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Multi-metric indicators based on fish assemblages have been widely applied to assess aquatic ecosystem biotic integrity. However, many of these were not detailed or standardized in metrics selection and reference status for a reservoir ecosystem under the long-term effects of hydro-electrical dam development. This makes it very difficult to determine the reference status and metrics because fish assemblages have been affected by human activities such as large reservoir operations. Based on long-term fish assemblage data, there were significant differences in fish composition between backwater and reservoir areas 10 years after the Three Gorges Reservoir (TGR) formation in China. We conducted this study to develop a new fish index of biotic integrity (IBI) to evaluate a large river reservoir ecosystem based on long-term monitoring data by establishing subregional habitat reference and selecting sensitive and concise metrics. In the Three Gorges Reservoir, we found that: 1) dynamic change is an important feature of fish assemblages in a relatively dynamic state after a decade of intensive disturbance caused by reservoir operations; 2) reference conditions for the reservoir evaluation should be selected in different stages for two different ecological habitats (lotic backwater and lentic reservoir reaches); 3) two core metrics and five sensitive metrics were selected to reflect fish assemblage degradation based on long term observations; and 4) overall fish biological integrity is generally “fair-poor,” in the reservoir area it is “fair” and “poor,” and in the reservoir lotic backwater it is “fair.” The long-term effects of large canyon reservoirs on biological integrity require long-term observation, and reasonable recovery targets should be set at different stages in reservoir management. In this study, a new biological integrity index was developed to screen and evaluate the ecological status of a semi-artificial reservoir ecosystem. Our results support reservoir biologically integrated management and green sustainable development goals.
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1 INTRODUCTION
Reservoirs worldwide are increasingly being constructed. In China on 31 December 2011, there were more than 98,002 reservoirs, 46,758 hydropower dams, 268,476 sluices, and 2,685 rubber dams according to basic conditions of water structures (MWR&NBS, 2012). Hydropower development brings economic and social benefits but also causes various adverse effects on the ecological environment and fishery resources in river ecosystems (Baxter,1977; Han, 2010; Daufresne et al., 2015). The impact of dam construction on river systems has become one of six major reasons for freshwater ecosystem deterioration, the other five being respectively water pollution, invasion, habitat destruction, overfishing, and global climate change, respectively (Yang et al., 2020).
Natural hydrological conditions reflect the long-term stability pattern of native species’ adaptation to physical habitat, connectivity, and species interactions, shaping aquatic ecosystem structure and function (Vannote et al., 1980; Mims and olden, 2013; Herrera-Pérez et al., 2019). Maintaining natural river flow patterns along spatial and temporal gradients and biodiversity in well-maintained aquatic ecosystems is very important (Poff, 2018). However, operating high-water-level reservoirs has adverse potential effects on river ecology, aquatic organisms, and their life history stages in many ways (Hayes et al., 2019). For example, if river runoff alter during crucial periods (migration, spawning, and feeding) it may affect fish species’ life history (Mims and olden, 2013; Ru and Liu, 2013; Yang et al., 2018).
Biological integrity is the ability to support and maintain balanced, integrated, adaptive communities with species composition, diversity, and function comparable to that of the natural regional habitat (Karr, 1981). Aquatic ecosystems with biological integrity can withstand or rapidly recover from most perturbations imposed by natural environmental processes and survive many major human-induced disruptions (Simon, 1999). Aquatic ecosystems lacking biological integrity are often already degraded and further natural or human-induced events only accelerate the degradation (Karr et al., 1986). Briefly, biotic integrity is a feature of aquatic ecosystems where composition, structure, and function have not been adversely impaired by human activities.
After the first index of biotic integrity (IBI) was developed (Karr, 1981), a family of regionally adapted and calibrated, multi-metric indices have arisen (Simon, 1999; Zhu and Chang, 2008; Qadir and Malik, 2009). Fish assemblages have been used widely for a variety of ecotypes including streams (Karr et al., 1986), inland lakes (Simon and Lyons, 1995; Zhu and Chang, 2004), wetlands (Simon, 1999), and great lakes (Seegert, 2000). However, developing IBIs for large rivers has been considerably slower (Matthews and Marsh-Matthews, 2007). Representative sampling in a large river presents several unique problems that must be addressed before a general description of the ecological status of a large river basin can be attempted (Simon and Sanders, 1999). Reservoir ecosystems in large rivers are more difficult to describe because of human-induced changes, and most developing metrics are selected based on empirical judgment, making reasonable IBI development for large river reservoirs rudimentary (Simon and Sanders, 1999).
As the largest hydroelectric project in the world, the Three Gorges Reservoir (TGR) located in the upper Yangtze River has been in operation for 20 years since its first impoundment in 2003 and has achieved great benefits in power generation, flood control, and shipping. The Three Gorges Dam represented the apotheosis of environmental alteration of Asian rivers, the operation affected riverbed evolution, water resources, aquatic ecology, and water environments (Dudgeon, 2011). Among 162 native species of fish inhabiting the main channel of the upper Yangtze, 44 endemic species in the upper Yangtze River were extremely under serious threat of TGR via the modification and destruction of subterranean habitats (Park et al., 2003; Ye et al., 2011; Zhou et al., 2020).
Reservoir operation changes the physical aquatic habitat (water level, transparency, and temperature etc.), which affects fish’s natural breeding activities, especially in their early stages, was the main driver of the variation in fish assemblages’ structure, influencing fish resources and population structures to a certain extent, and will ultimately affect the reservoir and the whole river basin aquatic ecosystem structure and functional integrity (Silva-Sene et al., 2022). We hypothesized that: the Three Gorges Reservoir habitat rapidly formed the habitat differentiation after impoundment, and revealed 1) if the biological integrity has formed differentiation among different habitats; 2) if there was significant difference in the biological integrity in different sections of the same type habitat. Therefore, we conducted this study to develop a new fish IBI to evaluate a large river reservoir ecosystem based on long-term monitoring data by establishing subregional habitat reference and selecting sensitive and concise metrics.
2 MATERIALS AND METHODS
2.1 Study area
Yangtze River is the third longest river in the world with a watershed area of 1.8 million km2. The watershed has distinctive species richness and diversity, and comprises the largest component of China’s biological resources. The TGR is located at Sandouping Town, Hubei Provence, China, 40 km from Gezhouba Dam, which is a TGR flood-discharge reverse diversion dam. The TGR normal water level is 175.0 m, flood level, and the dead water level is 145.0 m. At the normal storage level of 175.00 m, TGR is 663 km long with an average surface width of 1.1 km, 1,084 km2 area, 39.3 billion m³ total capacity, and 22.15 billion m³ flood control capacity. The regulation performance is quarterly.
The TGR area has very abundant water resources, including more than 400 tributaries. There are 152 tributaries with a basin area >100 km2 in addition to the Jialing River and Wujiang River, and 19 of them are >1,000 km2. After the commissioning of the TGR, the natural reach of >600 km2 in the upper Yangtze River became a reservoir habitat, which changed from its original canyon torrent habitat to a complex gradient of flowing (riverine zone), slow-flowing (transitional zone) and static-water (lacustrine zone) from upstream to downstream. According to our previous study (Yang et al., 2020), five sections (from upstream to downstream, Jiangjin, Fuling, Yunyang, Wushan, and Zigui) were located along gradient environmental conditions through the TGR area including three different habitat types (Figure 1).
[image: Figure 1]FIGURE 1 | Five sampling sections in Three Gorges Reservoir watershed: from upstream to downstream: Jiangjin (JJ), Fuling (FL), Yunyang (YY), Wushan (WS), and Zigui (ZG).
Several notable events occurred during the construction and operation of the TGR Project (Figure 2): dam closure in November 1997, initial water storage of 135 m in June 2003, trial water storage of 175 m in December 2008, and relatively stable regulation from 2011 to now (Figure 3). After the TGR Project completion, Four cascade reservoirs (Xiangjiaba Dam in July 2014, Xiuluodu Dam in May 2014, Baihetan Dam in Juanuary 2020, and Wudongde Dam in September 2020) were built in the Jinsha River, in the upper reaches of the Yangtze River (Figure 2).
[image: Figure 2]FIGURE 2 | Notable events during Three Gorges Reservoir project construction and operation phases.
[image: Figure 3]FIGURE 3 | Water level of Three Gorges Reservoir in different water storage stages. Water level data were from Badong Hydrological Station (71 km from the Three Gorges Dam).
2.2 Fish sampling
Fish were collected from the TGR area in the 10 years from 2011 to 2020. Our investigation was carried out two times in spring (May-July) and autumn (September-December)c. Fish were caught using different samplers (fixed gill net, hook, and crayfish pot), depending on habitat type (rapids, pools, pits, covering big rock, gravel, and sand of bottom area and submerged vegetation). Generally, fixed gill nets with mesh sizes from 20 to 250 mm were set in deep-water areas. Bait hooks were used at different depths for different fish at different trophic levels. Crayfish pots were set in shallow water areas along the shoreline. Fish assemblages in river sections were sampled by a combination of day-and-night fishing (effort ≧500 m, sample until no new species were caught). All the fish were individually identified, measured (total length, body length, weight, and health condition) and classified into different ecological traits based on endemicity, flow preference, feeding habit, and spawning character (Park et al., 2003; Yang et al., 2020), including endemic fish species, eurytopic species, rheophilic species, carnivorous fish, omnivorous fish, herbivorous fish, phytoplanktivorous species, zoobenthivores species, fish species that spawn the drifting eggs, fish species that spawn the sticky demersal eggs. All sampled fish were checked and dissected to identify parasites and diseases.
2.3 IBI approach
A procedure was used to develop a new IBI for the TGR area after impoundment, which included the following steps: 1) the subregions evaluation of the TGR area based on fish assemblages’ analysis; 2) initial metrics selection around core metrics; 3) sensitive metrics analysis; 4) interpretation of IBI results. Initial metrics come from preliminary IBI metrics (Zhu and Chang, 2008) and expert consultation. Expert consultation was conducted three times during 2020–2021, experts give proposed candidate metrics based on ecological traits related to the TGR habitat, and finally decide initial metrics after three rounds of expert evaluation and scoring. Sensitive metrics were determined by statistical analysis (Fore et al., 1994) around the core metrics. To maintain reservoir ecosystem sustainability and biological integrity is the key protection objectives, it is necessary to maximize endemic species biodiversity and prevent alien species establishment and spread (Yang et al., 2021). Therefore, reservoir habitat core metrics were developed based on key protection objectives. The biological integrity is classified as five grades: if IBI value is ≥95% quantile of all the IBI values, biological integrity was “Excellent”; if IBI is between 0% and 95% quantile, it is divided into 4 equal segments, and their biological integrity are “Good,” “Fair,” “Poor,” and “Very poor,” respectively. Reference condition is critical to assess the biological integrity of the aquatic ecosystem. The regional-based reference condition can be derived from an aggregate of reference sites or an empirical expectations model that may include knowledge of the historical condition or extrapolated from ecological principles (Karr et al., 1986). Reference condition also represents the best physical, chemical, and biological conditions attainably. A regional-based reference is preferred over site-specific references for broader applications in evaluation programs. The reservoir ecosystem is constantly changing and cannot return to pre-dam conditions because the physical characteristics of the river habitats have been completely altered. To determine reference ecosystem status (i.e., pre-dam conditions or existing best state possible), referring to preliminary studies (Zhu and Chang, 2008; Yang et al., 2020) and relevant literature (Loures and Pompeu, 2019). In this study, reference conditions based on subregions were derived from a relatively stable conditions (similarity fish assemblages between sampling sites less than 5%) after the TGR operation of 175 m, and both of reference value and current value of all the selected metrics were calculated, respectively, these values (between 0 and 1) were the proportion of metrics in total native species sampled in subregion or each section.
2.4 Statistical analysis
Based on the 10-year fish assemblage data collected from five sampling sections, 50 samples were analyzed using Cluster Analysis (CA) based on the Bray-Curtis similarity matrix (Gorley and Clarke, 2006) to determine the potential spatial and temporal classification of fish assemblage. Percentage Similarity Analysis (SIMPER) was used to analyze community differences between different contributing species (Clarke, 1993). To avoid overcalculating some metric weights, those metrics with high auto-correlation were excluded using Pearson Correlation Analysis (PCCs, the correlation r always falls between −1 and 1, when |r| is 0.8–1.0, very strong correlation; |r| = 0.6–0.8 strong correlation; |r| is 0.4–0.6, moderate correlation; |r| is 0.2–0.4, weak correlation; 0.0–0.2, very weak or no correlation) (Swinscow and Campbell, 2002; Hering et al., 2006). Principal Component Analysis (PCA) was used to determine the contribution of metrics to the TGR inter-annual IBI scores. CA, SIMPER, PCCs, and PCA and were conducted using PRIMER-E (Version 6) (Anderson et al., 2008; Hennig, 2008).
3 RESULTS
3.1 Fish assemblages
The original presence/absence of species are shown in Supplementary Table S1). From 2011 to 2020 there were 97 species collected in five sampling sections of the TGR watershed and from upstream to downstream these are Jiangjin (JJ), Fuling (FL), Yunyang (YY), Wushan (WS), and Zigui (ZG). The Cluster Analysis (CA) revealed two clusters on the level of 52.2% similarity: ZG-WS-YY and FL-JJ. These two clusters corresponded to two different subregional areas: upstream (the backwater area) and downstream (the reservoir area) and suggest compositional differences in fish species (Figure 4). Temporally, the five river sections changed significantly since 2014 after first 175 m water storage in TGR in 2009.
[image: Figure 4]FIGURE 4 | Fish assemblage Cluster Analysis (CA) dendrogram. Blue cross represent Group1 and green triangles Group 2. JJ- Jiangjin, FL- Fuling, YY- Yunyang, WS- Wushan, and ZG- Zigui.
SIMPER results showed the percentage similarity and the difference between the two groups and suggested that yearly differences were due to the contributions of rheophilic species (Table 1). The results also indicate that a brief list of the topmost contributing species in the groups are Gobiobotia (Gobiobotia) filifer (Garman), Jinshaia sinensis (Sauvage et Dabry), Lepturichthys fimbriata (Günther), and Liobagrus marginatus (Bleeker) based on their contributions.
TABLE 1 | SIMPER analysis of differential contributions of species for the two-group result.
[image: Table 1]3.2 New multi-metrics index
Based on expert recommendation and preliminary studies (Zhu and Chang, 2008; Yang et al., 2020), 11 initial metrics was selected, and endemic and exotic species were select as core metrics in the reservoir habitat (Table 2). These selected 11 primary candidate metrics belong to species tolerance on habitat alteration, trophic composition and breeding strategies.
TABLE 2 | Attributes of 11 initial metrics and their response to environmental stresses.
[image: Table 2]Based on the results of the TGR fish assemblage analysis (Figure 4) and the dam construction timeline (Figure 2), the TGR habitat differ into two subregional areas and entered a relatively stable fish assemblage stage after 2014. We then calculated the reference value for the integration of all species presence during 2014–2020 (Table 3).
TABLE 3 | Reference values of each metrics in the two subregional areas (upstream and downstream in the reservoir basin).
[image: Table 3]3.3 TGR sensitive metrics selection and determination
Analysis of the TGR interference-response relationships was conducted by comparing the reference values and current values of the 11 initial indicators in the downstream and upstream of the Three Gorges Reservoir. Metrics sensitivity analysis (Figure 5) excluded three variables including Proportion of eurytopic species (ES), Proportion of Omnivorous fish species (OF), and Proportion of Herbivorous fish species (HF), eight metrics with a more significant response to reservoir operation interference were retained (Table 4).
[image: Figure 5]FIGURE 5 | Box-and Whisker plots of 11 initial metrics using reference and current values in two subregions. All the value are calculated by their proportion (0–1) in native species sample in each section. (A) Downstream region in the TGR (B) Upstream region in the TGR. In box plots of 11 metrics, the sign × indicate the average value, the solid line indicates the median, borders of the box indicate the 25% and 75% percentiles, and the extremities indicate minimum and maximum, respectively. EXS, Proportion of exotic species; ENS, Proportion of endemic fish species in the upper Yangtze River; ES, Proportion of eurytopic species; RS, Proportion of Rheophilic species; CF, Proportion of Carnivorous fish species; OF, Proportion of Omnivorous fish species; HF, Proportion of Herbivorous fish species; FSZ-Proportion of fish species of Zoobenthivores; FSP, Proportion of fish species Phytoplanktivorous; FSSD, Proportion of fish species spawning drifting eggs; FSSDE, Proportion of fish species spawning sinking eggs.
TABLE 4 | Pearson correlations for 8 sensitive metrics.
[image: Table 4]The Pearson Correlation Analysis results showed a very strong correlation (r = −0.959, when |r | is 0.8–1.0, very strong correlation) between the Proportion of fish species spawning drifting eggs (FSSD) and the Proportion of fish species spawning sinking eggs (FSSDE), so one of these two metrics need to be excluded. Because FSSD also had a weak correlation with the two-core metrics (EXS, r = −.246, ENS, r = 0.234; when |r| is 0.2–0.4, weak correlation), it was excluded, and seven metrics were selected for the TGR (Table 4).
3.4 Temporal and spatial variation of the biological integrity
A total of 7 metrics were selected (Table 4) and accumulated to obtain a total IBI value between 0 and 7, it was divided equally into five grades: “Excellent” (6.65–7), “Good” (4.98–6.64), “Fair” (3.32–4.97), “Poor” (1.56–3.31), and “Very poor” (0–1.55), respectively. Subregional area comparisons and interannual variations in IBI were calculated in a 10-year period of each river section. IBI for the upstream flowing section (above Fuling) was clearly higher than for the downstream reservoir area (below Fuling) (Figure 6).
[image: Figure 6]FIGURE 6 | Comparison of IBI scores in two TGR subregional areas (upstream refers to the backwater reach and downstream refers to the reservoir reach). In the box plots, the sign × indicate the average value, the solid line in the box indicates the median, borders of the box indicate the 25% and 75% percentiles, and the extremities indicate minimum and maximum, respectively.
The IBI of each section was between 2.88 and 5.14 in the 10-year period (2011–2020), about 82% of the 50 sample evaluations were “general,” 16% were “poor,” and overall, biological integrity of most of the TGR was “fair-poor.” The inter-annual IBI scores during the 10-year period fluctuated (Figure 7), and the Jiangjin (JJ) sections in the TGR backwater area showed a downward trend.
[image: Figure 7]FIGURE 7 | Temporal and spatial IBI scores and biological integrity in each section of TGR during 2011–2020. Columns represent IBI values in each section, dashed lines represent the temporal variation of IBI values in a section, and our green parallel solid lines (they are 6.65, 4.98, 3.32, and 1.56 of IBI values, respectively) divide the biological integrity into five classes represent five biological integrity grades.
PCA result explained the contribution of metrics to annual IBI scores (Figure 8), the two axes explained 89.6% of the total variation (PC1 = 74.1%, PC2 = 15.5%), and the top three metrics in terms of contribution to IBI scoring were the proportion of endemic fish species in the upper Yangtze River (ENS), the proportion of fish species Phytoplanktivorous (FSP) and the proportion of Rheophilic species (RF). Among them, native species conservation is still important and exotic species must be addressed because of the flowing habitat loss after reservoir formation and 175 m water level storage.
[image: Figure 8]FIGURE 8 | PCA analysis indicate the rank of 7 metrics in terms of their contributions to IBI scores. EXS, Proportion of exotic species; ENS, Proportion of endemic fish species in the upper Yangtze River; RS, Proportion of Rheophilic species; CF-Proportion of Carnivorous fish species; FSZ, Proportion of fish species of Zoobenthivores; FSP, Proportion of fish species Phytoplanktivorous; FSSDE, Proportion of fish species spawning sinking eggs.
4 DISCUSSIONS
4.1 Fish assemblages and subregional evaluation
Generally, in impounded riverine systems fish assemblages differ from those in natural ecosystems because of habitat modifications that may reduce native species abundance and restructure communities (Xie et al., 2018). When a reservoir was formed, the lotic habitat over the dam became a semi-natural habitat, and distribution characteristics and ecological types of fish assemblages changed gradually (Gao et al., 2010; Agostinho et al., 2016; Li et al., 2020). Consequently, rheophilic species which rely on running water to complete their life history declined, especially the drifting-egg-spawning species (Agostinho et al., 2016; Yang et al., 2021). It is unknown for how long the variation in the fish assemblages’ composition and structure will be relatively stable after reservoir impoundment (Stein et al., 1995; Havel et al., 2005). Fish assemblage structure was still dynamic in reservoirs even over 28 years period (Loures and Pompeu, 2019), but a reservoir fish assemblage was observed relatively stable across 43 years’ changes (Gido et al., 2000). Yang et al. (2021) found that TGR fish assemblages changed distinctly after 175 m reservoir impoundments in 2009, but fish assemblages have entered a relatively stable period from 2014 even under the cumulative effects of two cascade reservoirs (Xiangjiaba Dam in July 2014 and Xiuluodu Dam in May 2014) built in the upper Jinsha River. Generally, there are three zones (lotic, transitional, and lentic habitat) along the longitudinal axis in a large reservoir (Thornton, 1990; Baumgartner et al., 2017), but when we looked at fish assemblage compositional similarity, two subregions were optimum for evaluating TGR biological integrity. Loures and Pompeu (2019) also found fish diversity varied in both lotic and lentic environments along a reservoir cascade.
4.2 Sampling methods and approaches for estimating fish assemblages
Sufficient sampling effort is key to estimate species richness and yield accurate data about the ecological condition of river sites (Hughes et al., 2021). A basic premise of IBI is that the entire fish fauna has been sampled in its true relative abundances without bias towards taxa or the size of rivers (Karr, 1981). Attaining this premise may be possible in wadable streams but it is very difficult and perhaps, even impossible in large rivers. In the last century, investigators already found that electrofishing is the best single-equipment approach (Ohio EPA, 1987; Fore et al., 1994; Simon and Sanders, 1999). It is equally effective at both high- and low-quality sampling sites and there is no bias regarding species richness or size. The second approach is to use multiple types of equipment. Such differences in guilds collected by the different gears indicate that combined methods are needed to make assessments in large river (Seegert, 2000; Goffaux et al., 2004). Catch rates in medium-large rivers are typically 2–3 times higher at night, and as much as 10-fold higher for some species (Simon and Sanders, 1999), and observed species richness is at least partially determined by sampling effort and site length (Smith and Jones, 2005; de Freitas Terra et al., 2013; Archdeacon et al., 2020). So large river sites should be sampled by a combination of night electrofishing (effort ≧500 m) and seining (sample until no new species are being collected). However, electrofishing is illegal in China, so we used fixed gill nets with mesh sizes from 20 to 250 mm set in deep-water areas, and baited hooks at different depths for different fish, and crayfish pots set in shallow water for 12 h overnight. Based on field experience, catch rates in medium to large rivers are typically twice-thrice higher at night, and as much as 10-fold higher for some species. Species richness is also higher at night (Simon and Sanders, 1999).
4.3 Ecological significance of metrics and reference status
The use of statistical methods to predict species occurrence or distribution is becoming an important tool in conservation planning and wildlife development (Pearce and Ferrier, 2000). In this study, we use statistical analysis to develop an adaptive IBI based on long-term fish assemblage data and expert consultation. Seven sensitive metrics were selected to describe the canyon reservoir’s biological integrity, and the two core metrics are endemic species and exotic species. Species and distribution will decline with the development of cascades (Li et al., 2020), and the effect increased non-native species from the upmost stream to the down most stream (Silva-sene et al., 2022). The risk of the exotic species on occupying the ecological niche of native fish species was reported a lot (Diamond and Serveiss, 2001; Park et al., 2003; Winters and Budy, 2015; Xiong et al., 2018; Liao et al., 2020), it also has been becoming a main ecological risk in TGR, so exotic species was chosen as one of two core metrics. During 2020–2021, 18 exotic species were sampled in TGR, and among them, five exotic species’ larvae have been found, which has proved that they can already complete their life history in the reservoir area. Compared with 12-metric IBI in Upper Yangtze River (Zhu and Chang, 2008), the performance of this new index provides more key information about fish assemblages variation under reservoir operation pressure. Expert consultation also explained the meaning of the seven metrics from an ecological principle’s perspective. Furthermore, we also demonstrated those metrics’ specific responses to different stressors, particularly in the multiple cascades reservoirs, which showed: 1) endemic fish species, as well as rheophilic, zoobenthivore, and phytobenthivore species, are easily affected by upstream cascade reservoirs, and 2) the longitudinal cascade reservoirs and the proximity of the downstream reservoir and upstream dam have cumulative effects on fish species composition for the increased habitat fragmentation. In this study, fish assemblages during 2014–2020 were combined as the reference, which was also the best existing condition after TGR construction and 175 m water storage in TGR area.
4.4 Temporal and spatial changes in TGR biological integrity
From fish assemblage changes and biological integrity evaluations, it appears that the biotic integrity has become relatively stable over the 10 years of TGR 175 m water storage, but two distinct ecological groups have differentiated in the upstream and downstream areas, which are strongly associated with reservoir habitat differentiation and river habitat loss (Mims and Olden, 2013). The fish assemblages’ structure and spatial gradients of diversity in a large tropical reservoir are completely different before and after dam construction (Sandhya et al., 2019). Reservoir operation will significantly change the hydrological pattern, and it affected the upstream river section more seriously than downstream (Han, 2010). According to our results in this study, even under the cumulative effects of Four cascade reservoirs (Location in Figure 1, Xiluodu Dam and Xiangjiaba Dam built in 2014, Baihetan Dam and Wudongde Dam built in 2020.) in Jinsha River of the upper Yangtze River, the biological integrity of TGR was less variable and relatively stable. We concluded that these results may be related to the retention of a free reach of 353.16 km long, which was the National Nature Reserve for rare and endemic fish in the upper reaches of the Yangtze River (Figure 1, NNR), strict management measures have been implemented. Although the free-flowing river section has changed to different degrees in the runoff, flow, and water level process of the aspects of the hydrological potential, it still retains the basic properties of the flowing river in the upstream of backwater area (Poff et al., 1997; Wang et al., 2013; Poff, 2018). Therefore, to prevent the ecological condition of the reservoir from deteriorating further, it is necessary to maintain a long enough flowing section in the reservoir without new hydropower development in the mainstream and tributaries of TGR, even removing the obstacles on some tributaries, while simulating suitable downstream hydrological conditions for natural fish breeding through reservoir operation.
5 CONCLUSION
In this study, a solution to provide more accurate and concise ecosystem information was proposed that could be used in different scenarios for addressing how to accurately assess the effects of human activities and natural succession on aquatic ecosystems of canyon reservoirs.
Presently, China is currently implementing aquatic ecological protection policies at the national level (Article 41, Law of the People’s Republic of China on Yangtze River Protection, implementation time from March 01, 2021), and to achieve these technical guidelines must first be established. Our study provides a new biological integrity index for semi-artificial reservoir ecosystems by connecting biodiversity science to the policy agenda. This index will be a national application as United Nations Environment Programme World Conservation Monitoring Centre and Luc Hoffmann Institute (2020) and Soto-Navarro et al. (2021) multidimensional biodiversity index.
(1) Through long-term data analysis of fish assemblage structure and composition after reservoir operation, we assessed the operation effects in reservoir habitats. The structure of fish assemblages have been changed, for example, the total number of native species declined and exotic species increased, these responses are selected as core metrics of TGR evaluation.
(2) Based on fish assemblages in TGR, adaptive and sensitive metrics are selected around two core metrics of the TGR ecosystem from candidate metrics by removing redundant information using statistical analysis. A more concise and scientific evaluation Index is suitable for the accurate evaluation of the reservoir status by subdividing the lotic and lentic reach and selecting the appropriate reference status for reservoir evaluation.
(3) Through communication among policymakers, researchers, and the public (Miranda and DeVries, 1996), a balanced and inspiring reference system should be chosen. There is generally a negative attitude toward whether the reservoir ecosystem can be fully recovered to pre-dam conditions after ecological restoration. In this study, we found that 2014–2020 is a relatively stable period after impoundment, so the fish assemblages combined during 2014–2020 was used as the reference value, which is more helpful for the attainment of sustainable development.
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Lepturichthys fimbriata (Giinther) 0.00 095 253 7.77
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Pappenheim
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“Correlation s significant at 0.05 (2-tailed). EXS, Proportion of exatic species; ENS, Proportion of endemic fish species in the upper Yangtze River; RS, Proportion of Rheophilic species; CF-Proportion
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Downstream 0 016 057 047 024 014 010 049 017 039 058

Upstream 0 022 046 054 022 012 011 048 020 035 061

EXS, Proportion of exotic species; ENS, Proportion of endemic fish species in the upper Yangtze River; ES, Proportion of eurytopic species; RS, Proportion of Rheophilic species; CF, Proportion of
Carnivorous fish species; OF, Proportion of Omnivorous fish species; HF, Proportion of Herbivorous fish species; FSZ, Proportion of fish species of Zoobenthivores; FSP, Proportion of fish species
Phytoplanktivorous; FSSD, Proportion of fish species spawning drifting eggs; FSSDE, Proportion of fish species spawning sinking esgs. The values in bold indicate strong correlation.
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