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Abstract

:

The western region of Jilin Province is located at the northeastern part of China. A large number of lakes are distributed in this region, where is one of five large lake regions within China, supporting both drinking water and agricultural water. The frequent human activities and scarce rainfall in this region have resulted in weaker lake connectivity and enrichment of the pollutants within the lakes. The lake ecosystems in the region have been degraded to varying degrees, and thus it is necessary to assess its ecological health. Macrobenthos multi-metric index (MMI) is a mature ecological health assessment method that has been widely used in the lake ecosystem assessment all over the world. However, it has not been well developed for assessing the lake water ecosystem in China. In this study, 11 lakes affected by human activities to different degrees were selected as the research objects. They were categorized into three types on the basis of trophic level. Through the comparison and screening of different biological indicators among different lake types, we selected appropriate indicators to construct the MMI. Four core indicators were selected from 58 candidate indicators to construct the MMI: the total number of taxa, Simpson index, percentage of Diptera + Mesogastropod, and percentage of pollution-intolerant species. MMI could distinguish lakes that are seriously and slightly disturbed by humans. The results of regression analysis also showed that the degree of lake eutrophication caused by human activities had a significant correlation with MMI, effectively explaining its changes. MMI can characterize the disturbance and influence of eutrophication on macrobenthos. The results of MMI can also be affected by the land use type and the coverage of aquatic vegetation around the lake, which are important factors affecting the ecological health of the lake. Research on the application of MMI method to assessment of the ecological health of lakes is very rare in Northeast China. This research can provide supplementary information beyond the traditional water environment assessment for the formulation of management strategies.
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1. Introduction


The lake is an important inland water ecosystem that not only plays an important role in maintaining regional ecological balance and ecological health but also is vital to the sustainable development of the economy and society [1,2]. Since the 1950s, the ecosystem function of many lakes has gradually degraded, and the health of the ecosystem has been seriously threatened due to the greenhouse effect and irrational over-development by humans [3]. Therefore, the health assessment of lake water ecosystems is particularly important for achieving lake health management and protection [4]. Previous studies have shown that biological indicators could be used for long-term aquatic ecosystem health assessment. For example, phytoplankton, macrobenthos, fish, and aquatic plants could be used for the characterization of ecosystem health [5,6,7,8]. As one of the most effective tools to characterize human disturbance, the multi-metric index has been widely used all over the world as a more reliable tool as compared to a single index assessment [9,10,11,12,13,14].



Karr first proposed the application of a multi-metric index method to assess the ecological health of water bodies in 1981, which was applied to fish [15]. It was then applied to other aquatic organisms, such as diatom and macrobenthos [16,17]. In recent years, the macrobenthos multi-metric index (MMI), which is also known as the index of biological integrity (IBI) [18], has been applied in many aquatic ecosystems worldwide. MMI has become a recognized and effective ecological tool for monitoring and evaluating the freshwater ecosystem [13].



MMI is a combination of indicators that reflects the different environmental conditions and various aspects of the biological community (such as group richness, diversity indicator, the proportion of sensitive and tolerant species, and feeding structure). By comparing the reference and the impaired points, studies can select suitable indicators to construct MMI to achieve the objective that every single index in the combination could reasonably predict the impact of environmental changes [19]. One advantage of using multi-metric index is that the various biological attributes of macrobenthic communities can be integrated, showing the biological integrity of the study area [20]. At the same time, biological integrity has the function of characterizing the ecosystem degradation [4,21], in order to achieve the objective of evaluating the ecosystem’s health.



In China, the research on MMI assessment of lake ecosystem health is mostly concentrated in the eastern and southern regions, while it is relatively rare in the high latitude areas. At the same time, in the health assessment of lake ecosystem in China, the MMI method mainly takes a single lake as the research object [7,22,23,24]. The study by Huang et al. (2016) on the four major freshwater lakes in the lower reaches of the Yangtze River showed that MMI could characterize the impairment to each component of the lake’s ecological integrity. If combined with historical data, it could reflect the historical changes in the ecosystem’s integrity, thus providing the scientific support for protection and restoration of the lake ecosystem [7]. The studies done by Ma et al. (2008) and Cai et al. (2014) on Taihu Lake showed that from a scientific point of view, it is more appropriate to assess the lake ecological health by MMI, and it is better than a single biological index [22,23,24]. Zhang et al. (2019) conducted a large-scale study of multiple lakes in the Yangtze River Basin. They also assessed the ecological status of shallow lakes from the perspective of eutrophication, and for the first time proved a good response to eutrophication [25]. Therefore, taking specific types of lakes on a regional scale as the research object will be a breakthrough in assessing the health of lake ecosystems in those areas that have been severely affected by various human activities [25].



Jilin Province is located at northeast China in the hinterland of the Songnen Plain. There are many bogs in the western region, and large number of natural lakes are distributed to provide water, supporting lives, agriculture, and industry of millions of residents. The region is densely populated and has developed agriculture, a tourism industry, and animal husbandry. Although the history of resource development in the region is not long, the lakes show varying degrees of eutrophication due to the long-term overgrazing, cultivation, and irrational land use [26]. At the same time, reservoir construction in the upper reaches of the Huolin River has led to slow replacement and metabolism of nutrient elements in some of the small lakes with poor river connectivity. This continuous enrichment of various elements has resulted in serious eutrophication. Although the ecological state of the larger lakes (Chagan Lake, Yueliang Lake, etc.) has been gradually improved over time due to the government paying more attention to environmental protection and strengthening measures in the past 20 years, eutrophication still exists [27,28]. In this study region, the use of MMI to assess the lake ecosystem health has not been carried out. Only in places similar to this study region that are located in the northeast of China are there a few studies of rivers and wetlands that started in 2019. For example, Wang et al. (2019) used a biological integrity method to assess the ecological environment of the Songhua River Basin. Lu et al. (2019) adopted the same method for studying the impact of the barrier of the dam in the upper Wusuli River on the wetland ecosystem.



Regarding the widespread eutrophication phenomenon of lakes in this region, the lake types were defined along the trophic level, and the most distinguishable biological indicator between the most disturbed lakes and the least disturbed lakes was determined to establish the MMI. Then, the value of MMI is used to represent the health state of the lake ecology in the study region. We expect to show that the MMI can effectively represent the difference between the different lake ecosystems by human disturbance, as well as verify whether the assessment of lake ecosystem health through MMI is different from traditional physical and chemical index assessment methods. At the same time, we analyzed various environmental factors affecting the ecology according to the land use types and vegetation growth around the lake, which is considered vital for the protection and management of the lake ecosystem and can provide theoretical support for its protection and restoration as well [29].




2. Material and Methods


2.1. Sampling and Sites


The research objects of this study are 11 lakes located in Chagan Lake area and Momoge National Nature Reserve (Figure 1). The study lakes in the Chagan Lake area include Chagan Lake and Xinmiao Lake, as well as 8 lakes in a group of lakes connected by Huolin River and connecting ditches. Momoge National Nature Reserve covers an area of 1440 km2, and has 3 study lakes: Etou Lake in the reserve experimental area, Haernao Lake, and the Yueliang Lake in the core area of reserve [30]. The study region is located between 44°40’–46°N and 123°-124°15’E. It has a mid-temperate, semi-humid continental monsoon climate with 4 distinct seasons. The multi-year average temperature is 4.5 °C, and the multi-year average rainfall is 400–500 mm [28,30,31,32]. According to previous studies in this region, the water environment in the Momoge National Nature Reserve was found to be better than that of the lakes in the Chagan Lake area [33,34]. However, the lakes in the Momoge National Nature Reserve are still in a state of light eutrophy.



In 2018, our researchers collected macrobenthos and measured water environmental indicators in 11 study lakes. This study used the lake as the basic unit of overall classification. Every sampling site in the lake was used as the basic unit to construct MMI. Therefore, a different number of sampling sites were set in each lake according to the acreage of the lake—the larger the acreage of the lake, the more sampling sites. A total of 42 sampling sites were set in 11 study lakes. The detection of water environment indicators and the collection of macrobenthos were carried out. Three samplings were conducted in May, July, and September of 2018. There were 8, 6, 4, 6, 2, 3, 3, 3, 3, 3, and 1 sampling sites in Chagan Lake, Xinmiao Lake, Yueliang Lake, Etou Lake, Haernao Lake, Sihai Lake, Sanwang Lake, Qianzi Lake, Hongzi Lake, Zhenzi Lake, and Heiyu Lake, respectively (Figure 1). Within 100 m of the sampling sites, a Peterson sediment sampler (1/16 m2) was used to collect sediment samples, and a 425 μm sieve was used to filter the macrobenthos. The collected macrobenthos were fixed with 75% alcohol, observed identified, and counted through a microscope. The identification of the macrobenthos was performed to the species or genus level [35,36]. At the time of sampling, the aquatic vegetation conditions of the research lakes and sampling sites were recorded.



While collecting macrobenthos, we used the HANNA HI98194 (Hanna Instruments, Woonsocket, RI, United States) portable multi-parameter water quality analyzer to measure water temperature, water pH, dissolved oxygen, electrical conductivity, total dissolved solids, and salinity. At the same time, the water samples were collected, stored at low temperature, and transported back to the laboratory. The total phosphorous (TP), total nitrogen (TN), and ammonia nitrogen contents were measured in the laboratory, referring to the determination method in the Water and Wastewater Monitoring and Analysis Method (Fourth Edition) [37].




2.2. Site Classification


In order to construct the MMI, it was necessary to compare and screen biological indicators of macrobenthic communities in the lakes severely impaired by human disturbance with that of the reference lakes without human disturbance under similar habitat types [38]. However, due to the frequent occurrence of freshwater pollution in western Jilin Province, eutrophication is widespread, and there are no lakes that are truly not disturbed by humans. Therefore, in this study, the determination of reference lakes and impaired lakes is relative [16,24].



This study used the comprehensive trophic level index (TLI) as a tool to distinguish between impaired lakes and reference lakes, and divided the studied lakes into 3 groups according to their nutritional status [39]:




	
Impaired lakes: lakes with hyper-eutrophic conditions (TLI > 70).



	
Reference lakes: since lakes in this region are generally disturbed by human activities, it is difficult to find truly undisturbed lakes. Therefore, the lake with the lowest TLI index and the same number of research sites as impaired lakes was selected as the reference lake. It represents the lake with the least human disturbance in this region.



	
Intermediately impaired lakes: between the above two terms, these lakes are moderately affected by human disturbance.








The research sites in the reference lakes are the reference sites, and the research sites in the impaired lakes are the impaired sites (Figure 1).




2.3. Candidate Indicators


The first task of MMI construction was to determine the candidate macrobenthos biological indicators because they reflect the specific response of macrobenthic communities to human disturbance [19]. On the basis of domestic and foreign research and combined with the actual situation of the study region, we selected and calculated 58 candidate biological indicators [23,25,40,41,42]. These indicators were divided into 5 types:



Taxonomic richness: the number of various biological taxa [23], including the total number of taxa, the number of taxa of pollution tolerant, and pollution intolerant species.



Community structure composition: representing the relative abundance of various taxa of macrobenthos, such as percentage of Chironomidae representing the percentage of the number of Chironomidae to the total macrobenthos at each site, or percentage of dominant species representing the percentage of the number of dominant species (the species with the largest number at each site) to total macrobenthos at each site [19].



Biodiversity index: four kinds of diversity indexes were calculated, including Shannon–Wiener index, Margalef index, Pielou index, and Simpson index [43].



Pollution tolerance indicators: including the number of pollution-tolerant species and the percentage of pollution-intolerant species to the total (percentage of pollution-intolerant species). The species with pollution tolerance (“Monitoring map of benthic fauna in Liaohe River Basin”) value greater than 7 were considered to be pollution-tolerant macrobenthos, and rest were considered to be macrobenthos who were intolerant to pollution [25]. It also includes indicators related to the species sensitivity to pollution: biological monitoring working party (BMWP), which had been revised by Chinese researchers [27], and average score per taxon (ASPT) [44,45], as well as pollution tolerance indicators: family biotic index (FBI) and biotic index (BI) [46].



Feeding function group: macrobenthos were divided into five categories according to their different feeding habits, i.e., scrapers (SC), shredders (SH), collectors (GC), filter feeders (FC), and predators (PR). The proportion of each category to the total number of macrobenthos at each site was an indicator of the feeding function group, such as percentage of SC [19,47,48,49].




2.4. Screening of Candidate Indicators


It is important for the core indicators that make up the MMI to have the ability to distinguish between the impaired lakes and the reference lakes. Therefore, in order to filter the core indicators from the candidate indicators, we selected the following steps on the basis of previous studies [11,50]: (1) First, a normality test was performed for each indicator for the impaired lakes and the reference lakes, followed by a parametric test for the indicators that confirmed the normal distribution. Then, a non-parametric test was conducted for the indicators that did not confirm to the normal distribution. After the parametric/nonparametric test, the indicators with significant differences between reference lakes and impaired lakes were retained and screened in the next step. (2) Sensitivity analysis was carried out for the indicators with significant difference via box plot method. Interquartile range (IQ) overlap of the box plot was used to assess the sensitivity. The higher the IQ value between the impaired lakes and the reference lakes, the more sensitive the indicator, and the higher the ability to recognize human disturbance. This case was achieved:




	
If there was no overlap in the interquartile range, IQ = 3.



	
When there was a partial overlap but the median was outside others’ interquartile range, IQ = 2.



	
When there was only one median within others’ quartile range, IQ = 1.



	
When all medians were within the others’ quartile range, IQ = 0.








When IQ ≥ 2, the indicator was believed to have a higher ability to distinguish human disturbance with higher sensitivity [50]. Here, we should note that although the IQ value of some indicators meets the screening requirements, it may be because the data of the impaired lakes or the data of the reference lakes has too many 0 values. This means that although it meets the requirements from the perspective of indicators screening, it will lose the ability to distinguish between lakes and lakes or sites and sites in the subsequent calculations due to too many 0 values. Therefore, it is necessary to exclude indicators whose value of 0 accounts for more than one-third of all sites’ data (including impaired lakes, reference lakes, and intermediately impaired lakes) [51]. (3) The last step is to perform a correlation analysis between the remaining indicators to filter out redundant indicators. Spearman correlation analysis (2 indicators are not normally distributed) and Pearson correlation analysis (both indicators are normally distributed) is performed for each of the remaining indicators, using data from all points. If the correlation between the 2 indicators satisfies R > 0.8 and p < 0.05, it means that the 2 indicators are redundant, the stated function is repetitive, and thus the appropriate indicator is kept [52]. If 2 indicators are redundant, we should choose the remaining indicator according to the following criteria [19,51]: First, keep at least 1 indicator for each type to ensure that the biological index could reflect multiple ecosystem dimensions. Secondly, try to choose a set of indicators with lower correlation among the 2 sets of indicators. Finally, choose the indicator with a higher correlation with environmental factors (TLI). If an indicator is not significantly related to environmental factors, it can be directly excluded.




2.5. MMI Calculation


The final core indicator may contain multiple value ranges, which should be unified before calculation [19]. Due to the small study region and sample size, this study set the upper and lower anchor points as 25% and 75% of the value of reference point and the impaired point, respectively [53]. For the i-th index, we used its original value (Si), lower anchor (Li), and upper anchor (Ui) to calculate the score Mi for each site [40].



For indicators that decrease with increasing human disturbance, the 25th percentile value of the impaired point was taken for Li, and the 75th percentile value of the reference point was taken for Ui. The equation is as follows:


   M i  =    S i  −  L i     U i  −  L i     



(1)







For indicators with smaller human disturbance and lower value, the 75th percentile value of the impaired point was taken for Li, and the 25th percentile value of the reference point for Ui was taken. The equation is as follows:


   M i  =    L i  −  S i     L i  −  U i     



(2)







If the calculation result was lower than 0, the value was set to 0; if the calculation result was greater than 1, then the value was set to 1. The final MMI is the average of the calculation results of each core indicator at the site. The average of the scores of each indicator was taken at every site after reset to obtain the MMI value of site (MMIS). The average value of the MMI was calculated for all sites in each lake to obtain the MMI value of lake (MMIL).




2.6. Testing and Analysis of MMI


We chose a lake from the research lakes as the test lake. The process of constructing MMI does not include the test lake; after screening out the core indicators of MMI, the MMI value of the test lake and the other research lakes would be calculated. Through this way, the accuracy of the MMI can be tested.



After the MMI was calculated, the correlation analysis and linear regression analysis were carried out with the water environmental indicators to test whether there was any significant relation to the environmental indicators and whether the method was able to characterize human disturbance.



At the same time, we used geographic information software (ArcMap 10.5) to analyze land use types around research lakes, and we also preliminarily analyzed the relationship between land use type, aquatic vegetation coverage, water environment, and biological integrity.





3. Results


3.1. Selection of Metric and Calculation of MMI Results


A total of 1259 individual macrobenthos were collected in this study, all of which were identified at the species level, which included 3 phyla, 3 classes, 6 orders, 10 families, and 43 species [36,54]. The water quality test results showed that all lakes in the study region were eutrophic, as expected in the experiment (Appendix B). Among them, the trophic level of Sanwang Lake, Zhenzi Lake, Qianzi Lake, Heiyu Lake, and Hongzi Lake were hyper-eutrophic, and were categorized under impaired lakes. The remaining lakes were all light eutrophic, but the trophic level of Xinmiao Lake and Etou Lake were the lowest relative to this region (close to the mesotrophic state). According to the method, these two lakes should be reference lakes, but Xinmiao Lake receives the farmland recession flow in Qianguo Irrigation District all year round. Past studies have shown that the water quality of Xinmiao Lake is relatively poor, and the surrounding human activities are more frequent; thus, it cannot be selected as the reference lake [28,55]. Therefore, only Etou Lake was selected as the final reference lake. We chose Sanwang Lake among the impaired lakes as the test lake, which was randomly selected among the lakes with a relatively small number of sampling points but not the least. Therefore, Sanwang Lake was not considered in the subsequent screening process.



A total of 58 initial candidate indicators were selected (Appendix A). There were 22 sampling sites in the reference lakes and the impaired lakes. Because the number of sampling sites was less than 50, the Shapiro–Wilk test was selected for normality test. Then, an independent samples t-test was selected for parametric testing for the nine indicators that conform to the normal distribution, and the Mann–Whitney U test was selected for nonparametric testing for the 49 indicators that did not conform to the normal distribution. A total of 26 indicators with significant differences between the reference lakes and the impaired lakes were retained. The discrimination ability of these 26 indicators was analyzed, and 4 indicators with IQ < 2 were eliminated. Among the remaining 22 indicators, due to the number of Diptera taxa, percentage of Chironomidae, percentage of Diptera, and the other seven indicators having too many values of 0 (more than one-third of the data was 0), we eliminated them, as they had lost sufficient discrimination ability [51]. Then, through Spearman and Pearson correlation analysis, the two indicators with a correlation R > 0.8 (p < 0.05) were considered redundant [19], and only one of them was retained. Seven biological indicators, such as the number of pollution-intolerant species taxa, the number of Basommatophora taxa, Shannon–Wiener index, and BMWP index, were highly correlated with the total number of taxa. These indicators were excluded because the total number of taxa could display the most biological information and it was retained [23]. Since one indicator needed to be retained for each species, we excluded the percentage of dominant species that was highly correlated with the Simpson index. As the same type of index, percentage of pollution-intolerant species was highly correlated with the BI. Percentage of pollution-tolerant species was selected as the core indicator because it had a strong correlation with water environment indicators and could better represent the changes in water environment pollution. Under the same principle, two indicators of the number of Planorbidae taxa and ASPT index were eliminated because there was no significant correlation with the environmental factors. Therefore, the final MMI core indicators were as follows: the total number of taxa, Simpson index, percentage of Diptera + Mesogastropod, and percentage of pollution-tolerant species.



Finally, after resetting the index value and the calculated average value, we calculated the test lake in the same way. The calculation results of MMIS value ranged from 0 to 0.935, and the value of MMIL ranged from 0.121 to 0.866 (Appendix B). The final calculated MMI was divided into five quality levels as Table 1 [19]:




3.2. Correlation Between MMI and Environmental Indicators


Among all the sampling sites in this study, 10 sites (23.8%) were in a very poor state, 5 sites (11.9%) were in a poor state, and 12 sites (28.57%) were in a general state, 7 sites (16.67%) were in a good state, and 8 sites (19.05%) were in an excellent state (Figure 2). By calculating the average value of each site, we obtained the overall MMI of the 11 lakes investigated. There were two lakes with very poor ecological level, these being Hongzi Lake (0.19) and Qianzi Lake (0.11); four lakes with poor ecological level, these being Zhenzi Lake (0.22), Sihai Lake (0.26), and Heiyu Lake (0.36), with the calculation results showing that the test lake (Sanwang Lake: 0.26) was also at a poor ecological level; three lakes with general ecological level, these being Chagan Lake (0.52), Yuliang Lake (0.53), and Haernao Lake (0.50); only one lake with a good ecological level, this being Xinmiao Lake (0.73); and only one lake with excellent ecological level, this being Etou Lake (0.86). The box plot of the MMI calculation results (Figure 3) show that the MMI value discrimination ability of reference lakes, impaired lakes, and intermediately impaired lakes was obvious. It indicated that MMI could effectively represent the water environment condition of lakes and assess the ecosystem health of lakes.



The MMIL and the environmental indicators of the lake were analyzed comprehensively (Figure 4). As a reference lake, Etou Lake showed the best biological integrity in the western Jilin Province, followed by Xinmiao Lake, and the trophic level indicator (TLI) value, which was the lowest. The trophic level of Chagan Lake, Yueliang Lake, Xinmiao Lake, and Etou Lake were similar, but Chagan Lake, Yueliang Lake’s MMI value were significantly lower than Etou Lake and Xinmiao Lake. The MMI value of lakes such as Sihai Lake, Sanwang Lake, Zhenzi Lake, Heiyu Lake, Qianzi Lake, and Hongzi Lake were significantly lower than those of other lakes. At the same time, their TLI values were significantly higher than that of the other lakes. Qianzi Lake and Hongzi Lake both had much higher TN and TP contents than all other lakes, and their MMI values were also the lowest. Although Sihai Lake was considered an impaired lake, its TLI value was lower when compared to similar lakes, while the TN content was close to that of the impaired lakes.



The Spearman correlation analysis result of MMIS and TLI shows that it had a significant correlation (R = −0.69) with a high significance level (p < 0.05), and MMIS and TLI showed a negative significant correlation. MMIL and TLI also showed a significant correlation (R = −0.92), with high significance level (p < 0.05), and MMIL and TLI showed a negative significant correlation. The results of linear regression analysis showed that TLI changes could effectively and significantly explain the changes in MMIS (linear R2 = 0.539, p = 0.00) and MMIL (linear R2 = 0.706, p = 0.001) (Figure 5), which indicated that lake eutrophication has a significant impact on the macrobenthos biological integrity in lakes, and could explain the changes in MMI, whether at different site levels or at the lake level. Such results also showed that MMI could characterize the disturbance and influence of eutrophication on macrobenthos.





4. Discussion


4.1. Inspection of MMI


In this study, Sanwang Lake was selected as the test lake, which represented an experimental group. Although Sanwang Lake is an impaired lake according to the trophic level (TLI), it did not participate in the process of constructing MMI as an impaired lake. However, when calculating the final MMI value, Sanwang Lake was calculated in the same way, and the subsequent data analysis was performed as impaired lake.



Results of the analysis and calculations show that Sanwang lake was hyper-eutrophic, which was the same as other impaired lakes. In addition, the MMIS of the three sampling sites of Sanwang Lake were in poor or very poor ecological states. At the same time, its MMIL and the MMILs of Zhenzi Lake, Heiyu Lake, and Sihai Lake, which had similar TLI values, were in poor ecological state. From this aspect, it is verified that the MMI we constructed can characterize the ecological health of the lake.




4.2. Indicator Selection and MMI Application


The biological integrity of a site is inevitably affected by many factors, and the purpose of constructing MMI is also to reflect the impact of these factors as much as possible [56]. Therefore, it is necessary and recommended to retain each type of biological indicators to reflect the complexity of the macrobenthos community [19,51]. However, in the present research, due to the low discrimination of the feeding function group indicators, such indicators could not be used as the core indicators of MMI, and thus the final core indicators were only the other four categories. Although the feeding function group is a widely used indicator in the MMI assessment of rivers, it is much less used in the MMI construction of lakes [41]. The study by Miller et al. (2013) showed a significant correlation between feeding function indicators and lakeshore vegetation degradation [57]. Thus, in this study, the feeding function indicators were still considered because of their poor discrimination ability. Therefore, it was not involved in the construction of MMI. In other MMI studies, Ephemeroptera, Plecoptera, and Trichoptera have commonly used indicators of richness and community structure [50,58]. These macrobenthos are more sensitive. However, in this study, the researchers did not find these three orders. The possible reason is the different sampling method—the columnar sediment sampler was used in this study to collect and screen sediments, and few macrobenthos suspended in the water were collected. This is also the point that needs improvement in future studies.



With reference to similar research and analysis in other regions, the researchers of the present study did not find the core indicators for MMI construction to be exactly similar. Even in the Songhua River, which is very close to this study region [42], the final core indicators were not the same. This showed that not only the MMI of different regional characteristics remained different but also the MMI of lakes and rivers were different. The index of the total number of species taxa represents the most biological community information and is the most common indicator in all other studies [23,40,42,50,59], which was also adopted in this study. It can indeed be useful to distinguish impaired lakes from reference lakes, having integrity and good stability for the MMI construction. Percentage of Diptera + Mesogastropod is not a common indicator in other studies, which is the peculiarity of the current study region. The Diptera dominated by Chironomid species are pollution-tolerant species and the Mesogastropoda appearing in this study region were all pollution-tolerant species. The combined indicators of these two types of species can significantly distinguish local polluted lakes, thus indicating that eutrophication has various effects, not single or absolute effect, on macrobenthos [60].



In related studies conducted in Northeast China, although the MMI indicators were not the same, they all had similarities. As shown below. Lu et al. (2019) used four core indicators for MMI construction on the Wusuli River Wetland. The total number of taxa and percentage of Gastropoda were similar to the current indicators but Pielou index and Simpson index were connotatively different, which indicated the difference among the macrobenthic communities [40]. Wang et al. (2019) studied the total number of taxa in Songhua River and the percentage of pollution-intolerant species. These two indicators were similar to the current indicators used in the study. In addition to diversity indicators, BI was also used, which is the most commonly used water quality biological assessment index related to the pollution tolerance of macrobenthos. It not only considers the pollution tolerance of each species itself but also considers the number of species, which can more accurately determine the degree of water pollution [61]. The biggest difference between this study and the study by Wang et al. and Lu et al. is the method of sampling macrobenthos. Both studies used macrobenthos collected by D-shaped sweep net, and this is also an aspect that needs to be improved in our next research, that is, to compare and analyze the two sampling methods.




4.3. MMI Assessment Results


From the results reflected in Figure 5, we can see that the Etou Lake had the highest biological integrity (MMI) and the lowest eutrophication indicator (TLI) value, which is in line with the expectations. Etou Lake is a well-protected lake in the Momoge National Nature Reserve. The water ecosystem’s health is in an excellent state. Chagan Lake, Yueliang Lake, Xinmiao Lake, and Etou Lake were found to have almost the same level of eutrophication, which was verified in accordance with Frouin et al. (2000). Species richness of macrobenthos at oligotrophic status was not the best, but in terms of mesotrophic status it showed improvement, thus making the reference sample a reasonable choice for the current study [62]. The MMI value of Chagan Lake, Yueliang Lake, and Xinmiao Lake were significantly lower than those of the Etou Lake. This may have been due to the low vegetation coverage around Chagan Lake and Yueliang Lake in similar environments, which was also confirmed by scarce aquatic plants. Through field investigation in the study region, only Xinmiao Lake and Etou Lake had a large number of algae, while the algae were almost invisible in other lakes. This was consistent with the previous studies. In areas rich in aquatic plants, the biomass of macrobenthos is significantly higher than in areas where aquatic plants do not exist [63]. This indicates that MMI could characterize the disturbance of human activities to the ecosystem. The Momoge Wetland, where the Etou Lake is located, is a national nature reserve. Human cultivation and overgrazing caused serious impairment in this region. However, due to effective protection in recent years, its ecological environment has recovered well. Although from the perspective of trophic level, Etou Lake was not clearly distinguished from other lakes in the same area, the highest MMI value showed that its biological integrity was better than other lakes and the ecosystem was healthier. This may be related to the distribution of the surrounding wetlands. There are many aquatic plants, such as algae and reeds, which build an ecosystem with richer biodiversity and provide a better habitat for macrobenthos.



The MMI value of lakes such as Sihai Lake, Sanwang Lake, Zhenzi Lake, Heiyu Lake, Qianzi Lake, and Hongzi Lake were significantly lower than those of other lakes, and their TLIs were significantly higher compared to other lakes. The TLI of Sihai Lake was not much higher than that of the other lakes because the TP content of the lake was much lower than the other lakes, which were severely disturbed by human activities. However, its TN content was very high, which might be the reason behind its low biological integrity. Qianzi Lake and Hongzi Lake were the two lakes with extremely low biological integrity indexes. Although their TLIs were not significantly higher than those of other lakes severely disturbed by human activities, the TN concentration of Qianzi Lake was significantly higher than that of the other lakes. The TP concentration of Hongzi Lake was also the same—its content was several times high as compared to the lake with the second highest TP concentration. This abnormal water environment index was accompanied by extremely low MMI, which showed very high level of N and P pollution that also had a significant impact on lake macrobenthos, that is, the impact of human disturbance. At the same time, it also proved the research of Odountan et al. (2019) in that it is difficult for a single biological index and water quality physical and chemical index to effectively characterize the combination of multiple disturbances, and therefore the multi-scale method could better assess the ecosystem health [56].



In 2017, the Chinese government initiated the construction of the water supply project in western Jilin Province. The water from Songhuaj River, Nen River, Taoerhe River, and other rivers were introduced into the Chagan Lake ecological zone, Momoge ecological zone, Xianghai ecological zone, and Baluo Lake ecological zone where water resources are scarce and land salinization is serious. However, the project is currently not entirely completed. It can be seen from Figure 1 that the lakes in the study region are all connected by rivers or ditches, however, the impaired lakes’ ditches except that of Sihai Lake did not inject water when the ditches were completed. Therefore, it could be considered that good water circulation will alleviate the adverse effects of eutrophication caused by human activities.




4.4. The Relationship Between MMI Index and Land Use Types Around the Lakes


Among several lakes seriously affected by human disturbance, the MMI value of Sihai Lake, Sanwang Lake, Hongzi Lake, and Zhenzi Lake were similar, while that of Qianzi Lake was significantly lower. From the land use type around the lakes, we were able to see that the human activities around Sihai Lake, Sanwang Lake, Hongzi Lake, and Zhenzi Lake mainly consisted of cultivation and grazing, and there were no large-scale urban and industrial lands. Qianzi Lake is not only surrounded by agricultural land, but there are also four villages and one city. There are many types of urban land that may be the cause of this serious impairment to its ecosystem.



The MMIs and TLIs of Chagan Lake, Yueliang Lake, and Haernao Lake were all at the same level, which indicated that they were very similar in terms of either ecosystem health or water quality. However, Etou Lake and Xinmiao Lake, which had the same TLIs as Chagan Lake, Yueliang Lake, and Haernao Lake, had much higher MMI values and better biological integrity. For Etou Lake, this is because it is located in the core area of the Momoge Wetland, which is an experimental area in a national nature reserve with many wetlands and abundant aquatic plants. The surrounding land use types are wetlands and grasslands. Although the Etou Lake is slightly eutrophic, it still showed high biological integrity and a relatively healthy ecosystem. This indicates that the physical and chemical indicators alone are not sufficient to assess the health of the lake ecosystem. This is one aspect of the MMI that makes it better than other methods of assessment.





5. Conclusions


The research on MMI in the Northeast of China is still in its infancy. Therefore, such studies still need to be improved in terms of the method of collecting macrobenthic samples and improving the applicability of MMI. In the next step, we will explore more macrobenthos collection methods and tools, and try to find a more suitable method for our research region. Due to long-term human activities in the study region, it is difficult to find truly distributed lakes. Most lakes have a certain degree of nutrient enrichment. In the research of MMI around the world, the selected core indicators were different. The same core indicator system has not been found in different regions, and even the most commonly used total number of taxa and the number of EPT taxa were different. This study found that the biomass and diversity of macrobenthos in lake sediments dominated by fine sands and gravels were extremely low and the growth of aquatic vegetation had a positive impact on the biological integrity of macrobenthos. The above results show that a single chemical index or a single point of biological index cannot describe the health of the complex lake ecosystem, which is the superiority of MMI.



The research results showed that MMI could effectively characterize the impact of human disturbance on the macrobenthos community in lakes, thereby reflecting the health of the lake ecosystem, and the results of the test lake inspection MMI also confirmed this conclusion. The degradation of lake ecosystem is affected by many factors, including the surrounding land use type, growth of aquatic plants, and pollution caused by human activities. This study showed that the use of macrobenthos as an assessment tool could effectively assess the health of the lake ecology and identify the strength of human disturbance. However, it could not clearly show the degree of influence by a single factor. It is necessary to continue research in this direction in the future. We will also assess whether the MMI constructed in this study can be applied to lakes in nearby areas with similar geographic conditions, and further improve this model through the accumulation of more data.
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Appendix A


List of candidate indicators and the process of screening core indicators.





	
Metric Type

	
Candidate Metrics

	
Normal Distribution

	
Significant Difference

	
IQ

	
More than 1/3 Data were 0




	
Taxonomic richness

	
The total number of taxa

	
Non-normal

	
YES

	
3

	
NO




	
The number of pollution-intolerant species taxa

	
Non-normal

	
YES

	
3

	
NO




	
The number of pollution-tolerant species taxa

	
Non-normal

	
YES

	
3

	
NO




	
The number of Arthropoda taxa

	
Non-normal

	
YES

	
1

	
-




	
The number of Mollusca taxa

	
Normal

	
YES

	
3

	
NO




	
The number of Annelida taxa

	
Non-normal

	
NO

	
-

	
-




	
The number of Basommatophora taxa

	
Non-normal

	
YES

	
3

	
NO




	
The number of Haplotaxida taxa

	
Non-normal

	
NO

	
-

	
-




	
The number of Diptera taxa

	
Non-normal

	
YES

	
2

	
YES




	
The number of Heterostropha taxa

	
Non-normal

	
NO

	
-

	
-




	
The number of Mesogastropoda taxa

	
Non-normal

	
NO

	
-

	
-




	
The number of Planorbidae taxa

	
Non-normal

	
YES

	
3

	
NO




	
The number of Lymnaeidae taxa

	
Non-normal

	
YES

	
3

	
YES




	
The number of Chironomidae taxa

	
Non-normal

	
YES

	
3

	
YES




	
Community structure composition

	
% of Chironomidae

	
Non-normal

	
YES

	
3

	
YES




	
% of Lymnaeidae

	
Non-normal

	
YES

	
3

	
YES




	
% of Planorbidae

	
Non-normal

	
NO

	
-

	
-




	
% of Planorbidae + Tubificidae

	
Non-normal

	
NO

	
-

	
-




	
% of Planorbidae + Lymnaeidae

	
Non-normal

	
NO

	
-

	
-




	
% of Planorbidae + Chironomidae

	
Non-normal

	
NO

	
-

	
-




	
% of Planorbidae + Valvatatiea

	
Non-normal

	
NO

	
-

	
-




	
% of Haplotaxida

	
Non-normal

	
NO

	
-

	
-




	
% of Basommatophora

	
Non-normal

	
NO

	
-

	
-




	
% of Diptera

	
Non-normal

	
YES

	
3

	
YES




	
% of Heterostropha

	
Non-normal

	
NO

	
-

	
-




	
% of Mesogastropoda

	
Non-normal

	
NO

	
-

	
-




	
% of Basommatophora + Haplotaxida

	
Non-normal

	
NO

	
-

	
-




	
% of Basommatophora + Diptera

	
Non-normal

	
NO

	
-

	
-




	
% of Basommatophora + Mesogastropoda

	
Non-normal

	
NO

	
-

	
-




	
% of Basommatophora + Heterostropha

	
Non-normal

	
NO

	
-

	
-




	
% of Diptera + Mesogastropoda

	
Non-normal

	
YES

	
3

	
NO




	
% of Diptera + Heterostropha

	
Non-normal

	
NO

	
-

	
-




	
% of Gastropoda

	
Non-normal

	
NO

	
-

	
-




	
% of Oligochaeta

	
Non-normal

	
NO

	
-

	
-




	
% of Insecta

	
Non-normal

	
NO

	
-

	
-




	
% of Gastropoda + Oligochaeta

	
Non-normal

	
NO

	
-

	
-




	
% of Gastropoda + Insecta

	
Non-normal

	
NO

	
-

	
-




	
% of Oligochaeta + Insecta

	
Non-normal

	
NO

	
-

	
-




	
% of dominant species

	
Normal

	
YES

	
3

	
NO




	
Biodiversity index

	
Simpson index

	
Normal

	
YES

	
3

	
NO




	
Shannon–Wiener index

	
Normal

	
YES

	
3

	
NO




	
Pielou index

	
Normal

	
YES

	
1

	
-




	
Margalef index

	
Normal

	
YES

	
3

	
NO




	
Pollution tolerance indicators

	
% of pollution-intolerant species

	
Non-normal

	
YES

	
3

	
NO




	
Biological monitoring working party (BMWP)

	
Normal

	
YES

	
3

	
NO




	
Average score per taxon (ASPT)

	
Normal

	
YES

	
3

	
NO




	
Family biotic index (FBI)

	
Non-normal

	
NO

	
-

	
-




	
Biotic index (BI)

	
Normal

	
YES

	
3

	
NO




	
Feeding function groups

	
% of SC

	
Non-normal

	
NO

	
-

	
-




	
% of GC

	
Non-normal

	
YES

	
3

	
YES




	
% of FC

	
Non-normal

	
NO

	
-

	
-




	
% of PR

	
Non-normal

	
NO

	
-

	
-




	
% of SC + GC

	
Non-normal

	
YES

	
1

	
-




	
% of SC + FC

	
Non-normal

	
NO

	
-

	
-




	
% of SC + PR

	
Non-normal

	
NO

	
-

	
-




	
% of GC + FC

	
Non-normal

	
NO

	
-

	
-




	
% of GC + PR

	
Non-normal

	
NO

	
-

	
-




	
% of FC + PR

	
Non-normal

	
YES

	
1

	
-








Appendix B


Lake Information table.





	Lake
	Abbreviated Name
	Normal Acreage (km2)
	Depth (m)
	TLI
	Aquatic Plant
	MMI



	Etou Lake
	Et
	15
	2.1
	51.2
	Abundant
	0.86



	Haernao Lake
	Ha
	33
	3
	56.9
	None
	0.50



	Yueliang Lake
	Yue
	150
	2.4
	53.2
	None
	0.53



	Heiyu Lake
	Hei
	1.5
	1.8
	80.4
	None
	0.36



	Chagan Lake
	Cha
	307
	4
	54.6
	None
	0.52



	Xinmiao Lake
	Xin
	31
	2.2
	51.2
	Abundant
	0.73



	Hongzi Lake
	Hong
	18
	2.7
	84.3
	None
	0.19



	Qianzi Lake
	Qian
	2.4
	2
	82.9
	None
	0.11



	Zhenzi Lake
	Zhen
	3.7
	2.1
	76.4
	None
	0.22



	Sihai Lake
	Si
	9.5
	2
	62.4
	None
	0.26



	Sanwang Lake
	San
	4
	2.3
	76.1
	None
	0.26
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Figure 1. The study region location and sampling sites: the rhombus represents the reference lake sampling sites; the triangles represent the intermediately impaired lake sampling sites; the points represent the impaired lake sampling sites. The number beside the sampling sites represents the serial number of that point in the lake. 
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Figure 2. Quadrant diagram of the trophic level index (TLI) and multi-metric index (MMI) of the research site: the horizontal axis represents the TLI value, and the vertical axis represents the MMI value of site (MMIS). The name of black points shown is the abbreviation of the lake + site number. The abbreviation of the lakes’ name is shown in Appendix B. 
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Figure 3. Box plot of multi-metric index (MMI) discrimination ability among different lake types: the abscissa GOOD represents the reference lakes, MID represents the intermediately impaired lakes, and BAD represents the impaired lakes. The ordinate represents the MMIS value. 
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Figure 4. Comprehensive analysis of MMI value of lake (MMIL) and lake water quality indicators. The horizontal axis represents different research lakes; the y1 axis (starting from the lower x-axis) represents MMIL; the y2 axis (starting from the upper x-axis) represents trophic level index (TLI); the relative value of total nitrogen (TN) and total phosphorus (TP) were used to plot points and lines. 
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Figure 5. Scatter plot of fitted line: R2 represents the fitting degree between the point and the line (a) MMI value of site (MMIS) and TLI value, (b) MMI value of lake (MMIL) and TLI value. 
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Table 1. Lake ecological status level.
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	0–0.2
	0.2–0.4
	0.4–0.6
	0.6–0.8
	0.8–1.0





	Very poor
	Poor
	General
	Good
	Excellent
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