Groups
	Trophic Level
	Biomass (t/km2)
	P/B

(year−1)
	Q/B

(year−1)
	EE
	P/Q





	Carnivorous fish
	3.232
	0.040
	1.020
	4.156
	0.132
	0.245



	Filter-feeding fish
	2.941
	0.054
	1.440
	11.47
	0.167
	0.126



	Omnivorous fish
	2.452
	0.112
	1.800
	12.88
	0.151
	0.140



	Small fish
	2.422
	0.040
	2.300
	9.408
	0.211
	0.244



	Herbivorous fish
	2.171
	0.010
	1.550
	15.31
	0.576
	0.101



	Zooplankton
	2.004
	12.98
	31.69
	120.0
	0.019
	0.264



	Molluscs
	2.000
	162.6
	8.830
	25.00
	0.000
	0.353



	Phytoplankton
	1.000
	2.245
	185
	
	0.848
	



	Submerged macrophyte
	1.000
	4378
	1.25
	
	0.082
	



	Detritus
	1.000
	10.24
	
	
	0.492
	







P/B is the ratio of production to biomass, and Q/B is the ratio of consumption to biomass, EE is the ecotrophic efficiency, P/Q is the ratio of production to consumption.
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Table 3. Flows and biomasses of the Lake Datong ecosystem (t/km2).
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	Trophic Level
	Total Throughput
	Throughput from Primary Producers
	Throughput from Detritus
	Biomass





	IV
	0.0345
	0.00659
	0.0279
	0.00813



	III
	1.539
	0.302
	1.237
	0.151



	II
	5616
	799.7
	4817
	175.6



	I
	15,674
	5888
	9786
	4380



	Sum
	21,292
	6688
	14604
	4556
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Table 4. Transfer efficiency (TE) of each trophic level of the Lake Datong ecosystem (%).
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Source

	
Trophic Level




	
II

	
III

	
IV






	
Primary producer

	
0.0378

	
2.265

	
0.388




	
Detritus

	
0.0257

	
0.332

	
0.379




	
All flows

	
0.0274

	
2.319

	
0.381




	
From primary producers

	
0.321




	
From detritus

	
0.283




	
Total

	
0.289
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Table 5. Summary statistics and key indicators of the Lake Datong ecosystem.
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	Parameters
	Value
	Units





	Sum of all consumption
	5624.34
	t·km−2·a−1



	Sum of all exports
	4969.63
	t·km−2·a−1



	Sum of all respiratory flows
	918.42
	t·km−2·a−1



	Sum of all flows into detritus
	9786.15
	t·km−2·a−1



	Total system throughput
	21,298.54
	t·km−2·a−1



	Sum of all production
	7735.19
	t·km−2·a−1



	Calculated total net primary production
	5888.05
	t·km−2·a−1



	Total primary production/total respiration (TPP/TR)
	6.411
	-



	Net system production
	4969.63
	t·km−2·a−1



	Total primary production/total biomass (TPP/TB)
	1.292
	-



	Total biomass (excluding detritus)
	4556.28
	t·km−2·a−1



	Total transfer efficiency (Total TE)
	0.289
	%



	Connectance Index (CI)
	0.325
	-



	System Omnivory Index (SOI)
	0.038
	-



	Finn’s Cycling Index (FCI)
	28.84
	% of total throughput



	Finn’s Mean Path Length (FMPL)
	3.617
	-



	Ecopath pedigree index
	0.459
	-
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Table 6. Key indicators of the Lake Datong ecosystem before and after the management simulation.
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	Parameters
	Before the Management Simulation
	After the Management Simulation
	Units





	Total primary production/total respiration (TPP/TR)
	6.411
	1.401
	-



	Total primary production/total biomass (TPP/TB)
	1.292
	1.410
	-



	Total transfer efficiency (Total TE)
	0.289
	3.515
	%



	Connectance Index (CI)
	0.325
	0.323
	-



	System Omnivory Index (SOI)
	0.038
	0.121
	-



	Finn’s Cycling Index (FCI)
	26.84
	59.19
	% of total throughput



	Finn’s Mean Path Length (FMPL)
	3.617
	8.427
	-











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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