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Abstract

:

To investigate the health of the Diannong River water ecosystem, we collected and analyzed phytoplankton, zooplankton, and microorganisms from the Diannong River in April, July, and October 2021. We also analyzed the physical and chemical factors of the water environment and analyzed the habitat quality. The reference points were determined by the habitat composite index and water quality score. Phytoplankton index of biotic integrity (P-IBI), Zooplankton index of biotic integrity (Z-IBI), and microbial index of biotic integrity (M-IBI) which evaluated the health status of Diannong River were constructed by distribution range analysis, discriminatory ability analysis and correlation analysis of candidate biological indicators. Stepwise regression analysis and path coefficient analysis were conducted to determine the environmental factors driving the changes in aquatic IBI. The results showed that the indicators of P-IBI were the number of Cyanobacteria taxonomic units %, the number of Green Algae taxonomic units%, the relative abundance of Euglena, the relative abundance of Green Algae, and the relative abundance of toxic-producing algae. The indicators of Z-IBI were the total number of zooplankton taxonomic units, the relative abundance of Copepods, the relative abundance of the top 3 dominant species, and the Simpson index; the indicators of M-IBI were the Observed species, the relative abundance of Chloroflexi, the relative abundance of Proteobacteria, the relative abundance of the highest dominant taxonomic unit, the relative abundance of the top 5 dominant taxonomic units, the relative abundance of pollution intermediate genus, and the Ace index. The results of the IBI evaluation for three aquatic organisms showed that most of the sites in the upper reaches of the Diannnong River were at healthy or healthier levels; most of the sites in the middle reaches of the Diannnong River and the Yuehai Lake area were at mediocre or poor levels; and most of the sites in the downstream reaches of the Diannong River were average or mediocre levels. the main water environment factors driving the changes in P-IBI were water temperature (WT) and pH. The main water environment factors driving the changes in Z-IBI were total dissolved solids (TDS), WT and total nitrogen (TN); the main water environment factors driving the changes of M-IBI were fluoride ion (F−) and electrical conductivity (EC). This study provides the scientific reference for the application of the index of biotic integrity (IBI) for a variety of aquatic organisms in the river and lake waters and a basis for the management and optimization of the Diannong River aquatic ecosystem.
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1. Introduction


Index of Biotic Integrity (IBI) was first proposed by Karr in 1981 to evaluate the health of rivers using the fish biotic integrity index [1]. Its findings have been highly recognized in the academic field and extended to plankton, benthos, aquatic microorganisms, and other biological groups. Physical and chemical indicators, which often do not fully reflect the status and trends of river ecosystems, are mostly used in Chinese water resources and water environment management, making it difficult to provide a scientific basis for the transformation of water ecosystems from water quality standard management to water ecological health management [2]. Since various indicators of aquatic communities such as abundance, diversity, density, and tolerance can visually reflect the response of aquatic organisms to habitat changes, the aquatic ecological health of rivers can be more accurately reflected from the perspective of aquatic communities. The development of IBI encompasses the physiological characteristics of aquatic community diversity, species richness, and pollution tolerance, which can effectively assess the ecological health of the water.



Phytoplankton are primary producers of water ecosystems, and their communities directly affect the structure of the upper food chain and the stability of the whole ecosystem [3]. KRUK et al. [4] first proposed the concept of phytoplankton morpho-functional groups and classified phytoplankton into seven taxa to elucidate their response to habitat changes through the linkage of morphological and functional characteristics. Zhang et al. [5] first used a phytoplankton-based river health assessment method to evaluate the water pollution status of the Tumen River in 1983. Since eutrophication in China’s lakes, reservoirs and other water bodies leading to phytoplankton overgrowth and water blooms has been one of the biggest problems facing the water environment in China [6]. It is highly relevant to apply phytoplankton community structure characteristics to reflect the water ecological health of rivers and lakes. The development of the phytoplankton index of biotic integrity (P-IBI) has also become a hot topic of research in this field Zooplankton, which is a fundamental link in the food chain and biological productivity of lake ecosystems, plays an important role in the elemental cycle of lake ecosystems, and its important role in aquatic ecology, water quality monitoring and water pollution control is increasingly appreciated [7]. Sun et al. [8] applied the zooplankton index of biotic integrity (Z-IBI) to evaluate the ecological and environmental quality of Jiaozhou Bay waters regarding the method and experience of establishing the Z-IBI in the Chesapeake Bay and established the Z-IBI evaluation system separately for different seasons, and the evaluation results were consistent with the real water quality conditions. Aquatic microorganisms, which are more sensitive to changes in the aquatic environment than other communities in aquatic ecosystems as microorganisms are at the basic trophic level of the food web, are the most abundant as well as the most functional group in aquatic ecosystems [9], and their structure and function can fully reflect the resilience of aquatic ecosystems to pollutant inputs [10]. On the other hand, in more polluted water bodies, the producers and consumers of water ecosystems tend to be drastically reduced, but the decomposers, represented by aquatic microorganisms, generally do not show a similar phenomenon but are more active [11]. Compared to other aquatic organisms, research work on the development of a microbial index of biotic integrity (M-IBI) is relatively less. However, uncultured microorganisms that occupy more than 99% of natural water bodies have been discovered and relative works about constructing M-IBI have been carried out in-depth with the development of modern molecular techniques in biology [9]. Meanwhile, compared with natural water bodies, urban rivers are more artificially disturbed. Although the physical and chemical indicators of water bodies may be similar, the community structure characteristics of aquatic organisms such as benthic animals, phytoplankton, and zooplankton have changed significantly, while the microbial composition is richer in the water ecosystem, which can rapidly indicate the changing characteristics of physical and chemical indicators of water bodies. Therefore, the use of M-IBI for water ecological health evaluation has been widely carried out, and Zhang et al. [12], Zhu et al. [13], and An et al. [14] used Illumina high-throughput sequencing technology to obtain microbial information of water bodies and construct M-IBI for water ecological health evaluation of Qinhuai River, Suzhou wetlands, and mining groundwater.



With the maturation of the aquatic IBI system, the number of studies on river and lake ecosystems based on various aquatic IBI is increasing. However, most studies only focus on the development of a single aquatic IBI, and few studies have been reported on the evaluation of river and lake water ecological health based on multiple aquatic IBI in the river and lake habitats. This research subjects to (1) analyze the development elements of P-IBI, Z-IBI and M-IBI in the Diannong River, (2) apply P-IBI, Z-IBI and M-IBI to evaluate the ecological health of the Diannong River respectively and analyze the reasons of large differences in some of the evaluation results and (3) analyze the main water environmental factors driving changes of P-IBI, Z-IBI and M-IBI respectively. The results of this study will provide some references for the application of different aquatic IBI to river and lake waters, as well as the scientific foundation for the management and conservation of the Diannong River aquatic ecosystem.




2. Materials and Methods


2.1. Overview of the Study Area and Sampling Site Placement


The Diannong River (106°11′35″~106°47′13″ E, 38°18′12″~39°7′11″ N) is located in northern Ningxia, China, its source is located in Xishao Village, Lijun Town, Yongning County, across 6 districts and counties including Yongning County and Xixia District, Yinchuan City, with a total length of 180.5 km and a watershed area of 4391 km2. The Diannong River is a transitional zone of arid and semi-arid climates with distinct seasonal characteristics. Precipitation seasons change significantly, with heavy rainfall in summer and autumn, including frequent rainfall in autumn and little rainfall in spring and winter. The recharge sources of the Diannong River are mainly the Yellow River recharge and receding farmland water. In this study, a total of 20 sampling points were deployed in the Diannnong River (Figure 1), of which 7 sampling points (S1–S5, S7–S8) were deployed in the upper reaches of the Diannong River, i.e., DNH1 and DNH3 areas, 10 sampling points (S6, S9–S11, S15–S20) were deployed in the middle reaches of the Diannong River, i.e., DNH2 and YH areas, and 3 sampling points (S12–S14) were deployed in the lower reaches of the Diannong River, i.e., DNH4 area.




2.2. Sample Collection and Measurement


2.2.1. Water Sample Collection and Measurement


Water samples were collected in the Diannong River in April, July, and October 2021. Water temperature(WT), dissolved oxygen (DO), pH, electrical conductivity (EC), salinity (Sal), and dissolved solids (TDS) were all measured by a YSI Pro-plus portable water quality analyzer on-site, ammonia nitrogen (NH3-N) was measured by the Nascent reagent spectrophotometric method, total nitrogen (TN) was measured by the basic potassium persulfate ablation UV spectrophotometric method, total phosphorus (TP) and effective phosphorus (A-P) were measured by the ammonium molybdate spectrophotometric method, permanganate index (CODMn) was measured by the acidic potassium permanganate method, Fluoride ion (F−) was measured by a HACH HQ40d portable water quality analyzer, nitroso-nitrogen (NO2−) was measured by the gas phase molecular absorption spectrometric method, dichromate index (CODCr) was measured by the bichromate method, chlorophyll a (Chl a) was measured by a HACH Hydrolab DS5X, sulfate ion (SO42−) was measured by the sulphate-weight method. Water sample collection, storage, and monitoring of physical and chemical indicators followed the “Water Quality Sampling Technical Guidance (HJ494-2009)” [15], “Water Quality Sample Preservation and Management Technical Provisions (HJ493-2009)” [16] and “Water Quality Sampling Program Design Technical Provisions (HJ495-2009)” [17].




2.2.2. Plankton Sample Collection and Identification


Phytoplankton samples were collected in a dosage cup at a water depth of 0.5 m for 1 L with 15 mL of Lugo’s reagent fixed in the field and concentrated to 50 mL for microscopic examination after settling for 24 h in the laboratory. Specimens collected were identified to genus or species, counted and biomass was calculated, as described in “Specifications for Lake Eutrophication Survey (Second Edition)” [18], “Specifications for Reservoir Fisheries Resources Survey (SL167-2014)” [19] and “Technical Specifications for Aquatic Life Survey (DB11/T 1721-2020)” [20].



Qualitative zooplankton samples were collected using a zooplankton bio-net at a water depth of 0.5 m by towing 25 mL, and quantitative zooplankton samples were collected by weighing 20 L in a 5 L measuring cup and concentrated to 20 mL using a zooplankton bio-net. The qualitative and quantitative zooplankton samples were fixed on-site by adding 1.5 mL of 5% formaldehyde solution and stored at low temperatures in the laboratory for microscopic examination. As described in “Atlas of Freshwater Organisms in China” [21] and “Journal of Freshwater Rotifers in China” [22].




2.2.3. Microorganism Collection and Identification


Each water sample mixed surface water (at a depth of 0.5 m) and deep water (at a depth of 2.0 m) in equal amounts were collected in a polyethylene sampling bottle of 4 L and brought back to the laboratory after water samples were stored in an incubator below 4 °C. The water samples for DNA analysis were filtered through 0.22 μm microporous membrane within 24 h under sterile conditions and stored at −80 °C until DNA extraction. NucleoSpin 96 soi ((MACHEREYNAGEL, Dueren, Germany) was used to extract DNA from all filters following the manufacturer’s protocol, and the purity and concentration of DNA were checked by agarose gel electrophoresis. PCR amplification of the V3–V4 variable region of microbial 16sRNA gene was performed using barcode primers515F and 806R, and the purified PCR amplification products were sequenced by Monarch DNA gel extraction kit (New England Biolabs, Ipswich, MA, USA). Sequencing was performed by Biomarker Co., Ltd. (Beijing, China) using the Illumina MiSeq 2500 platform with the PE250 strategy. the remaining sequences were clustered into OTUs (>97% sequence similarity) using USEARCH (version 10.0). The taxonomic identity of representative sequences for each OTU was determined using the Silva reference database (Release 132, http://www.arb-silva.de, (accessed on 20 March 2021)). The α-diversity indices including Chao1, Shannon-winner, Simpson, Ace, PD-whole-tree, and Goods-coverage were calculated using Mothur (version 1.3.0), as described in relative literature [4].





2.3. Selection of Reference Points


In this study, reference sites in the Diannong River were selected based on the water quality and habitat quality of the study area.



2.3.1. Water Quality Scoring


Water quality score regarding the “Surface Water Environmental Quality Standards (GB 3838-2002)” [23], the water quality evaluation level Ⅰ, Ⅱ, Ⅲ, Ⅳ, V were assigned 5, 4, 3, 2, 1 points, water which did not reach the V level assigned 0 points (Table S1). The alternative points of reference points were selected if the score was greater or equal to the 95% quartile after the water quality score of each point was aggregated to take the first 95% quartile as the standard. Reference and impaired sites were selected based on water quality scores and the subsequently established habitat composite index.




2.3.2. Habitat Composite Index


In this study, the habitat index was constructed based on the method proposed by Zheng [24], taking into account the natural condition of river habitats in northern China. A total of nine indicators were used to construct the habitat composite index for the Diannong River, including the substrate, habitat complexity, bank stability, river channel change, river water status, vegetation diversity, water quality, human activity intensity, and riparian land type after taking observations in the field (Table S2) and subjective assignment of scores to each of the indicators (Table S3). The scores of each factor of each monitoring site were summed up and the habitat quality was classified into 5 grades of good, better, average, mediocre, and poor according to the interval quantile of 25%, 25~40%, 40~55%, 55~70%, and 70% of the total score. The points with good or better evaluation results were used as alternative points of reference points.





2.4. IBI Development and Water Ecological Health Evaluation


Biological indicators with characteristics such as strong discriminatory ability, accurate access, and ability to quickly reflect changes in the surrounding environment were selected as candidate biological indicators [25]. Among them, the P-IBI, the Z-IBI and the M-IBI index system were constructed regarding the literatures [3,10,26,27], literatures [25,28,29] and literatures [12,14,30,31] respectively. The distribution range analysis, discriminatory ability analysis, and correlation analysis were performed on the candidate biological indicators [2,3] to finally determine the indicators for constructing IBI. The constructed IBI was applied to evaluate the health of water ecology, and the 95% quantile of the IBI was used as the cut-off point to evaluate whether the water ecosystem was healthy or not, and the sequences with values less than it was averaged into four parts, corresponding to healthier, average, mediocre, and poor levels [26].




2.5. Statistical Analysis


In this study, physical and chemical parameters of the water environment and indices of aquatic IBI were taken through correlation analysis to explore the correlation relationship between water quality parameters and screen indices of aquatic IBI. Kolmogorov-Smirnov normal distribution test was used to determine whether water quality parameters and indices of aquatic IBI conformed to normal distribution. Since the results showed most factors of water quality parameters and indices of aquatic IBI conformed to a normal distribution, Pearson correlation analysis was taken for water quality parameters and indices of aquatic IBI respectively.



Since it was difficult for a large number of microorganisms that screen one by one to construct M-IBI, de-trend correspondence analysis (DCA) was used to screen the microorganisms which correlated with water quality parameters significantly. Since the Axis lengths of the first axis of DCA were 0.02, redundancy analysis (RDA) was used for further analysis.



To investigate the main water environmental factors driving the changes in P-IBI, Z-IBI, and M-IBI and the extent to which they explain the changes in aquatic IBI. P-IBI, Z-IBI, and M-IBI were used as dependent variables, and WT, DO, pH, EC, NH3-N, TN, TP, BOD5, CODMn, CODCr, F−, Chl-a, SO42−, A-P, NO2-N and TDS were used as independent variables to establish stepwise regression equations, and the independent variables with significant retention effects were gradually screened. A comparison of the direct and indirect effects of water environmental factors on IBI was conducted by passageway analysis. The above indicators were logarithmized before calculation.





3. Results


3.1. Characteristics of Aquatic Species


A total of 103 species of phytoplankton from 8 phyla were collected and identified in Diannong River, including 18 species of Diatoms, 2 species of Cryptophytes, 3 species of Methanogens, 2 species of Golden Algae, 2 species of Yellow Algae, 26 species of Cyanobacteria, 11 species of Euglena, and 31 species of Green Algae. A total of 52 species of zooplankton in 4 phyla, including 7 families and 8 genera and 8 species of protozoa, 11 families and 14 genera and 27 species of rotifers, 5 families and 7 genera and 9 species of branchiopods, and 4 families and 4 genera and 8 species of copepods. A total of 15,819 sequences were obtained by high-throughput sequencing analysis of microbial information at each sample site.




3.2. Results of Water Quality Parameters Values and Correlation Analysis


Water quality parameter values in each sampling site are shown in Figure 2. Results showed that WT, DO, pH, NO2-N, A-P, and TP did not change significantly along sampling sites, EC, TDS, SO42−, Chl a, CODCr, CODMn, and TN changed significantly along sampling sites. NH3-N and NO2-N changed abruptly at individual sites with no significant overall change. The values of more variable water quality parameters generally showed a trend of higher values at the Yuehai Lake sites (S15–S20) than at the Diannong River sites (S1–S14). Correlation analysis (Figure 3) showed that EC, Sal, TDS, CODCr and SO42− were positively correlated with many water quality parameters. The rest of the water quality parameters were just correlated or not correlated with a small number of factors.




3.3. Results of Reference Point Selection


The results of the water quality score and habitat composite index evaluation were shown in Figure 4. The water quality scores of the sampling points of the Diannong River exceeded the 95% quartile for S1–S2, S4 and the only points with good habitat index evaluation results were S2 and S18, but the water quality score of S1 was the highest among all sampling points and its habitat index evaluation results were better, so S1 and S2 were selected as reference points, and the rest of the points were impaired sites, as shown in Figure 1.




3.4. Development of Aquatic IBI


3.4.1. P-IBI


36 indicators were selected as candidate indicators (Table 1), including those characterizing the community structure, those characterizing the community quantity, those characterizing the community function, those characterizing tolerant taxa, and the diversity index.



After taking distribution range analysis, discriminatory ability analysis (Figure 5), and correlation analysis (Figure 6), the number of cyanobacterial Phylum taxonomic units % M10, the number of Green Algae taxonomic units % M17, the relative abundance of Nudibranch M24, the relative abundance of Green Algae M25 and relative abundance of toxic-producing algae M30 were finally determined as the indicators for constructing P-IBI.




3.4.2. Z-IBI


20 indicators were selected as candidate indicators (Table 2), including those characterizing the community structure, those characterizing the community quantity, and diversity index, and those characterizing the nutritional structure.



After taking distribution range analysis, discriminatory ability analysis (Figure 7), and correlation analysis (Figure 8), the total number of zooplankton taxonomic units M37, the relative abundance of Copepods M45, the relative abundance of the top three dominant species M50 and Simpson index M54 were finally determined as the indicators for constructing Z-IBI.




3.4.3. M-IBI


RDA was used to screen the water environment factors that significantly affected microbial diversity. The results showed (Figure 9) that the water environment factors that significantly affected the microbial community diversity were F−, CODCr, TN, NH3-N, and WT (p < 0.05).



We conducted a Pearson correlation analysis of the relative abundance of major microbial phyla and water environment factors. The results (Figure 10) showed that the relative abundance of Chloroflexi and Desulfobacterota were significantly and negatively correlated with F−; Cyanobacteria were significantly and positively correlated with F− and CODCr; Bdellovibrionota and Campylobacterota were significantly and positively correlated with NH3-N; Proteobacteria were significantly and negatively correlated with CODCr.



32 indicators were selected as candidate indicators (Table 3), including those characterizing the community structure, those characterizing the community quantity, those characterizing tolerant taxa, and the diversity index.



After taking distribution range analysis, discriminatory ability analysis (Figure 11), and correlation analysis (Figure 12), the observed species M59, the relative abundance of Chloroflexi M60, the relative abundance of Proteobacteria M65, the relative abundance of highest dominant taxonomic units M66, the relative abundance of the top 5 dominant taxonomic units M70, the relative abundance of pollution intermediate genus M81, Ace index M86 were finally determined as the indicators for constructing M-IBI.





3.5. Evaluation of Water Ecology Health Based on IBI


3.5.1. P-IBI Evaluation


P-IBI was used to evaluate the water ecological health of each sampling site in the Diannong River, and the results (Figure 13) showed that S1 was at a healthy level; S2, S3, S7, S10, and S16 were at a healthier level. The sites with mediocre and poor level were S6, S9, S11, S13, S15, S17, S18, and S20; and the rest of sites were at an average level.




3.5.2. Z-IBI Evaluation


Z-IBI was used to evaluate the water ecological health of each sampling site, and the evaluation results (Figure 14) showed that only S7 was at a healthy level; S1, S2, and S9 were at a healthier level; S6 and S12—S20 were at a mediocre or poor level, and the rest of the sampling sites were at an average level.




3.5.3. M-IBI Evaluation


M-IBI was used to evaluate the water ecological health of each sampling site, and the results (Figure 15) showed that S1–S4, S7–S8 were at healthy and healthier levels; sites with mediocre and poor levels S6, S9, S10, S11, and S15, S16–S17, S19–S20; the rest of the sites were at an average level.



The comparison results of P-IBI, Z-IBI, and M-IBI evaluations (Figure 16) showed that among 20 sampling points of the Diannong River, the evaluation results of the upper reaches of the Diannong River, i.e., DNH1 and DNH3 areas (S1–S5, S7–S8), were same, and the evaluation results of all sample points in this area were basically at a healthy or healthier level. The evaluation results of the middle reach of the Diannong River, i.e., DNH2 and YH regions (S6, S9–S11, S15–S20), were quite different, with Z-IBI evaluating S9 as healthier, P-IBI and M-IBI evaluating poor and mediocre, respectively; Z-IBI evaluated S10 as average, P-IBI evaluated S10 as healthier, and M-IBI evaluated S10 as poor; P-IBI evaluated S16 as healthier, Z-IBI and M-IBI evaluated S16 as mediocre and poor, respectively; M-IBI evaluated S18 as average, Z-IBI and M-IBI evaluated S18 as poor; the rest of the points were basically at a mediocre and poor level. The evaluation results of the lower reaches of the Diannong River, i.e., the DNH4 area (S12–S14), were the same, being at an average or mediocre level.





3.6. Relationship between Aquatic IBI and Water Body Physicochemical Factors


3.6.1. Stepwise Regression Analysis of Aquatic IBI and Water Environment Factors


The stepwise regression equations of aquatic IBI and water environment factors were established, and the correlation coefficients of the three equations (Table 4) were all greater than 0.7, and the D-W statistics tended to be close to 2 and the residuals satisfied the normal distribution, so the regression equations were valid [32]. The water environment factors selected in the P-IBI stepwise regression equation were WT and pH; the water environment factors selected in the Z-IBI stepwise regression equation were TDS, WT, and TN; the water environment factors selected in the M-IBI stepwise regression equation were F− and EC.




3.6.2. Path Coefficient Analysis of Aquatic IBI and Water Environment Factors


The path coefficient analysis results (Table 5, Table 6 and Table 7) showed that Z-IBI was directly influenced by TDS, followed by TN and WT, in which TDS showed a negative effect; P-IBI was directly influenced by WT, followed by pH; M-IBI was influenced by F−, followed by EC, in which EC showed a negative effect.






4. Discussion


4.1. Development of Aquatic IBI in the Diannong River


Many countries and regions have used IBI to evaluate the health of impaired or degraded water ecosystems [33,34,35]. The advantage of IBI is that IBI consists of multiple indicators and can avoid the occurrence of extreme biases that may be caused by a single indicator compared to the evaluation of water ecological health by a single biological indicator [36]. At the same time, the IBI, which consists of multiple indicators, complements the habitat conditions indicated by a single indicator and indicates multiple sources of aquatic ecological stress in the study area [37].



The selection of reference sites, which directly affects the selection of IBI indicators and the final evaluation results [3], is the basis for the development of aquatic IBI. There is no unified standard for the selection of reference points. Experts generally believe that it is reasonable to combine the physical and chemical indicators of water bodies with the characteristics of human interference such as regular fishing, transportation, farming, and industrial discharge with water bodies [38,39,40,41]. In this study, the quantitative water quality evaluation results, and habitat composite index, which were constructed by using the intensity of human activities, substrate type, vegetation cover, river flow, the degree of interference from hydraulic structures et al. as indicators, were used as the criteria for selecting reference sites, and the sites with higher habitat composite index and higher comprehensive water quality score were selected as reference sites. The accuracy of this selection criterion was also verified by the fact that the IBI evaluation results at the reference sites were often higher than those at the impaired sites.



Compared with the literature on fishery and macroinvertebrate IBI [42], there is less literature on P-IBI and Z-IBI. The main reason for this is that phytoplankton is susceptible to environmental changes in aquatic ecosystems and the dominant species are not fixed throughout the year in all seasons, so the studied indicators of phytoplankton can only reflect the health of the water ecosystem for a short period time, and phytoplankton are the main food source for zooplankton [43], fluctuations in the structural characteristics of phytoplankton inevitably affect the ecological structural characteristics of zooplankton. However, phytoplankton is almost the only indicator species of eutrophication in water bodies such as water blooms [3], and the development of P-IBI for ecological health assessment of water bodies is an important method to determine whether eutrophication is occurring in water bodies. In this study, among the 36 candidate indicators for constructing P-IBI, 5 indicators were selected in terms of community structural characteristics, community species composition, and functional type to construct P-IBI, and most of them were community structural characteristics of indicator species such as Cyanobacteria, Green Algae, and toxin-producing algae, mainly because they could better reflect the difference in ecological health level between the reference sites and the impaired sites, and most of the other candidate indicators were less different in these sites. Different water environmental factors can affect the growth, structure, and abundance of zooplankton, so some zooplankton can be effective as index species for water pollutants. In this study, among the 20 pre-selected indicators for constructing Z-IBI, 4 indicators were finally selected from the community structural characteristics, community species composition, biomass, and diversity index to construct Z-IBI, and the copepod community structural characteristics were dominant among the 4 indicators. The main reason is that Rotifers have a small size, fast development, and strong reproductive ability compared with large zooplankton such as Cladoceran and Copepods, and filter-feeding fish such as silver carp and bighead carp preferentially select large zooplankton for feeding, making Rotifers easily become the dominant species at each sampling site [44], so the structural characteristics of Rotifer communities do not change significantly among sampling sites. On the other hand, Copepods and Cladoceran are more sensitive to changes in the physical and chemical characteristics of water bodies such as WT, pH, and nutrients than rotifers, and can more accurately reflect the environmental quality of the study area as indicator species [45].



Chloroflexi and Proteobacteria among the candidate phylum screened for the development of M-IBI are susceptible to human activities [46]. In this study, 7 indicators were selected from 32 candidate indicators for constructing M-IBI in terms of community structural characteristics, community species composition, tolerant taxa, and diversity index to finally construct M-IBI. Compared to the indicators of P-IBI and Z-IBI, the number and variety of indicators constituting M-IBI are higher, indicating that aquatic microorganisms are more indicative and representative of the water ecology than phytoplankton and zooplankton.



For the calculation of IBI, the more mature methods are the 3-point method, the 4-point method, the ratio method, etc. Many experts and scholars have concluded that the use of the ratio method and the 95% quantile as the health score can more accurately reflect the actual situation of the study area [9,14,47], this method was also used to obtain the IBI in this study, and the results of IBI evaluation at each point were consistent with the results of the analysis of the reference and impaired points. At present, the P-IBI, Z-IBI, and M-IBI are less applied and there is no uniform standard for the selected indicators, especially for aquatic microorganisms, because the current technology does not fully grasp all species of aquatic microorganisms and the function of species composition is still unclear, so the constructed IBI cannot truly represent the biological integrity of the study area. Although this study initially constructed P-IBI, Z-IBI, and M-IBI for the actual situation of Diannong River, Ningxia, it still needs to be improved with the refinement of the study.




4.2. Water Ecological Health Evaluation Based on IBI of Different Aquatic Organisms


The results of all three aquatic IBI evaluations showed that the water ecological health of the upper reaches of the Diannong River, i.e., DNH1 and DNH3, was better, especially the evaluation results of S1, S2 as reference points and S7 had higher scores among the three evaluation methods, mainly because on the one hand there were no drainage ditches around S1 and S2, which had higher water quality scores and higher plankton and microbial diversity. On the other hand, S1 and S2 are reference points, and the scores of each index are larger in the IBI calculation process. S7 is a part of 72 Company Lake, Ningxia, which has a strong self-purification capacity of the water body and no drainage ditch confluence, so the confluence of nitrogen (N) and phosphorus (P) nutrients is inhibited, and the growth of nutrient indicator species such as green algae and Cyanobacteria is inhibited, so the P-IBI and M-IBI evaluation results of S7 are healthy.



There were more points with different results performed by 3 evaluation methods for the middle reaches of the Diannong River, i.e., DNH2 and YH regions. Since the Yonger Main Ditch ran between S9 and S10, the high concentration of N and P nutrients in S9 and S10 caused by irrigation water and domestic sewage promotes the growth of nutrient indicator species such as Cyanobacteria and Green Algae and the biomass of macrozooplankton such as Cladoceran and copepods, which use Cyanobacteria and Green Algae as their main food source in S9, so the Z-IBI evaluation result for S9 was healthier. The structural characteristics of the phytoplankton community varied more significantly with the season, while the sensitivity of the microbial community structure to changes in environmental factors was lower [48]. The reason for the healthier evaluation of S10 by P-IBI may be that the dominant species of S10 in April and October are Diatoms and Euglena, and this phenomenon affects the overall evaluation results throughout the year. The water resources function of the YH area, which is Yuehai Wetland Park, Yinchuan mainly meets the requirements of recreational water and landscape water with large human interference activities which harm the water ecological health of this area, so the evaluation results of this area are mostly mediocre or poor. The reason for the large difference between the P-IBI evaluation results of S16 and the other evaluation results is that seasonal factors lead to a certain lag in the evaluation results which may be similar to that of S10; The result of M-IBI for S18 which differs significantly from other evaluation results is average. Notably, the habitat composite index of S18 was the maximum among all sampling sites in the Diannong River, especially in which the riparian vegetation diversity index scored higher. Since the root exudates of the emergent aquatic plant, especially newborn plants, are the main source of energy and carbon for rhizosphere microorganisms [49], the higher number of water-bearing plants may be the main reason for the higher Z-IBI of S18.



Since the DNH4 area, which is close to the Nuanquan Industrial Park, Shizuishan Eco-Economic Development Zone, Hongguozi Industrial Park, and Huinong Agricultural Products Processing Park [50] downstream of Diannong river is seriously polluted by industrial water, the evaluation results of all 3 indices are average or mediocre.




4.3. Relationship between Aquatic IBI and Water Environmental Factors


Changes in WT have a significant effect on phytoplankton density and dominance and are important factors influencing seasonal changes in phytoplankton [51]. As the main food source for zooplankton, changes in the community structure of phytoplankton are closely related to the growth and reproduction of zooplankton. WT was included in the stepwise regression equation for both P-IBI and Z-IBI, and both had a direct positive effect on P-IBI and Z-IBI, with the positive direct effect of WT on P-IBI being stronger than that of Z-IBI, which is consistent with the findings of existing studies [52,53]. The direct positive effect of WT on P-IBI and Z-IBI is obvious, which is the main reason why P-IBI and Z-IBI do not match the actual situation for some sample points.



TDS indicates the number of dissolved substances dissolved in water. Since changes in land use type affect the changes in organic matter of pollutants discharged into water bodies, there is a significant correlation between land use type and TDS [54]. The Diannong River runs through Yinchuan City and Shizuishan City, passing through many different land use types such as urban land, agricultural land, and forest land during the period, with large variations in TDS. The results of this study showed that TDS showed a large negative direct effect on Z-IBI, which is inconsistent with the results of H.F. Bai et al. [55], probably because the Z-IBI in this study was mainly composed of Copepod and Cladoceran community structural features, while Rotifers were studied as the main dominant species in the existing studies.



The increase of TN, as a part of N and P nutrients within a certain range, will promote the growth of phytoplankton in the water body and thus the growth and reproduction of zooplankton, so TN had a direct positive effect on Z-IBI. However, exceeding a certain range will promote the growth of biomass of Cyanobacteria and Green Algae that are inedible algae for zooplankton [56] in the water column and inhibit zooplankton biomass, thus TN had an indirect negative effect on Z-IBI through WT.



pH has an important influence on the structural composition and distribution of phytoplankton communities, with high pH (pH > 8.0) favoring the growth of Cyanobacteria and Green Algae [57]. The main components of the P-IBI constructed in this study were the community structure characteristics of Cyanobacteria and Green Algae, so pH played a large direct positive role in the P-IBI.



It has been shown that overlying and interstitial water F− concentrations significantly affect the dominant species of microorganisms in water sediments [58]. In this study, we used the computational method proposed by M.J. Lv [59] for screening microbial fouling-resistant species to analyze microbial community susceptibility to F− and found that among the indicators constituting Z-IBI, Chloroflexi and Proteobacteria were F−intermediate phylum, and the top 5 dominant taxa in each sampling site such as Bacteroidota, Actinobacteria, Cyanobacteria, Verrucomicrobiota, Desulfobacterota, and other phyla were F−intermediate phylum, so F− showed a direct positive effect on Z-IBI.



The relationship between zo−oplankton and microorganisms in aquatic ecosystems is parasitic, and Cladoceran and copepods are the main hosts of Chloroflexi and Proteobacteria [60], which were the main components of Z-IBI and M-IBI, respectively, so there was some similarity in the interpretation of environmental factors for Z-IBI and M-IBI. At the same time, changes in EC, which is positively correlated with TDS among the water environmental factors, better reflect the ion content in the water column [61]. Therefore, similar to the direct negative effect of TDS on Z-IBI, EC exhibits the same direct negative effect on P-IBI.



The results of stepwise regression analysis and path coefficient analysis of aquatic IBI with environmental factors showed that compared with the correlation analysis between the structural characteristics of individual aquatic species communities and aquatic environmental factors, there were fewer indicators of significant effects of aquatic environmental factors on aquatic IBI and the indirect effects were generally insignificant. The main reason may be that the IBI of aquatic organisms is a parameter that integrates community structure, community species composition, community diversity, and functional type, so water environmental factors explain it to a lesser extent.




4.4. Application and Impact of This Study


In this study, the P-IBI, Z-IBI, and M-IBI were developed and evaluated for aquatic ecological health using the Diannong River in Ningxia Hui Autonomous Region, China as the study area. Meanwhile, the main environmental factors driving changes in the aquatic biotic integrity index were analyzed. In recent years, Shi, et al. [62], Wang, et al. [63], and Li, et al. [64] used F-IBI to take an evaluation for Chongming island, the Juma River and the North Canal respectively. Huang, et al. [65] used B-IBI to take an evaluation for the Ganjiang River. Liu et al. [66] used P-IBI to take an evaluation for the Jiangling River and Wujiang River. The above studies, on the one hand, mostly used a single aquatic organism as the research subject. On the other hand, these mainly used indices of fish, benthic animals and phytoplankton communities to develop IBI. The results of this study, on the one hand, developed the corresponding IBI with zooplankton and microorganisms, which have been less studied in recent years, and could provide references for constructing similar indicator systems in other regions of China. On the other hand, this study used several IBI for water ecological health evaluation and compared and analyzed that the variation of environmental factors represented by seasons and the variation of biological factors represented by aquatic plants were the main reasons for the differences in the evaluation results of the three indices. This conclusion could provide a basis for selecting a certain aquatic IBI for water ecological health evaluation in other regions based on actual biological and environmental factors.



In recent years, there were few studies on the application of IBI for water ecological health evaluation in the inland region of northwestern China which was a typical arid and semi-arid region, and the application of IBI for water ecological health evaluation in this region was somewhat representative. In recent years, most of the studies on the development of IBI for water ecological health evaluation in this region have focused on P-IBI and B-IBI [67,68,69]. Meanwhile, the findings of the IBI study on rivers in the Ningxia region had some similarities with those of this study, such as the finding that F− is the main environmental parameter driving changes in aquatic IBI [67].



China attached great importance to the development of ecological civilization and proposed that promotion of the ecological protection and high-quality development of the Yellow River Basin was related to the great rejuvenation of the Chinese nation for a thousand years for the Yellow River Basin [69]; The Law of the People’s Republic of China on the Protection of Yangtze River, which was introduced for the development of ecological civilization in the Yangtze River basin [62], proposed to establish an evaluation system for the IBI in the Yangtze River basin, further highlighting the importance of IBI in the evaluation of the health of aquatic ecosystems in China. The results of this article contained 3 aquatic IBI systems, the main aquatic environmental factors driving their changes, and the evaluation exploring the main measures to manage the ecological pollution in the area of the aquatic ecological health of the study area. The results could complement related studies in arid and semi-arid regions of China and provide a reference for the efficient application of IBI.





5. Conclusions


In this study, P-IBI, Z-IBI, and M-IBI were constructed based on the habitat quality and water quality of the Diannong River as the study area, and the aquatic ecological health assessment of the Diannong River was conducted and the results were compared to analyze the main water environmental factors driving the changes of aquatic IBI. The main reason for the large differences in the evaluation results of the three indices was that on the one hand, phytoplankton varied obviously with changes in season; on the other hand, the emergent aquatic plant influenced the growth of microorganisms. Overall, the M-IBI evaluation results were more consistent with the actual characteristics of the water ecological health situation and the water environment factors explained a low degree of aquatic IBI. This study initially constructed P-IBI, Z-IBI, and M-IBI for the natural conditions of Diannong River, Ningxia, it still needs to be improved in the following aspects with the improvement of the study: (1) Reference sites should be selected organically based on the habits of the particular study species, rather than simply by uniform indicators. (2) Further clarify the ecological functions of each species and improve the classification of species community structure indicators. (3) IBI scoring criteria should tend to be uniform to ensure the reference value of the scoring results. In analyzing the environmental factors driving the changes in aquatic IBI, this study only analyzed the aquatic IBI as a whole and the degree of explanation of aquatic IBI by water environmental factors was poor. Therefore, exploring the relationship between water environmental factors and the components of aquatic IBI and the internal mechanism of aquatic IBI is the focus of future research.
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Figure 1. Sampling sites of Diannong River. 
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Figure 2. Water quality parameters values at each sampling site (a) WT, DO, EC, pH, Sal, TDS, Chl a and SO42−, (b) TN, NH3-N, NO2-N, TP, A-P, CODCr, CODMn, F−). The unit of WT is °C; the unit of EC is us/cm; the unit of DO, Sal, TDS, Chl a and SO42− is mg/L. 
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Figure 3. Correlation analysis for water quality parameters, Note: *, p ≤ 0.05; **, p ≤ 0.01. 
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Figure 4. Results of the comprehensive evaluation of habitat quality and water quality at each site. 
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Figure 5. Discrimination analysis for indicators of P-IBI. 
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Figure 6. Correlation analysis for indicators of P-IBI. Note: * indicates p ≤ 0.05; ** indicates p ≤ 0.01. 
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Figure 7. Discrimination analysis for indicators of Z-IBI. 






Figure 7. Discrimination analysis for indicators of Z-IBI.



[image: Water 15 01130 g007]







[image: Water 15 01130 g008 550] 





Figure 8. Correlation analysis for indicators of Z-IBI. Note: * indicates p ≤ 0.05; ** indicates p ≤ 0.01. 
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Figure 9. RDA between water environmental factors and microbial diversity in sampling sites. 






Figure 9. RDA between water environmental factors and microbial diversity in sampling sites.



[image: Water 15 01130 g009]







[image: Water 15 01130 g010 550] 





Figure 10. Pearson correlation analysis between water environmental factors and relative abundance of microbial division. Note: * indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001. 
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Figure 11. Discrimination analysis for indicators of M-IBI. 
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Figure 12. Correlation analysis for indicators of M-IBI. Note: * indicates p ≤ 0.05; ** indicates p ≤ 0.01. 
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Figure 13. Evaluation results of P-IBI. 
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Figure 14. Evaluation results of Z-IBI. 
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Figure 15. Evaluation results of M-IBI. 
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Figure 16. Comparison for Evaluation Results of IBI. 
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Table 1. Index system of P-IBI in the Diannong River.
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Parameter Types

	
Number

	
Biological Parameters

	
Response to Interference






	
Community structure

	
M1

	
Total number of phytoplankton taxonomic units

	
−




	
M2

	
Number of Cyanobacterial taxonomic units

	
−




	
M3

	
Number of Dinoflagellate taxonomic units

	
−




	
M4

	
Number of Cryptophyte taxonomic units

	
+




	
M5

	
Number of Golden Algae taxonomic units

	
−




	
M6

	
Number of Yellow Algae taxonomic units

	
−




	
M7

	
Number of Diatom algae taxonomic units

	
−




	
M8

	
Number of Nudibranch taxonomic units

	
+




	
M9

	
Number of Green Algae taxonomic units

	
+




	
M10

	
Number of Cyanobacterial taxonomic units %

	
−




	
M11

	
Number of Dinoflagellate taxonomic units %

	
−




	
M12

	
Number of Cryptophyte taxonomic units %

	
+




	
M13

	
Number of Golden Algae taxonomic units %

	
−




	
M14

	
Number of Yellow Algae taxonomic units %

	
−




	
M15

	
Number of Diatom algae taxonomic units %

	
−




	
M16

	
Number of Nudibranch taxonomic units %

	
+




	
M17

	
Number of Green Algae taxonomic units %

	
+




	
Community quantity

	
M18

	
Relative abundance of Cyanobacterial

	
−




	
M19

	
Relative abundance of Dinoflagellate

	
−




	
M20

	
Relative abundance of Cryptophyte

	
+




	
M21

	
Relative abundance of Golden Algae

	
−




	
M22

	
Relative abundance of Yellow Algae

	
−




	
M23

	
Relative abundance of Diatom

	
−




	
M24

	
Relative abundance of Nudibranch

	
+




	
M25

	
Relative abundance of Green Algae

	
+




	
M26

	
Relative abundance of the top 3 dominant species

	
−




	
Community function

	
M27

	
Relative abundance of edible algae

	
−




	
M28

	
Relative abundance of inedible algae

	
+




	
M29

	
Relative abundance of algal blooms

	
+




	
M30

	
Relative abundance of toxic-producing algae

	
+




	
Tolerant taxa

	
M31

	
Relative abundance of stain-resistant species

	
−




	
M32

	
Relative abundance of sensitive species

	
−




	
Diversity index

	
M33

	
Shannon-winner index

	
+




	
M34

	
Marglef index

	
+




	
M35

	
Pielou index

	
+




	
M36

	
Simpson index

	
+











[image: Table] 





Table 2. Index system of Z-IBI of the Diannong River.






Table 2. Index system of Z-IBI of the Diannong River.





	
Parameter Types

	
Number

	
Biological Parameters

	
Response to Interference






	
Community structure

	
M37

	
Total number of zooplankton taxonomic units

	
+




	
M38

	
Number of Protozoan taxonomic units

	
+




	
M39

	
Number of Rotifer taxonomic units

	
+




	
M40

	
Number of Cladoceran taxonomic units

	
−




	
M41

	
Number of Copepods taxonomic units

	
+




	
Community quantity

	
M42

	
Relative abundance of Protozoan

	
+




	
M43

	
Relative abundance of Rotifer

	
+




	
M44

	
Relative abundance of Cladoceran

	
−




	
M45

	
Relative abundance of Copepods

	
+




	
M46

	
Protozoan biomass %

	
−




	
M47

	
Rotifer biomass %

	
+




	
M48

	
Cladoceran biomass %

	
−




	
M49

	
Copepods biomass %

	
−




	
M50

	
Relative abundance of the top 3 dominant species

	
−




	
Diversity index

	
M51

	
Shannon-winner index

	
−




	
M52

	
Marglef index

	
+




	
M53

	
Pielou index

	
−




	
M54

	
Simpson index

	
+




	
Nutritional structure

	
M55

	
Relative abundance of predators

	
−




	
M56

	
Relative abundance of filter-feeders

	
−
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Table 3. Index system of M-IBI of the Diannong River.
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Parameter Types

	
Number

	
Biological Parameters

	
Responses to Interference






	
Community structure

	
M57

	
Number of microbial taxonomic units

	
+




	
M58

	
OTUs

	
+




	
M59

	
Observed species

	
+




	
Community quantity

	
M60

	
Relative abundance of Chloroflexi

	
+




	
M61

	
Relative abundance of Desulfobacterota

	
+




	
M62

	
Relative abundance of Cyanobacteria

	
+




	
M63

	
Relative abundance of Bdellovibrionota

	
+




	
M64

	
Relative abundance of Campylobacterota

	
+




	
M65

	
Relative abundance of Proteobacteria

	
−




	
M66

	
Relative abundance of highest dominant taxonomic units

	
−




	
M67

	
Relative abundance of the top 2 dominant taxonomic units

	
−




	
M68

	
Relative abundance of the top 3 dominant taxonomic units

	
−




	
M69

	
Relative abundance of the top 4 dominant taxonomic units

	
−




	
M70

	
Relative abundance of the top 5 dominant taxonomic units

	
−




	
Tolerant taxa

	
M71

	
relative abundance of NH3-N tolerant genus

	
+




	
M72

	
Relative abundance of NH3-N intermediate genus

	
−




	
M73

	
Relative abundance of NH3-N sensitive genus

	
−




	
M74

	
Relative abundance of TN-tolerant genus

	
−




	
M75

	
Relative abundance of TN intermediate genus

	
+




	
M76

	
Relative abundance of TN-sensitive genus

	
+




	
M77

	
Relative abundance of high-temperature tolerant genus

	
−




	
M78

	
Relative abundance of high-temperature intermediate genus

	
−




	
M79

	
Relative abundance of high-temperature sensitive genus

	
+




	
M80

	
Relative abundance of pollution-tolerant genus

	
+




	
M81

	
Relative abundance of pollution intermediate genus

	
+




	
M82

	
Relative abundance of pollution-sensitive genus

	
−




	
Diversity index

	
M83

	
Chao1 index

	
+




	
M84

	
Shannon-winner index

	
+




	
M85

	
Simpson index

	
+




	
M86

	
Ace index

	
+




	
M87

	
PD-whole-tree index

	
+




	
M88

	
Goods-coverage index

	
+
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Table 4. Stepwise multiple regression between IBI of aquatic organisms and water environmental factors.
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	Stepwise Regression Equation
	R
	p





	lnP-IBI = −26.242 + 4.869 lnWT + 6.362 lnpH
	0.789
	0.0001



	lnZ-IBI = −5.783 − 0.278 lnTDS + 2.871 lnWT + 0.149 lnTN
	0.894
	0.0001



	lnM-IBI = 2.588 + 0.471 lnF − 0.121 lnEC
	0.828
	0.0001
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Table 5. Path coefficient analysis between P-IBI and water environmental factors.
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Dependent Variable

	
Independent Variable

	
Direct Effect

	
Indirect Effect rijPj




	
Pi

	
By lnWT

	
By lnpH






	
lnP-IBI

	
lnWT

	
0.667

	
-

	
0.01911




	
lnpH

	
0.39

	
0.032683

	
-
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Table 6. Path coefficient analysis between Z-IBI and water environmental factors.
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Dependent Variable

	
Independent Variable

	
Direct Effect

	
Indirect Effect rijPj




	
Pi

	
By lnTDS

	
By lnWT

	
By lnTN






	
lnZ-IBI

	
lnTDS

	
−0.665

	
-

	
−0.071314

	
−0.024108




	
lnWT

	
0.394

	
0.120365

	
-

	
−0.014112




	
lnTN

	
0.294

	
0.05453

	
−0.018912

	
-
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Table 7. Path coefficient analysis between M-IBI and water environmental factors.






Table 7. Path coefficient analysis between M-IBI and water environmental factors.





	
Dependent Variable

	
Independent Variable

	
Direct Effect

	
Indirect Effect rijPj




	
Pi

	
By lnF−

	
By lnEC






	
lnM-IBI

	
lnF−

	
0.752

	
-

	
−0.009936




	
lnEC

	
−0.368

	
0.020304

	
-
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