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Abstract

:

Indices of biotic integrity (IBIs) are widely used to assess aquatic ecosystem health. However, there are few studies on their relationships. Based on fish, macroinvertebrate and plankton survey data collected in the Ganjiang River system from 2016 to 2017, redundancy analysis (RDA) and canonical correspondence analysis (CCA) were used to analyze how the community structures of these organisms respond to environmental variables. The fish IBI (F-IBI), benthic macroinvertebrate IBI (B-IBI), and phytoplankton IBI (P-IBI) were applied to evaluate the health status of the aquatic ecosystem. A Kruskal–Wallis test (p < 0.05) and Spearman’s correlation coefficient analysis were performed to evaluate the spatiotemporal heterogeneity of the results. Our results suggested that the F-IBI-, B-IBI-, and P-IBI-based assessments indicated good, fair, and healthy Ganjiang River system ecosystem health statuses, respectively, and significant differences existed among these indices (p < 0.05). The main environmental factors affecting F-IBI, B-IBI, and P-IBI were different. At the temporal scale, the F-IBI and B-IBI were stable, while the P-IBI fluctuated obviously. The consistency between the F-IBI and B-IBI results was better than that between each of these indices and the P-IBI results, and the consistency was better on a larger scale. These research results show that comprehensive assessments based on multiple groups rather than a single group can better characterize the impacts of environmental pressures on water ecosystems.
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1. Introduction


Freshwater, the lifeblood of human existence, has no substitute. However, in recent decades, human activities have caused rapid declines in the biodiversity of freshwater ecosystems [1] and have introduced serious environmental and social problems [2,3,4]. Under these circumstances, systematic assessments of the health of freshwater ecosystems are urgently needed for sustainable ecological restoration and management [5,6,7].



The implementation of river health assessments began in Europe at the end of the 19th century, and they were initially focused on physical and chemical indicators [8,9]. However, biological indices have been more widely used because they can reduce the effort and cost of data collection and more accurately and completely reflect the health status of the system and the intensity of disturbances. Researchers have reported numerous experiences in developing multimetric indices based on different biological groups [10] over the years and throughout the world. For example, fish-based indices include the preliminary reservoir fish assemblage index (RFAI) [11], the regional pressure index (RPI) [12], and the Ohio River Fish Index (ORFIn) [13]; macroinvertebrate-based indices include the Indice Biotique Macroinvertébrés de Guyane (IBMG) [14], the Semi-quantitative Multimetric Index (SMI) [15], the multimetric index (I2M2) [16], the phytoplankton-based indices Phytoplankton Index of Biotic Integrity (P-IBI) [17], new multimetric Index [18], and Index of Size spectra Sensitivity of Phytoplankton (ISS-Phyto) [19]. Most of these indicators are targeted at specific regions and based on a single biological group, while lacking in an overall evaluation of the ecosystem, which may ignore the multiple sources of environmental pressure.



The index of biotic integrity (IBI), proposed by Karr [20], breaks through the limitation of evaluating the water environment quality by using a single biological index or a single biological group and can better reflect the river health status from an ecosystem perspective [21]. This index reflects the health status of an ecosystem by comparing the differences between selected measured biological parameter values and the standard values. As this research has progressed, this method has been extensively employed to include various groups in aquatic ecosystems, including fishes [22,23,24], periphytic algae [25], phytoplankton [26,27], zooplankton [28], benthic macroinvertebrates [29], microorganisms [30], vegetation [31], and aquatic insects [32]. Among these organisms, the three most commonly researched indicator elements are fishes, benthic macroinvertebrates, and phytoplankton.



Fish are usually long-lived and widely distributed, and they can reflect aquatic ecosystem information at the watershed scale and are good indicators of hydromorphological degradation and the connectivity of river systems on a larger scale. Fish have obvious morphological characteristics that enable their identification, also making them a good research object [33]. Benthic macroinvertebrates, the consumers of aquatic ecosystems, play important roles in material circulation and energy flow. Macroinvertebrates or benthic invertebrates are good indicators of hydromorphological degradation and pollution with quickly degradable (decaying) organic matter. Moreover, their high species diversity and weak migration ability enable them to reflect long-term environmental changes, making them the most widely used bioindicators [34]. Phytoplankton, the primary producers of aquatic ecosystems, form the bottom of the food chain and can efficiently respond to environmental changes; these species are especially sensitive to nitrogen and phosphorus changes [27]. The phytoplankton community is a good indicator of pollution with nutrients (nitrogen and phosphorous) in standing waters. Although phytoplankton have not been as widely applied as fish or benthic macroinvertebrates, they are still very promising bioindicators.



In previous studies, the IBI evaluation results obtained based on different groups have often shown inconsistencies in the same study area [35]. The application of IBIs often focuses on a single biological group. Under these research conditions, changes in some biological ecosystem conditions and the sources of environmental pressures that interfere with specific groups may be ignored. Nevertheless, only a few studies simultaneously based on different groups have been reported thus far [36,37]. To our knowledge, researchers have not reached a unified conclusion about the regularity of IBI evaluation results obtained based on different groups [38,39,40]. Studies of multiple groups can more comprehensively reflect the health status of aquatic ecosystems and provide guidance regarding the applicability of different methods.



The Ganjiang River provides the largest inflow to Poyang Lake (the largest freshwater lake in China) and the seventh-largest tributary of the Yangtze River [41]. The Ganjiang River has many tributaries and contains abundant aquatic organism resources. Aquatic organism surveys conducted since the 1950s have shown that with the development of the economy, human activities such as pollutant discharge, dam construction, sand mining, and urbanization have seriously damaged the habitats of aquatic organisms in this region, resulting in a reduction in diversity and the continuous deterioration of the ecological environment [42,43]. However, environmental protection measures have also been implemented in this area for many years. Health assessments of the Ganjiang River system play a significant role in maintaining and replenishing aquatic organism resources and environmental management in Poyang Lake and the Yangtze River [44].



The present work investigated the spatial and temporal variations in the abundance and composition patterns of fishes, benthic macroinvertebrates, and phytoplankton in the Ganjiang River system; analyzed the main environmental factors affecting the community structures of these three communities (fish, benthic macroinvertebrate, and phytoplankton communities); developed a fish index of biotic integrity (F-IBI), a benthic macroinvertebrate index of biotic integrity (B-IBI), and a phytoplankton index of biotic integrity (P-IBI) through a unified method and assessed the ecosystem health. We expected to verify that biological integrity is related to community structure and environmental factors, and that there is a regular pattern in the temporal and spatial heterogeneity of IBIs.




2. Materials and Methods


2.1. Study Area


The Ganjiang River system (24°29′ N–29°11′ N, 113°30′ E–116°40′ E; Figure 1) is located on the south bank of the middle and lower sections of the Yangtze River, covering a total catchment area of 82,809 km2 and accounting for 51% of the territory in Jiangxi Province in central China. The river originates in Shiliaodong in the Wuyi Mountains and drains over a total length of 823 km. The Ganjiang River system lies within a mid-subtropical humid climate zone with abundant rainfall; the annual precipitation averages approximately 1580 mm, and the inflow is recharged primarily by precipitation. The hypsography is high in the south and low-lying in the north, and the study area is primarily covered by hills.




2.2. Field Surveys and Environmental Variable Measurements


In this study, 27 fish sampling sites, 42 benthic macroinvertebrate sampling sites, and 45 phytoplankton sampling sites were selected based on the uniform grid method as accessibility allowed (Figure 1). The samples were collected quarterly in September–October (autumn) 2016, December–January (winter) 2016, March–April (spring) 2017, and July August (summer) 2017.



Fish sampling: In streams where humans can wade, an electrofisher was used for sampling, and a block was placed 10–15 m downstream for collection [38,45,46,47]. For river segments with depths greater than 1.5 m, gill nets were used for fishing [33]. In general, 1 or 2 replicates were collected for each river segment. All the fish were enumerated and identified to the species level.



Benthic macroinvertebrate sampling: A Peterson sediment sampler (0.025 m2) was used for quantitative sampling, and each site was collected 3–5 times [37,48,49,50]. Each sample was sieved on a 0.45 mm screen, sorted, enumerated, and identified to the lowest possible taxon (usually species or genus).



Phytoplankton sampling: Water samples were collected at the surface (0.5 m below the surface) using a 5 L water sampler and fixed with 15 mL of acid Lugol’s solution in situ [51,52,53]. After 48 h of sample resting, each sample was concentrated to 50 mL by siphon, and 4% formaldehyde solution was added for permanent storage [27,54]. Phytoplankton were enumerated and identified to the lowest possible taxon with the microscope.



Geographical information was collected with a global positioning system (GPS) portable orientation device (Garmin, China). The physicochemical properties of the water, including the water temperature (WT), pH, dissolved oxygen (DO), and conductivity (Cond), were measured with a multiparameter water quality detector (YSI Pro Plus, USA). Water samples were collected 0.5 m below the water level and transported to the laboratory to analyze the chemical permanganate index (CODMn), biochemical oxygen demand (BOD), dichromate oxidizability (CODCr), ammonia-nitrogen concentration (NH3-N), and total phosphorus (TP) concentration. All these parameters were measured according to the Environmental Quality Standards for Surface Water in China (4th edition).




2.3. Development of F-IBI, B-IBI, and P-IBI


2.3.1. Selection of Reference Sites


The study sites were classified into reference sites and impaired sites to develop the IBIs. In reference to previous research methods [45,50,53], for all three groups at each site, each season, the reference sites of the were distinguished based on the following principles: (1) Shannon–Wiener index (H’) ≥ 2; and (2) all the water quality indices based on chemical–physical parameters (see Section 2.2) had values above class II, according to the national Environmental Quality Standards for Surface Water (GB3838–2002, China).




2.3.2. Selection of Metrics


Regarding the diversity, abundance, composition, tolerance, and functional metrics of the three analyzed biological groups, 36 candidate metrics for fish [20,33,45,55], 39 candidate metrics for benthic macroinvertebrates [37,48,56,57], and 25 candidate metrics for phytoplankton [17,27,52,53,54,58] were identified as being sensitive to disturbances and were selected as candidate metrics (Table 1).



Three steps were performed to screen the candidate metrics to obtain the core metrics and establish the IBIs. First, metrics with median values of zero were eliminated due to their insufficient ranges. Second, the metrics were measured by box and whisker plot tests. The discriminatory ability of each metric was identified by the degree of interquartile overlap (IQ) in the boxplots between the impaired and reference sites. If the two boxes did not overlap, IQ = 3. If the interquartile ranges overlapped but the overlapping region did not reach the medians, IQ = 2. If only one median was within the interquartile range of the other box, IQ = 1. If both medians were within the range of the other box, IQ = 0. Through this method, metrics with high discriminatory abilities (IQ ≥ 2) were obtained. Lastly, metrics with high Spearman correlation (r > 0.75, p < 0.05) were considered redundant, and only independent metrics were retained.




2.3.3. Calculation of the IBI and Assessment of Ecosystem Health


The core metrics were standardized by using the ratio method. For metrics that decreased with a disturbance, the 95th-percentile metric value was defined as the upper expected limit, and standardization was performed according to the following formula:


standardized metric = site value/upper expected limit











For metrics that increased with a disturbance, the 5th-percentile metric value was defined as the lower expected limit, and standardization was performed according to the following formula:


standardized metric = (maximum value − site value)/(maximum value − lower expected limit).











The IBI was obtained for each sample site by aggregating individual standardized metrics.



The 25th-percentile IBI of the reference site was regarded as the ecosystem health assessment standard. Sample sites with IBI values higher than this standard were evaluated as healthy. Scores below this standard were divided into four intervals from high to low, corresponding to good, fair, poor, and extremely poor ecosystem health.





2.4. Statistical Analysis


In this study, the McNaughton dominance index was calculated for all species. Species with a dominance degree of greater than 0.2 were identified as dominant species, and the formula used to calculate the dominance degree was as follows: McNaughton dominance index = the number of individuals in each species/the number of individuals in all species  ×  the frequency of occurrence of the species.



The Kruskal–Wallis test (p < 0.05) was performed to verify the differences in the IBI evaluation results among different sampling seasons and among the results obtained based on different biological groups.



Stepwise linear regression was applied to screen the main environmental factors affecting IBIs.



Spearman’s correlation coefficient was applied to test the consistency of the assessment results obtained for the 3 biological groups at different scales.



A constrained ordination was applied to analyze the relationships between environmental factors and community structures. A detrended correspondence analysis (DCA) of the fish, benthic macroinvertebrate and phytoplankton communities showed that the axis length of the fish community was less than 4, and a redundancy analysis (RDA) was thus more suitable for this community. The axis lengths of the benthic macroinvertebrate and phytoplankton communities were greater than 4, and a canonical correspondence analysis (CCA) was chosen for these communities. All the environmental factors were log transformed (log x + 1), and factors with strong collinearity as indicated by the variance inflation factor (VIF) were removed. Finally, forward selection and Monte Carlo permutation tests were performed to screen the environmental factors that were significantly related to the communities. All the analyses described above were completed in R 3.6.1.





3. Results


3.1. Community Structure


3.1.1. Fish Community Structure


In the Ganjiang River system, a total of 159 fish species were identified from 27 sampling sites, belonging to 9 orders, 24 families, and 87 genera. The species richness varied from 0 to 63 with an average of 20. Cyprinidae constituted the most dominant group. Among them, Acrossocheilus parallens, Saurogobio dabryi, and Squalidus argentatus were the dominant species (Table 2).



The numbers of species identified in autumn, winter, spring, and summer were similar, at 128, 121, 127, and 124, respectively. There were slight differences in the proportion of species of each family among different seasons (Figure 2).




3.1.2. Benthic Macroinvertebrate Community Structure


Altogether, 229 benthic macroinvertebrate species belonging to 5 phyla, 10 classes, 25 orders, and 81 families were recorded at the 42 sampling sites in the Ganjiang River system, of which were 163 species of Arthropoda, 40 species of Annelida, 23 species of molluscs, 2 species of Platyhelminths, and 1 species of Nematoda. The species richness varied from 0 to 31, with an average of 8. Arthropoda constituted the most dominant group. Limnodrilus hoffmeisteri and Corbicula fluminea were the dominant species (Table 2).



The numbers of species identified here reached 112, 120, 106, and 89 in autumn, winter, spring, and summer, respectively; that is, the species were the least abundant in summer and the most abundant in winter. Arthropoda accounted for the most species during the four seasons, and their proportion was the highest in winter (Figure 2).




3.1.3. Phytoplankton Community Structure


A total of 185 phytoplankton species belonging to 8 phyla were recorded at the 45 sampling sites. The species richness varied from 2 to 41, with an average of 16. Chlorophyta and Bacillariophyta constituted the most dominant groups. Among them, Navicula simplex, Ankistrodesmus angustus, Crucigenia apiculata, and Cyclotella meneghiniana were the dominant species (Table 2).



The numbers of species identified species reached 94, 91, 93, and 121 in autumn, winter, spring, and summer, respectively. In summer, both the number of total species and Bacillariophyta species were significantly higher than those during the other three seasons (Figure 2).




3.1.4. Dominant Environmental Factors Affecting Community Structure


There were significant differences in the above sea level (ASL), chemical permanganate index (CODMn), biochemical oxygen demand (BOD), ammonia-nitrogen concentration (NH3-N) and total phosphorus (TP) concentration among the four river sections (p < 0.05; Table 3). Most of the branches upstream and midstream are located in mountainous areas, and the altitude is significantly higher than that of the main stream and branches downstream. The chemical permanganate index, biochemical oxygen demand, ammonia-nitrogen concentration, and total phosphorus contents were the lowest in the upstream branches and the highest in the downstream branches. There was an environmental gradient in the Ganjiang River system.



The RDA and CCA results showed that the main environmental factors affecting the fish community structure were the elevation (m. a.s.l.), NH3-N, and DO (p < 0.05, Figure 3a), those affecting benthic macroinvertebrates were the elevation, pH, Cond, and DO (p < 0.05, Figure 3b), and those affecting phytoplankton were the WT, DO, BOD, and TP (p < 0.05, Figure 3c).





3.2. Selection of Core Metrics and Establishment of the F-IBI, B-IBI, and P-IBI


The F-IBI was obtained by adding the standardized M4 Gobioninae taxa, M20 herbivorous fishes, M23 fish species spawning drifting eggs, M30 individual number, M32 Simpson index, and M34 Pielou index. The boundary values delineating healthy from good, good from fair, fair from poor and poor from extremely poor sites were 3.14, 2.36, 1.57, and 0.79, respectively (Table 4).



A total of 14 of the 36 candidate metrics listed in Table 1 passed the discrimination power test with IQ ≥ 2 (Figure 4), and among these 14 metrics, 7 irredundant metrics were ultimately screened to obtain the core metrics. The B-IBI was obtained by adding the standardized M’3 Ephemeroptera taxa, M’4 Trichoptera taxa, M’10 Chironomidae taxa, M’22 dominant taxon %, M’28 BI index, and M’37 Simpson index. The boundary values delineating healthy from good, good from fair, fair from poor, and poor from extremely poor sites were 3.22, 2.42, 1.61, and 0.81, respectively (Table 4).



The P-IBI was obtained by adding the standardized M’’1 total taxa, M’’15 Simpson index, M’’17 Pielou index, and M’’19 Chlorophyta density. The boundary values delineating healthy from good, good from fair, fair from poor, and poor from extremely poor sites were 2.38, 1.79, 1.19, and 0.60, respectively (Table 4).



The annual average ecosystem health assessment results obtained for the Ganjiang River system based on the F-IBI, B-IBI, and P-IBI indicated good, fair, and healthy conditions, respectively.



The assessment results obtained based on the F-IBI indicated that more than half of the sites sampled during each quarter were healthy or in good health (Figure 5a–d). The Kruskal–Wallis test revealed no significant difference among the results obtained during different seasons (p > 0.05). The results of the main river stream were better than those of the tributaries, and the results obtained for the middle and downstream reaches were better than those obtained for the upstream region. Areas with poor or extremely poor assessment results primarily appeared in the upstream tributaries of the Zhang River and Shangyou River.



The assessment results obtained with the B-IBI indicated that more than half of the sites sampled during each quarter were in fair, poor, or extremely poor health (Figure 5e–h). The Kruskal–Wallis test revealed no significant difference among the results obtained during different seasons (p > 0.05). The results obtained for the main stream were worse than those obtained for the tributaries, and the upstream and middle reaches had better health than the downstream region.



Lastly, the assessment results obtained with the P-IBI indicated that most sites sampled during each quarter were healthy or in good health (Figure 5i–l). The Kruskal–Wallis test revealed significant differences among the results obtained during different seasons (p < 0.05), and the results in autumn and winter were significantly worse than those in spring and summer (the summer results were the best).



Stepwise linear regression results showed that the main environmental factor affecting the F-IBI was elevation (p < 0.05, Table 5); those affecting B-IBI were the elevation, WT, DO, and NH3-N (p < 0.05, Table 5); and those affecting phytoplankton were the WT, NH3-N, DO, CODCr, and TP (p < 0.05, Table 5).





4. Discussion


4.1. Community Structure Analysis


The Ganjiang River system had high fish, benthic macroinvertebrate, and phytoplankton diversity, but the statuses of these three groups differed. All three dominant fish species belonged to Cyprinidae; among these species, two are usually considered pollution-tolerant species, and the other is pollution sensitive [62,63]. The two dominant benthic macroinvertebrate species are both pollution tolerant, which typically indicates that the sampled ecosystem was in poor condition [49]. The four dominant phytoplankton are diatoms and green algae [64,65]; only one of them is pollution tolerant and the others are pollution sensitive, which usually indicates better conditions than the former two.



Different main environmental factors affected the community structures of the three groups. Fishes and benthic macroinvertebrates shared two explanatory variables, whereas phytoplankton shared only one variable with the above two groups. Inconsistent with phytoplankton, large-scale environmental factors, such as elevation, played significant roles in affecting fishes and benthic macroinvertebrates. The sensitivity of phytoplankton to environmental changes leads to the instability of phytoplankton communities [53], and this instability may mask the responses of phytoplankton to large-scale environmental factors. These factors can explain the differences in the observed community structures among the three groups. The differences indicate that conducting multigroup assessments of ecosystem health based on different groups is important.



Furthermore, the environmental factors collected in this study were insufficient, which may have affected the screening result. Factors such as biological interactions and spatial autocorrelations will be considered in further studies.




4.2. Evaluation of Assessment Results Obtained Based on the F-IBI, B-IBI, and P-IBI


The F-IBI for the Ganjiang River system comprised six metrics: Gobioninae taxa, herbivorous fishes, fish species spawning drifting eggs, individual number, Simpson index, and Pielou index. The B-IBI for the Ganjiang River system comprised six metrics: Ephemeroptera taxa, Trichoptera taxa, Chironomidae taxa, dominant taxon %, BI index, and Simpson index. The P-IBI for the Ganjiang River system comprised four metrics: Total taxa, Simpson index, Pielou index, and Chlorophyta density. The selection of appropriate metrics is key for the appropriate application of IBIs [57]. Disturbed rivers are often dominated by a few species, with low species richness and evenness. Clean water often contains few dominant species, and some sensitive organisms will be observed. The decline in herbivorous fishes, drift spawning fishes, Ephemeroptera taxa, Trichoptera taxa, and Chlorophyta density reflects reductions in intolerant populations, while increases in Gobioninae taxa and Chironomidae taxa reflect an increase in tolerant populations. All the above factors are good predictors of disturbances from human activities [20,34,66].



The various assessments performed based on different groups suggested different health conditions in the Ganjiang River system. The Kruskal–Wallis test revealed significant differences among the assessment results of the F-IBI, B-IBI, and P-IBI (p < 0.05). The results obtained based on phytoplankton were the best, those obtained based on fishes were the second best, and those obtained based on benthic macroinvertebrates were the worst. These results correspond well to the characteristics of the three communities (see Section 4.1), such as the species composition and the tolerance of dominant species, which further indicates that the biological metrics used to construct the IBIs in this study were appropriate.



Stepwise linear regression results showed that the main environmental factors affecting F-IBI, B-IBI, and P-IBI were different. The environmental factors explaining the community structure and IBIs are not completely consistent. Among them, the main environmental factors affecting the P-IBI are more similar to those affecting the community structure. Therefore, we believe that phytoplankton are more sensitive to environmental changes.




4.3. Temporal Heterogeneity of the F-IBI, B-IBI, and P-IBI


The stability of the results on the seasonal time scale also differed greatly among the three groups; neither the F-IBI nor the B-IBI showed obvious seasonal changes, while the P-IBI did (p < 0.05). The physiological characteristics and ecological adaptability of the three groups can partly explain this phenomenon. Fish have the longest life cycle, followed by benthos, and both of them can adapt to temperature changes to some extent. Notably, phytoplankton, which have the shortest life cycle, are extremely sensitive to changes in the water environment. In addition, the WT, which is the crucial environmental factor affecting the community structure of phytoplankton, changes most obviously with the season. It is widely known that phytoplankton blooms usually occur in summer [67,68,69].



Regarding the seasonal variation trend in the P-IBI results, Baek et al. [51] and Zhang et al. [54] believed that the evaluation results obtained in autumn and winter were better than those obtained in spring and summer, while Zhang et al. [52] believed that the evaluation results obtained in spring and summer were better than those obtained in autumn and winter. In this study, the P-IBI results obtained in summer were the best; the summer results were significantly better than those recorded in spring, and the springtime results were better than the autumn and winter results. Our results thus supported the latter of the two findings by Zhang et al. This contradiction was related to the main environmental pressure characteristics of different basins [58]. The species diversity of phytoplankton in the Ganjiang River system increased with increasing temperatures, but the community structure could be maintained in a good state without causing water blooms.



Based on the above analysis, the quarterly changes in the F-IBI and B-IBI are nonsignificant. For the F-IBI and B-IBI, the assessment results of one survey can represent ecosystem health throughout a whole year, while the strong seasonal fluctuation in the P-IBI indicates that this index may be more useful in real-time monitoring or continuous monitoring.




4.4. Spatial Heterogeneity of the F-IBI, B-IBI, and P-IBI


On the spatial scale, the B-IBI gradient was the largest, followed by the F-IBI gradient, while the P-IBI results were closest among the different sampling sites (Figure 5). These differences can also be reflected in biometrics. Fishes have the ability to migrate throughout a basin, and their communities are more coherent than benthic macroinvertebrate communities [37]; moreover, their communities are more similar at different sampling sites. Benthic macroinvertebrates have weak migration abilities [28,29,49,70], and the sites sampled in this study were nearly isolated habitats; thus, the river health assessment based on the B-IBI had the strongest basin-scale discrimination ability. The phytoplankton community is extremely unstable and has difficulty representing the long-term state of an ecosystem [27,38,53,68], thus affecting the performance of the P-IBI. In general, fishes can reflect ecosystem information on a large scale, benthic macroinvertebrates can reflect environmental gradients and long-term environmental changes, and plankton can sensitively indicate environmental changes.



When calculated on different scales (sampling point scale, tributary scale, or basin scale), the Spearman’s correlation coefficient revealed that the consistency of the F-IBI and B-IBI was better than that between either the F-IBI or the B-IBI and the P-IBI. Similar to the findings reported in previous studies [35,38,47], this consistency performed better on a larger scale, but different degrees of consistency could be observed at the same scale. The F-IBI and B-IBI were significantly correlated in the entire system (p < 0.05). However, significant concordance should not be equated with strong concordance [71], and randomization tests typically produce significant correlations even if the strength of the correlations is low. In this study, the F-IBI and B-IBI were significantly correlated in the entire basin, but their correlation coefficient was only 0.34.



In addition, the differences in the effects of different environmental factors on organisms are more easily reflected on a small scale [40]. An ample spread of sampling sites over a large area can capture a larger portion of the variability in biological communities, and highly diverse habitats may cause the effects of different factors to offset each other [36], so an increased sample extent may simply increase the correlations between community groups. However, if the study area is characterized by high habitat homogenization, the conclusion may be the opposite [38,39].





5. Conclusions


This study demonstrates that the ecosystem health assessments performed based on different biological groups exhibited significant differences (p < 0.05). The stepwise linear regression results showed that the main environmental factors affecting IBIs were different, and that the factor affecting F-IBI was elevation; those affecting B-IBI were the elevation, WT, DO, and NH3-N; and those affecting phytoplankton were the WT, NH3-N, DO, CODCr, and TP. It is thus necessary to perform multigroup-based assessments to evaluate the health statuses of aquatic ecosystems comprehensively. The CCA and RDA results revealed that the main environmental factors affecting the fish community structure were elevation, NH3-N and DO; those affecting benthic macroinvertebrates were elevation, pH, Cond, and DO; and those affecting phytoplankton were WT, DO, BOD, and TP. The different main environmental factors affecting the three biological groups help explain the sources of the differences in the ecosystem health assessment results obtained based on the F-IBI, B-IBI, and P-IBI. The stability of the F-IBI and B-IBI results, and the seasonal fluctuations observed in the P-IBI results indicated that fish and benthic macroinvertebrates were suitable for annual monitoring, while the P-IBI was more effective in real-time monitoring or continuous monitoring. The evaluation results of the F-IBI and B-IBI are more similar, while there are great differences between the P-IBI and the other two indices. The evaluation results of the P-IBI are healthier in a large area, which may have been related to the large variabilities in biological communities and the large-scale counteractions of environmental factors. The F-IBI, B-IBI, and P-IBI developed in this study can serve as tools for aquatic ecosystem health assessments and resource management in the Ganjiang River system.
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Figure 1. Position of the study area within China and locations of the sampling sites in the Ganjiang River system. The yellow, red, and green dots indicate fish sites, benthic macroinvertebrate sites, and phytoplankton sites, respectively. 
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Figure 2. Species composition of fish, benthic macroinvertebrates, and phytoplankton in the Ganjiang River system, 2016–2017. 
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Figure 3. Ordination diagram of the RDA and CCA results obtained based on environmental factors (in Table 3) and communities of: (a) fishes, (b) benthic macroinvertebrates, and (c) phytoplankton. ASL indicates the above sea level, WT indicates water temperature, DO indicates dissolved oxygen, Cond indicates conductivity, CODMn indicates chemical permanganate index, BOD indicates biochemical oxygen demand, CODCr indicates dichromate oxidizability, NH3-N indicates ammonia-nitrogen concentration, and TP indicates total phosphorus. 
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Figure 4. Box plots of the 14 candidate metrics for B-IBI with IQ ≥ 2 between the reference and impaired sites. In the graphs, R indicates reference sites, and I indicates impaired sites. M’1–M’38 correspond to M’1–M’38 in Table 1. 
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Figure 5. Ecosystem health assessment results for the Ganjiang River system obtained using the F-IBI in: (a) autumn, (b) winter, (c) spring, and (d) summer; the B-IBI in (e) autumn, (f) winter, (g) spring, and (h) summer; and the P-IBI in (i) autumn, (j) winter, (k) spring, and (l) summer. The red, orange, yellow, light green, and green dots indicate extremely poor, poor, fair, good, and healthy sites, respectively. 
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Table 1. Candidate metrics for IBIs and their responses to human disturbances.
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Metrics and Groups




	
F-IBI

	
B-IBI

	
P-IBI






	
Species Composition

	
Species Composition

	
Species Composition




	
M1 Total taxa% (↓)

	
M’1 Total taxa (↓)

	
M’’1 Total taxa (↓)




	
M2 Cypriniformes taxa% (↑)

	
M’2 EPT taxa (↓)

	
M’’2 Cyanobacteria taxa (↑)




	
M3 Cyprinidae taxa% (↑)

	
M’3 Ephemeroptera taxa (↓)

	
M’’3 Chlorophyta taxa (↓)




	
M4 Gobioninae taxa% (↑)

	
M’4 Trichoptera taxa (↓)

	
M’’4 Bacillariophyta taxa (↑)




	
M5 Culterinae taxa% (↓)

	
M’5 Diptera taxa (↓)

	
M’’5 Except Bacillariophyta taxa (↓)




	
M6 Rhodeinae taxa% (↓)

	
M’6 Coleoptera taxa (↓)




	
M7 Barbinae taxa% (↑)

	
M’7 Plecoptera taxa (↓)

	
M’’6 Total density (↓)




	
M8 Cobitidae taxa% (↑)

	
M’8 Crustacea + Molluscs taxa (↓)

	
Relative abundance




	
M9 Perciformes taxa% (↓)

	
M’9 Aquatic insect taxa (↓)

	
M’’7 Chlorophyta taxa% (↓)




	
M10 Serranidae taxa% (↓)

	
M’10 Chironomidae taxa (↑)

	
M’’8 Bacillariophyta taxa%

(↑)




	
M11 Siluriformes taxa% (↑)

	
Relative abundance




	
M12 Bagridae taxa% (↓)

	
M’11 EPT % (↓)

	
M’’9 Achnanthes taxa% (↓)




	
Ecological types

	
M’12 EpheMeroptera % (↓)

	
M’’10 Cymbella taxa% (↓)




	
M13 Migration fishes taxa% (↓)

	
M’13 Trichoptera % (↓)

	
M’’11 Nitzschia taxa% (↑)




	
M14 Freshwater fishes taxa% (↓)

	
M’14 Diptera % (↑)

	
M’’12 Naviculataxa% (↑)




	
M15 Settled fishes taxa% (↑)

	
M’15 Coleoptera % (↓)

	
M’’13 Cyanobacteria taxa%

(↑)




	
Nutrition structure

	
M’16 Plecoptera % (↓)




	
M16 Epipelagic fishes% (↓)

	
M’17 Chironomidae % (↑)

	
Biodiversity Index




	
M17 Mesopelagic fishes% (↓)

	
M’18 Crustacea + Molluscs % (↑)

	
M’’14 Shannon–Wiener index (↓)




	
M18 Demersal fishes% (↓)

	
M’19 Oligochaeta % (↑)

	
M’’15 Simpson index (↓)




	
M19 Predatory fishes% (↓)

	
M’20 Oligochaetes/Hirudinea (↑)

	
M’’16 Margalef index (↓)




	
M20 Herbivorous fishes% (↓)

	
M’21 Tubificidae % (↑)

	
M’’17 Pielou index (↓)




	
M21 Omnivorous fishes% (↑)

	
Dominant group

	
Nutrition structure




	
Breeding group

	
M’22 Dominant taxon % (↑)

	
M’’18 Cyanobacteria density% (↑)




	
M22 Fish species spawning adhesive eggs% (↑)

	
M’23 Top 3 dominant taxon % (↑)




	
Pollution tolerance

	
M’’19 Chlorophyta density%

(↓)




	
M23 Fish species spawning drifting eggs% (↓)

	
M’24 Tolerant taxa (↑)




	
M’25 Tolerant % (↑)

	
M’’20 Bacillariophyta density%

(↑)




	
M24 Fish species spawning demersal eggs% (↓)

	
M’26 Intolerant taxa (↓)




	
M’27 Intolerant % (↓)

	
M’’21Cyanobacteria+ Chlorophyta density% (↓)




	
M25 Fish species with special spawning types% (↓)

	
M’28 Biotic index [59,60,61] (↑)




	
Functional feeding group

	
M’’22 Chlorophyta+ Bacillariophyta density% (↓)




	
Pollution tolerance

	
M’29 Collect-Gatherers % (↑)




	
M26 Sensitive taxa% (↓)

	
M’30 Filterers % (↑)

	
M’’23 Diatom quotient (↓)




	
M27 Sensitive % (↓)

	
M’31 Scrapers % (↓)

	
M’’24 Cocconeis+ Nitzschia+ Synedra% (↑)




	
M28 Tolerant taxa% (↑)

	
M’32 Predators % (↓)




	
M29 Tolerant% (↑)

	
M’33 Shredders % (↓)

	
Ecological types




	
Resources and health condition

	
Habitat quality

	
M’’25 Mobile diatom percentage (↑)




	
M30 Individual number (↓)

	
M’34 Clingers taxa (↓)




	
M31 Shannon-Wiener index% (↓)

	
M’35 Clingers % (↓)

	




	
M32 Simpson index (↓)

	
Biodiversity Index

	




	
M33 Margalef index (↓)

	
M’36 Shannon-Wiener index (↓)

	




	
M34 Pielou index (↓)

	
M’37 Simpson index (↓)

	




	
M35 Alien species% (↑)

	
M’38 Margalef index (↓)

	




	
M36 Deformity and disease% (↑)

	
M’39 Pielou index (↓)

	








Note: ↓ signifies that the metrics increase with an increasing disturbance intensity; ↑ signifies that the metrics decrease with an increasing disturbance intensity; EPT stands for Ephemeroptera, Plecoptera and Trichoptera; Biotic index = tolerance values/Individual number; Diatom quotient = Centricae taxa/Pennatae taxa.
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Table 2. Dominant (calculated by applying the McNaughton index) fish, benthic macroinvertebrate, and phytoplankton species in the Ganjiang River.
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Dominant Species

	
Dominance Index






	
Fish




	
Acrossocheilus parallens

	
0.05




	
Saurogobio dabryi

	
0.02




	
Squalidus argentatus

	
0.05




	
Benthic macroinvertebrate




	
Limnodrilus hoffmeisteri

	
0.05




	
Corbicula fluminea

	
0.03




	
Phytoplankton




	
Navicula simplex

	
0.06




	
Ankistrodesmus angustus

	
0.03




	
Crucigenia apiculata

	
0.02




	
Cyclotella meneghiniana

	
0.02
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Table 3. Mean value and standard deviations of local environmental variables in the Ganjiang River system.
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	Main Stream
	Branches of the Upstream
	Branches of the Midstream
	Branches of the Downstream
	Chi-Square Test (χ2)
	p





	ASL(m)
	61.4 ± 42.3
	197.2 ± 49.1
	150.3 ± 151
	77.9 ± 8.8
	114.546
	<0.001 *



	WT(℃)
	22.3 ± 6.8
	22.4 ± 7.1
	22.2 ± 7
	22.7 ± 7.3
	0.346
	0.951



	pH
	8.14 ± 0.92
	7.96 ± 0.72
	8.07 ± 0.81
	7.98 ± 0.83
	1.004
	0.800



	DO(mg/L)
	10.11 ± 1.59
	9.95 ± 1.6
	10.31 ± 1.2
	9.73 ± 1.54
	1.19
	0.755



	CODMn(mg/L)
	3.46 ± 2.65
	2.9 ± 2.9
	3.36 ± 2.72
	3.82 ± 2.74
	22.23
	<0.001 *



	BOD(mg/L)
	1.44 ± 0.57
	0.89 ± 0.54
	1.36 ± 0.43
	2.03 ± 0.75
	50.339
	<0.001 *



	NH3-N(mg/L)
	0.49 ± 0.49
	0.24 ± 0.24
	0.43 ± 0.37
	0.76 ± 0.68
	21.356
	<0.001 *



	TP(mg/L)
	0.09 ± 0.1
	0.06 ± 0.09
	0.09 ± 0.05
	0.12 ± 0.04
	21.488
	<0.001 *



	CODCr(mg/L)
	8.27 ± 6.18
	6.57 ± 4.68
	6.2 ± 4.09
	7.93 ± 5.43
	5.096
	0.165



	Cond(s/cm)
	77.79 ± 43.92
	71.64 ± 50.51
	61.83 ± 36.31
	63.06 ± 34.04
	7.03
	0.071







* p < 0.05.
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Table 4. Grades of health assessment using IBIs in the Ganjiang River system.
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	Healthy
	Good
	Fair
	Poor
	Extremely Poor





	F-IBI
	≥3.14
	2.36–3.14
	1.57–2.36
	0.79–1.57
	<1.57



	B-IBI
	≥3.22
	2.42–3.22
	1.61–2.42
	0.81–1.61
	<0.81



	P-IBI
	≥2.38
	1.79–2.38
	1.19–1.79
	0.60–1.19
	<0.60
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Table 5. Stepwise linear regression results for F-IBI, B-IBI, and P-IBI in response to environmental factors (in Table 3) in the Ganjiang River system.
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	Constant
	ASL
	WT
	pH
	DO
	CODMn
	BOD
	NH3-N
	TP
	CODCr
	Cond
	p





	F-IBI
	3.642
	−0.004
	
	
	
	
	
	
	
	
	
	0.000



	B-IBI
	−1.348
	0.006
	−0.059
	
	0.447
	
	
	2.318
	
	
	
	0.000



	P-IBI
	5.514
	
	0.038
	
	−0.163
	
	
	−0.87
	2.237
	0.064
	
	0.000
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