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Abstract
Index of biotic integrity (IBI) based on fish has been applied globally. However, few have considered that fish assemblages 
change among different aggregate ecoregions when conducted their health assessment. Indeed, some comprehensive indices, 
such as functional and phylogenetic diversity indices and ABC curve, can be used to identify aspects that are not captured 
by traditional metrics. Consequently, we try to integrate comprehensive indices and spatial patterns of fish assemblages to 
develop IBI systems and then verified their effectiveness and accuracy for assessing the environmental health of the Chishui 
River basin. The comprehensive disturbance index (CDI), based on 11 water quality parameters and 4 human land use, was 
set to distinguish reference sites and impaired sites. According to the spatial patterns of fish assemblages, the 40 sites were 
finally divided into 2 aggregate ecoregions, include wadeable streams and nonwadeable rivers. 97 candidate metrics were 
selected to develop our IBI systems based on the systematic screening method. The result also showed that our IBI systems 
performed well in discriminating anthropogenic disturbances at both aggregate ecoregions, which suggests that our systems 
could provide a reliable evaluation. The mean IBI score of the Chishui River basin was 72.09 ± 16.58, and was classified 
as good status. However, S1 (Chishuiyuan Town), Baisha River, Tongzi River, and Xishui River were disturbed by various 
human activities. We conclude that the spatial patterns of fish assemblages should be combined with more comprehensive 
indices to assess river health. On the other hand, we do believe that the process of developing and verifying our IBI systems 
could be regarded as a reference for biomonitoring in more mountain river systems.

Keywords Aggregate ecoregions · Fish assemblages · Comprehensive indices · IBI systems · Environmental health · The 
Chishui River basin

Introduction

In recent decades, freshwater ecosystems have become 
increasingly threatened by various stressors, such as pollu-
tion, land use changes, dam construction, water extraction, 
and overfishing (Ormerod et al. 2010; Gomes-Silva et al. 
2020; Ngor et al. 2018). As a result, health assessment of 
freshwater ecosystem is attracting increasing attention glob-
ally (Ruaro and Gubiani 2013), and there are now multi-
ple approaches for evaluating such effects. In recent years, 
increasing aquatic biota have been selected as indicators, 
such as fish, macroinvertebrates, algae, and microbiota. Fish, 
factually, have proven to be important and efficacious indi-
cators due to their widespread distributions, relatively long 
lifespan, sensitivity to environmental changes, and occupy 
multiple trophic levels that represent a greater proportion 
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of rivers (Karr 1981; Mendonça et al. 2005; Maceda-Veiga 
et al. 2014; Chen et al. 2020). The index of biotic integrity 
(IBI) is an important tool for evaluating and managing river 
ecosystem and was proposed by Karr (Karr 1981). Karr ini-
tially set out to develop a IBI system with twelve fish com-
munity parameters belong to two categories: species com-
position and richness, and ecological factors (Karr 1981). In 
addition, Karr argued that (1) criteria that only emphasize 
physical and chemical attributes of water are unsuccessful 
as surrogates for measuring biotic integrity; (2) since an 
ability to sustain a balanced biotic community is one of the 
best indicators of the potential for beneficial use, sophis-
ticated monitoring programs should seek to assess “biotic 
integrity”; (3) by carefully monitoring fishes, one can rap-
idly assess the health (“biotic integrity”) of a local water 
resource; and (4) IBI system could be expanded continu-
ously, as long as those metrics are adjusted by biogeographic 
and stream-size considerations (Karr 1981). Unfortunately, 
although the approaches of IBI based on fish (F-IBI) have 
been reported frequently in past decades (Voss et al. 2012; 
Aura et al. 2017), some deficiencies remain in actual situ-
ation. For example, they have not taken into account natu-
rally occurring geographic variation of fish assemblages, 
nor considered divergence of life-history information (e.g., 
tolerance, reproduction, habitat) of these fish. In addition, 
few comprehensive indices in monitoring systems often miss 
many of the man-induced perturbations that may be critical 
to assessment of biotic impacts (Saito et al. 2015). In short, 
many scholars developed IBI systems without considering 
variations of fish assemblages or using more comprehensive 
indices (Voss et al. 2012; Lin et al. 2014; Aura et al. 2017). 
Therefore, the modification and improvement of biomonitor-
ing tools as a critical step should be the first priority.

To protect and manage the aquatic ecosystem, the accu-
racy, efficiency, and universality are required for ecologi-
cal assessment methods. As mentioned above, Karr had 
highlighted that biogeographic and stream-size should be 
taken into account when developed IBI system (Karr 1981). 
In other words, it mandated that IBI methods should be 
combined with spatial patterns of aquatic assemblages. In 
fact, much literature on variations of fish assemblages is of 
authoritative value for referring. Streams exhibit a gradient 
of natural resources and physical environment from small 
headstreams to large rivers (Shelford 1911), and the River 
Continuum Concept (RCC) has highlighted a variation in 
aquatic communities in response to such habitat changes 
(Vannote et al. 1980). Similarly, the significantly variations 
of fish assemblage had been observed in many rivers in the 
past few years (Matthews 1998; Lasne et al. 2007; Ferreira 
and Petrere 2009; Liu et al. 2020). For the development of 
effective and accurate IBI system, there is an urgent need 
to understand the organization mechanisms of fish assem-
blages. Besides, although not any comprehensive indices 

were used in Karr’s IBI system yet, many follow-up research-
ers thought that more comprehensive indices require clear 
relationships between biological attributes and anthropic 
disturbance, and integration into traditional IBI methods to 
mirror different aspects (Chen et al. 2020; Shi et al. 2020; 
Saito et al. 2015). To date, Pielou’s index, Shannon-Weiner 
index, and Simpson’s index (Boltzmann 1970; Shannon 
1948; Simpson 1949) have been widely used in IBI sys-
tems for evaluating species diversity (Cai et al. 2012; Wang 
et al. 2018; Zhu et al. 2021). In recent years, functional and 
phylogenetic diversity metrics have attracted attention from 
ecologists recently because they consider aspects of ecologi-
cal or evolutionary differences among species that are not 
captured by traditional species diversity indices (Saito et al. 
2015). Functional diversity indices, such as functional rich-
ness, functional evenness, and functional divergence, meas-
ure the diversity of functional traits, i.e., characteristics of 
organism phenotype that influence ecosystem services, and 
organism survival (Mason et al. 2005). Phylogenetic diver-
sity indices, such as “variation in taxonomic distinctness” 
(VarTD, Λ +) and “average taxonomic distinctness” (AvTD, 
∆ +), measure the evolutionary relationship among species 
through the taxonomic tree connecting every pair of spe-
cies in the list (Clarke and Warwick 1994). In addition, the 
abundance biomass comparison (ABC) method was initially 
proposed by Warwick (Warwick 1986) and has been used to 
assess levels of disturbance on fish community in the past 
decades (Bianchi et al. 2001; Sun et al. 2019; Vanna et al. 
2020). Theoretically, the ABC curve combines dominance 
of species abundance and biomass may create 3 possible 
forms, representing undisturbed, moderately disturbed, or 
strongly disturbed communities, and is based on classical 
evolutionary theory of r- and K-selection (Warwick 1986; 
Coeck et al. 1993). All of them have truly withstood the test 
of time and are still generally regarded as the important tools 
of ecological field.

The Chishui River is the last free-flowing tributary of the 
upper Yangtze River and provides an ideal model to test river 
ecological principles because of its undammed mainstream 
(Liu et al. 2020; Wu et al. 2011). In addition, the “National 
Nature Reserve for Rare and Endemic Fishes of the upper 
Yangtze River” was established by the Chinese Govern-
ment in 2005, aiming to protect fish resources that suffered 
from hydropower engineering, such as Three Gorges Dam, 
Xiluodu Dam, and Xiangjia Dam (Wu et al. 2011). Com-
plementarily, the Chishui River is an important part of this 
national natural reserve and become a fish-conservation hot-
spot. In recent years, increasing research reports about the 
Chishui River have been proposed to capture the fish diver-
sity patterns, community biology, and conservation biology 
(Liu et al. 2020; Wu et al. 2011), including a few studies of 
ecological health. For example, Lin et al. developed a simple 
F-IBI of the Chishui River based on three sampling sites and 
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M-IBI (Macroinvertebrate) was constructed by Wang soon 
after (Lin et al. 2014; Wang et al. 2018). Although these 
studies have reflected ecological status in some aspects, 
there are still some deficiencies, such as lacking of com-
prehensive indices, few sampling sites were set, focusing 
only on mainstream, or developing IBI without consider-
ing spatial patterns of aquatic communities along the river. 
Moreover, as a typical mountain river system, Chishui River 
basin includes wadeable streams and nonwadeable rivers. 
Liu et al. had confirmed that fish assemblages varied signifi-
cantly along the longitudinal gradient of the Chishui River 
mainstream (Liu et al. 2020), but not covering more sites of 
its important tributaries.

Summing up, the objectives of our study were to deter-
mine the following: (1) Separate all the sampling sites of 
the Chishui River basin into reasonable aggregate ecore-
gions based on spatial patterns of fish assemblages, (2) try 
to integrate more candidate metrics such as, species, func-
tional and phylogenetic diversity metrics, ABC curve into 
our IBI systems, and test different properties, and verify the 
accuracy and feasibility of them; (3) identify the biological 
condition of rivers throughout the Chishui River basin; and 

(4) provide a reference for biomonitoring in more mountain 
river systems.

Materials and methods

Study region

We sampled 40 sites on the Chishui River basin (primary-and 
second-order streams of the upper Yangtze River), includ-
ing the Chishui River mainstream and its eleven tributaries 
(in order from upstream to downstream: Zhaxi River, Daoliu 
River, Tongche River, Baisha River, Erdao River, Wuma River, 
Tongzi River, Gulin River, Tongmin River, Datong River and 
Xishui RiverR) of the Chishui River basin (27°20′–28°50′N; 
104°45′–106°51′E) with a drainage area of 20,440  km2 (Fig. 1). 
The Chishui River originates from the Wumeng Mountains in 
Yunnan province, flows through Yunnan, Guizhou, and Sichuan 
provinces for nearly 436.5 km before converging into the upper 
Yangtze River in Hejiang County, Sichuan Province, southwest 
of China. These eleven second-order tributaries have lengths 
ranging from of 35 to 150 km. All of these streams are located 

Fig. 1  Locations of sampling sites along the Chishui River basin
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in the eastern Yungui Plateau, Sichuan Basin or the transi-
tional area between them. With a subtropical monsoon climate, 
the annually average rainfall of the Chishui River was about 
1000 mm. The Chishui River contains lots of laterite soil, which 
could lead to extensive erosion; thus, it is the origin of the name 
“Chishui” (i.e., “red river” in Chinese). Karst landforms are 
mainly distributed in the upper and midstream of the river, and 
the river’s downstream areas belong to the Sichuan Basin (Jiang 
et al. 2011; Wu et al. 2011; Liu et al. 2020).

Sampling

Field surveys were conducted biannually in Septem-
ber–October 2019 and May–June 2020. Depending on 
sampling operability, habitat types, and streams’ mor-
phology, fish at different water layers were sampled from 
main stream and eleven tributaries, which makes a total 
of 40 sampling sites along the Chishui River (Main-
stream = 18, Tributaries = 22). Owing to the high het-
erogeneity of the river habitat, multiple sampling tech-
niques were adopted during surveys. On each sampling 
occasion, fish specimens were caught with the assistance 
of professional fishermen by using a backpack electro-
fishing gear (CWB-2000 P, China; 12 V import, 250 V 
export) for 1 h, 10 stationary gillnets (8 m long × 1.2 m 
high, 5  cm mesh size), and 5 shrimp pots for 12  h. 
According to authoritative monographs (Wu 1989; Ding 
1994; Chen 1998), fish were identified to the species 
level, and then measured length (to the nearest 1 mm) 
and weight (to the neatest 0.1 g) before releasing from 
the sites, while individuals that could not be identified 
immediately were preserved in 10% formalin for further 
taxonomic determination.

Eleven (11) physicochemical water quality parameters 
were analyzed following the standard methods (APHA 
2005). conductivity (Cond, μS/cm), dissolved oxygen 
(DO, mg/L), oxidation–reduction potential (ORP, mV), 
water temperature (WT, °C), and pH that were meas-
ured in situ by portable multi-parameter water quality 
meter (YSI Professional Plus, USA). For other param-
eters, water samples at 0.5 m below water surface were 
collected from each sampling site. 2-L water samples 
were collected with a 5-L plexiglass sampler at each site 
and preserved in 1-L polyethylene bottles. The samples 
were kept in a cooler with ice and then transported to the 
laboratory on the same day by a designated person for 
further analysis (within 48 h) to determine total nitro-
gen (TN, mg/L), total phosphorus (TP, mg/L), soluble 
reactive phosphorus (SRP, mg/L), total dissolved nitro-
gen (TDN, mg/L), total dissolved phosphorus (TDP, 
mg/L), and chlorophyll a (Chl-a, mg/L) according to the 
Water and waste water monitoring and analysis method 
(fourth edition). Laboratory analytic quality assurance 

and quality control including blanks, replicates, calibra-
tion blank, and standards were performed according to 
the standard protocol (APHA 2005)”.

Land use data were used to reflect habitat quality, includ-
ing 4 major types (farmland, forested land, shrub and grass-
land, construction area), were extracted for each sampling 
site with ArcGIS software (v.10.6.1) based on 30 m-resolu-
tion satellite image databases, and the percentages of each 
land use type were then calculated. The whole area with 40 
 km2 (2000 m length * 500 m width * 40 sampling sites) were 
extracted for the description of the Chishui River basin, and 
the mean distance to the rivers was 250 m.

Construction of IBI

Reference sites and impaired sites

Fifteen parameters pertaining to water quality and land 
use were aggregated to calculate the comprehensive dis-
turbance index (CDI) (Table S4). Our starting point of 
developing CDI is to divide reference and impaired sites, 
to better understand how IBI responds in varying levels 
of comprehensive disturbance. To evaluate the degener-
ated level of all sites, as many parameters as possible 
were set to refer to existing standards (Kocer and Sevgili 
2014; Pesce and Wunderlin 2000; Wu et al. 2018) and 
the other parameters were finally categorized into four 
groups by considering the 25th, 50th, and 75th percen-
tiles (Chen et al. 2020; Li and Zeng 2020). Therefore, 
the data for all these parameters were classified into four 
grades as follows: (4) excellent, (3) good, (2) fair, and (1) 
poor (Table S1). Then, the sum of these scores were used 
as the final CDI value to reflect anthropogenic interfer-
ence and distinguish reference sites and impaired sites 
with 75th percentiles since it was difficult to find an 
ideal nondisturbed site in the extensive landscape (Stod-
dard et al. 2006).

Metric development and data treatment

To determine the spatial patterns of fish assemblages in 
the Chishui River basin, species abundance data were used 
in the following analysis (Wang et al. 2018): Analysis of 
similarity (ANOSIM) was carried out to determine the 
differences between different site-groups. Then, similar-
ity of percentage analysis (SIMPER) was used to identify 
species that were principally responsible for similarities 
within site-groups and those that contributed to 60% of 
the total average similarity considered as typifying species 
(Liu et al. 2020). Moreover, cluster analysis (a group aver-
age hierarchical sorting strategy) and nonmetric multidi-
mensional scaling (NMDS) ordination analysis were used 
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to determine the Spatial patterns of fish assemblages in 
the Chishui River basin (Liu et al. 2020; Wang et al. 2018; 
Oksanen et al. 2019). All these steps were performed with 
the PRIMER 5 software package (Clarke and Warwick 
1994).

The W is a standard statistic of ABC method and 
based on the relative position of the two K-dominance 
curves for biomass and abundance, respectively (Lamb-
shead et al. 1983; Clarke et al. 2014). For mild-dis-
turbed communities, the biomass curves above the 
numbers curve throughout its entire length (W > 0). 
At moderate disturbance, the biomass and number 
curves are close and may intersect. As disturbance 
increases, the abundance curve is above the biomass 
curve throughout its length (W < 0). W values were cal-
culated in the PRIMER 5 software package, formula 1. 
In addition, to calculate functional diversity indices, 
fish database included maximum length, growth rate, 
life span, age at first maturity, length at first matu-
rity, trophic level, habitat type, food consumption, and 
body type were collected from our surveys and sup-
plemented through https:// fishb ase. mnhn. fr/ search. php 
and authoritative monographs (Wu 1989; Ding 1994; 
Chen 1998). Phylogenetic diversity indices were cal-
culated using fish species presence-absence database 
involving five different levels of the taxonomic hier-
archy: class, order, family, genus, and species. All the 
three dimensions of alpha diversity indices were cal-
culated in R (v. 4.0.3, vegan package) (Niu et al. 2015; 
Xia 2021).

where W is the standardized sum of the differences between 
each pair of species cumulative biomass Bi and cumulative 
abundance Ai value ranked in decreasing order.

With reference to the previous studies (Chen et al. 2020; 
Whittier et al. 2007; Yu et al. 2018), a dataset of candidate 
metrics was first composed of seven categories: species 
composition, habitat guilds, trophic guilds, reproductive 
guilds, tolerance guilds, health and size, and comprehen-
sive indices. Four size-based indicators (mean length, 
mean weight, maximum length and maximum weight in 
the community) were used to reflect size of species in the 
community. Dominance was calculated using the Index 
of relative importance (IRI%) (Pinkas et al. 1971) (for-
mula 2). Then, a list of 97 candidate metrics (included 
one rarely ABC curve, eight comprehensive indices, and 
eighty-eight functional metrics) were obtained. To reflect 
the different aspects of the metrics, four types of descrip-
tors, including numerical variables based on the number of 
species, proportional variables for individual number and 

(1)W =

s∑
i

(B
i
− A

i
)∕(50 × (S − 1))

total biomass, and IRI% for dominance, were considered 
(Table S2). Then, calculate the candidate parameter values 
for each sampling site (Pinkas et al. 1971).

where Wi% is the biomass percentage of the ith Functional 
group species in the catch, Ni% is the individual number 
percentage of the ith Functional group species in the catch, 
and Fi% is the occurrence rate in the community.

Metric screening

All the candidate metrics were screened with subsequent analy-
ses (Fig. 2). First, metrics with a narrow range (percentage met-
rics with the coefficient of variation CV < 10%, richness metrics 
with a range < 5 and metrics with > 70% of values equal to zero) 
were excluded from the IBI system because they would decrease 
the separating capacity (Whittier et al. 2007; Yu et al. 2018; Cai 
et al. 2020). Prior to the subsequent analysis, all metrics were 
corrected for normality and heteroscedasticity using log (x + 1) 
for count variables and the arcsine square root transformation 
for all proportional variables except the comprehensive indices 
except the comprehensive indices (Chen et al. 2020). Second, 
to prevent the sensitivity of each metric to distinguish anthropo-
genic interference, metric values were calculated using a t-test 
when the normality assumption was met, while the Wilcoxon 
rank sum test was used for nonnormally distributed data (Sto-
jkovic et al. 2014). Metrics that significantly differed (p < 0.05) 
between reference sites and impaired sites were retained for 
subsequent analyses. Finally, Pearson correlation analyses were 
used to test redundancy among the remaining metrics. When a 
pair of metrics showed strong redundancy (R > 0.80, R <  − 0.80) 
were deleted (Xue et al. 2019).

All R version 4.0.3 (R Core Team), Excel version 2019 
and SPSS version 22 were used in these statistical analyses, 
and the level of significance was set at 0.05.

Metric scoring and validation

To avoid the subjectivity of discrete scoring, all retained 
metrics were scored on a continuous scale that ranged from 0 
to 100 (Wang et al. 2018; Lin et al. 2014). For positive met-
rics, which increase with an increase in the CDI, calculated 
as formula 3 (ceiling scores were valued as the 95th quantile 
for all sites, and floor scores were valued as the 5th quantile 
for reference sites). For negative metrics, which decrease 
with an increase in the CDI, calculated as formula 4 (ceiling 
scores were valued as the 95th quantile for reference sites, 

(2)IRI% =
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and floor scores were valued as the 5th quantile for all sites) 
(Stoddard et al. 2008). Then, scores for each metric were 
summed to obtain IBI scores, which were divided into five 
grades (excellent, good, fair, poor, and badly) based on the 
95th, 75th, 50th, and 25th percentages of the highest value.

The final IBI scores and CDI scores, represented the fish 
community and physical habitat respectively, were used to 
validate the rationality of the IBI systems. To validate the 
performance of the IBI systems, general linear regression 
models and box-plots considering the IBI scores as a predic-
tor variable and the CDI scores as response variables.

Results

Fish composition and structure

A total of 125 fish species belonging to 7 orders and 17 fami-
lies were collected across the 40 sites during the sampling 
period (Table S3). Among them, 32 species were endemic 

(3)
Forpositivemetrics, (ceiling − value)∕(ceiling − f loor) × 100

(4)
Fornegativemetrics, (value − f loor)∕(ceiling − f loor) × 100

to the upper Yangtze River, accounting for 25.60% of the 
total species.

According to the spatial patterns of fish assemblages, all 
the 40 sites could be divided into two site-groups, corre-
sponding to group 1: wadeable streams (S1–S5, S19–S36, 
S39, S40) and group 2: nonwadeable rivers (S6–S18, S37, 
S38), which are shown by Fig. 3 and Table S5 based on 
cluster and ordination analysis. ANOSIM (p < 0.01) and 
the stress value of NMDS was 0.13 (between 0.1 and 0.2) 
further confirmed the significant differences between two 
site-groups (Wang 2018).

Comprehensive disturbance

The CDI values showed that twenty-one of the sites were 
divided into reference sites because their higher CDI values 
and indicating minimal levels of disturbance. Nineteen were 
judged to be impaired, with significant anthropogenic stress-
ors (Fig. 4; Table S4). Among all sampling sites, five sam-
pling sites S1 (Chishuiyuan Town), S30 (Gaoqiao Town), 
S31 (Guancang Town), S37 (Changsha Town), and S39 
(Shibao Town) were rated as the highest-disturbed condi-
tions because of their lowest CDI values, 31, 33, 30, 32, and 
33, respectively, while S14 (Hushi Town), S17 (Mixi Town), 
S25,(Malu Town), and S36 (Baoyuan Town) had better con-
dition with CDI values more than 46. Among all tributaries, 

Fig. 2  Metric screening steps for the development of the IBI of the Chishui River basin
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Tongzi River and Xishui River had the lowest average CDI 
values of 35 and 36, respectively.

IBI systems development

Independent IBI system was constructed for each of the 
group respectively since their unique fish assemblages. 
In group 1, according to the screening procedures shown 
in Fig. 2, thirty-four metrics were initially rejected from 
the range test due to their small ranges, following which 
forty-six metrics were excluded from the sensitivity test 
since they showed weak capability to distinguish between 
reference sites and impaired sites of human perturbation. 
In the redundancy testing step, five metrics were removed 
since they showed high correlation with other metrics 
(Table S2). Twelve metrics, including percent of bio-
mass of Cyprinidae species, number of Cobitidae species, 
percent of biomass of the endemic fishes of the Yangtze 
River, IRI% of herbivorous species, number of adhesive 
egg species, percent of individuals of sensitive species, 
mean length in community, Shannon-Weiner index, W 
value of the ABC curve, functional richness, functional 
evenness, and taxonomic distinctness indices, were finally 
used to develop the IBI-G1 (Table 1). Correspondingly, 

metrics in group 2 were performed the same IBI devel-
opment steps as described above (Fig. 2), corresponding 
to IBI-G2. The final result showed that fourteen metrics 
were used to develop IBI-G2 (Table 2), and to calculate 
the IBI scores.

Scores, validation, and ecological health

For sites in group 1, the IBI scores ranged from 0 to 83.57, 
with a mean of 68.08 and a standard deviation of 19.65. IBI 
scores of sites in group 2 ranged from 60.29 to 89.28, with a 
mean of 78.79 (Table S5). Validation procedure: Box-plot and 
T-test showed that the IBI scores could efficiently distinguish the 
disturbance levels (reference sites and impaired sites) for both 
the group 1 and group 2 (p < 0.05) (Fig. 5), with the reference 
sites having the higher IBI scores and the impaired sites having 
the lower scores. Moreover, regression analysis revealed that 
the IBI scores was significantly positively correlated with the 
CDI scores for both group 1(R2 = 0.465, p = 0.003) and group 
2 (R2 = 0.688, p < 0.001), although group 1 was affected by an 
outlier (IBI score of S1 is 0) (Fig. 6). The consistent results from 
these two analyses validated the expected performance of the 
IBI-G1 and IBI-G2 in assessing the ecological health of the 
Chishui River basin.

Fig. 3  The NMDS ordina-
tion (a) and classification (b) 
plots of fish assemblage of the 
Chishui River basin
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The final IBI scores of 40 sites ranged from 0 to 89.28, with 
the mean ± SD of 72.09 ± 16.85, and were divided into five 
categories, excellent: 84.82 to 100, good: 71.42 to 84.81, fair: 

53.57 to 71.41, poor: 22.32 to 53.56, and badly: 0 to 22.31. The 
mean score more than 71.41, which revealed that the ecologi-
cal health of the Chishui River basin was classified as good: 

Fig. 4  The reference sites and impaired sites

Table 1  Twelve metrics retained to calculate final IBI-G1

Metrics Code All sites reference sites

95th quantile 5th quantile 95th quantile 5th quantile

Percent of biomass of Cyprinidae species PCyB 1.45 0.48 1.45 0.48
Number of Cobitidae species NCoS 0.48 0.00 0.48 0.00
Percent of biomass of the Endemic Fishes of the 

Yangtze River
PEFB 0.98 0.00 1.10 0.00

IRI% of herbivorous species HIS 1.16 0.19 1.21 0.19
Number of adhesive egg species NAES 1.07 0.48 1.07 0.48
Percent of individuals of sensitive species PSSI 1.33 0.13 1.38 0.13
Mean length in community MEL 2.11 1.05 2.13 1.05
Shannon-Weiner index SWI 1.87 0.50 2.01 0.50
W value of the ABC curve ABC 0.31 -0.11 0.25 -0.11
Functional richness FEve 5.96 1.71 5.92 1.71
Functional evenness FDiv 0.83 0.63 0.87 0.63
Taxonomic distinctness indices TDis 520.14 112.67 483.12 112.67
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3 sites were excellent, 27 sites were good, 5 sites were fair, 4 
sites were poor, and 1 site was badly (Fig. 7). Among them, the 
IBI score of S1 was 0 as no fish were caught during sampling, 
while S8, S14, and S17 were classified as having excellent sta-
tus with high IBI scores. Besides, the health conditions (mean 
IBI scores) for the Chishui River mainstream and its eleven 
tributaries were Xishui River: 71.25 (fair), Baisha River and 
Tongzi River: 49.62 and 49.04, respectively (poor) and the 
other rivers: 73.15–83.17(good) (Table S5).

Discussion

Performance of our IBI system

A more refined biotic assessment system is required for 
effective protection of freshwater fish resources (Karr 
1981). Principal characteristics of our IBI system are that 
it (1) divides reference sites and impaired sites by using 
water quality parameters and land use; (2) classifies this 

Table 2  Fourteen metrics retained to calculate final IBI-G2

Metrics Code All sites reference sites

95th quantile 5th quantile 95th quantile 5th quantile

Percent of individuals of SILURIFORMES species PSII 1.12 0.15 1.14 0.32
Percent of biomass of the Endemic Fishes of the Yangtze River PEFB 0.44 0.18 0.45 0.21
Percent of biomass of nonrheophilic species PNSB 0.77 0.18 0.76 0.40
Number of insectivorous species NIS 1.12 0.78 1.13 0.78
IRI% of omnivorous species IOS 0.77 0.33 0.77 0.42
Percent of individuals of middle tolerant species PMTSI 1.02 0.35 1.09 0.47
Maximum length in community MAL 2.68 2.19 2.70 2.52
Maximum weight in community MAW 3.43 2.61 3.50 2.78
Pielou’s index PI 0.76 0.59 0.79 0.60
Shannon-Weiner index SWI 2.39 1.69 2.43 1.68
W value of the ABC curve ABC 0.04 -0.11 0.03 -0.10
Functional richness FRic 8.56 4.42 8.58 4.92
Functional evenness FEve 0.79 0.68 0.79 0.69
Taxonomic distinctness indices TDis 648.13 485.28 651.31 475.41

Fig. 5  Boxplot showing the distribution of IBI (index of biotic integ-
rity) in reference and impaired sites. Group 1 (wadeable streams) and 
group 2 (nonwadeable rivers)

Fig. 6  Relationship between the IBI (index of biotic integrity)) scores 
and CDI (comprehensive disturbance index) scores. Points in red 
color are the group 1 (wadeable streams) data, and points in green 
color are the group 2 (nonwadeable rivers) data. Lines in the corre-
sponding colors are the linear fitting lines for them
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basin into two aggregate ecoregions based on their distinct 
fish assemblages, and independent IBI system is developed 
for each; (3) synthesizes the cumulative metrics of a wide 
variety of environmental disturbances that match aggre-
gate ecoregion; (4) is verified by CDI; and (5) measures 
end-response values of biological health.

Scientific division of aggregate ecoregions is the critical 
first step for a reasonable IBI system. To date, there are no 
unified rules and definitions for “headstreams” around the 
world since different definitions of “headstreams” are set 
for different research levels (Flotemersch et al. 2014; Chen 
et al. 2020). Conventionally, some scholars hold that the 
second-order tributaries and the headwater of primary-order 
tributary are considered “headstreams” (Meyer et al. 2007; 
Moore and Richardson 2003). Parallelly, headwater (S1–S5) 
and the most sites in 11 tributaries (S19–S36, S39, S40) 
were considered “wadeable streams,” while the other sites 
were classified as “nonwadeable rivers” (corresponding to 
the groups 1 and 2, respectively). Compared with nonwade-
able rivers, the hydrologic changes more intense, the habi-
tat is simple, the nutrition is poor, and the spatial variation 
of ecosystem is more obvious in wadeable streams, which 
determine that they are two significantly distinct aggregate 
ecoregions (Flotemersch et al. 2014). Different fish assem-
blages have unique classification status, function, and life 
habits (Lasne et al. 2007). The structure of fish assemblages 
changed obviously between wadeable streams and nonwade-
able rivers in the Chishui River basin. Indeed, such changes 
in fish assemblages are largely determined by the variations 
of geomorphic structure along the Chishui River basin 
(Wang et al. 2007). For the group 1 “wadeable streams,” 
most sites lie in the Yungui Plateau characterized by high 
mountains, rocky bottoms, deep valleys, and scarce vegeta-
tive cover. Fish assemblages that fit rapids and cold water 

are the dominant species in this group, such as Onychostoma 
sima, Schizothorax graham, Acrossocheilus yunnanensis 
and Sinogastromyzon sichangensis. However, most sites of 
the Chishui River mainstream, except for headwater, were 
contained in group 2 “nonwadeable rivers.” This aggregate 
ecoregion is situated on both the Sichuan Basin and tran-
sitional area between the Yungui Plateau and the Sichuan 
Basin, with a relatively gentle slope, reduced water flow and 
lush vegetative cover. Fish assemblages, in this group, show 
the characteristics of complexity, with not only some typical 
rapids-loving fishes, such as Onychostoma sima and Spini-
barbus sinensis, but also a large number of nonrheophilic 
fishes are found, such as Pelteobagrus nitidus, Pelteoba-
grus vachelli, and Leiocassis crassilabris. As expected, our 
results also show that the metrics of final IBI systems were 
closely related to different aggregate ecoregions, such as 
metrics of rheophilic and sensitive species were used in IBI-
G1 while metrics of nonrheophilic and omnivorous species 
were used in IBI-G2. We found that IBI systems performed 
well in discriminating among the anthropogenic pressure 
classes when they make adjustments to the corresponding 
fish assemblages. In short, each aggregate ecoregion has 
unique fish assemblages and physical environment. There-
fore, we strongly recommend that fish assemblages should 
be considered fully to divide different aggregate ecoregions 
before developing a IBI system, and then developing appro-
priate IBI systems for them. And we have reasons to think 
that it is unreasonable to develop only one IBI system for 
Chishui River basin.

Without any doubt, division of reference and impaired 
sites is another key step for a reasonable IBI system. Com-
plementarily, previous research has demonstrated that it 
is not appropriate to treat the single sampling sites in the 
headstreams as the reference sites for a river for the reason 

Fig. 7  Health status of the 40 
sites in the Chishui River basin. 
Sites with black border are the 
group 2 (nonwadeable rivers); 
the other sites are the group 1 
(wadeable streams). The cor-
responding data can be found in 
table S5
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that the changes of aquatic communities along rivers are 
not entirely caused by disturbance (Morley and Karr 2002; 
Wang et al. 2018). In a survey of the recent research reports, 
dividing reference and impaired sites based on the levels 
of comprehensive disturbance, including water quality and 
human activities, has become a popular research method 
(Chen et al. 2020; Li et al. 2020; Xue et al. 2019). In our 
research, correspondingly, high-resolution land-cover clas-
sification were used to test human activities (Hill et al. 2000) 
and typical water quality parameters were used to reflect 
the degrees of pollution (Qu et al. 2020). Given increas-
ing urbanization, ecological habitats have been altered and 
compressed in numerous ways and eventually cause non-
disturbed sites to become less and less (Olguin et al. 2000). 
Therefore, we classify least-disturbed sites as reference 
sites, while impaired sites mean high-disturbed conditions. 
In short, the Chishui River basin have an ideal state since 
reference sites are distributed in both the two aggregate 
ecoregions and most of the reference sites were primarily in 
forested watersheds with low human activities.

Candidate metrics that obtained directly from sampling 
(some traditional metrics) and that requested subsequent 
mathematical calculations, such as three dimensions of 
alpha diversity indices and ABC curve were included in our 
IBI systems. It is worth mentioning that metrics based on 
size and dominance had distinct responsiveness to human 
disturbance, but few appeared in previous studies. Differ-
ing from the traditional candidate metrics systems, numeri-
cal variables, IRI% for each functional group, proportional 
variables, and total biomass of each metric were included 
to reflect the different functional guilds of them in our IBI 
systems. And four metrics related to size, such as MEL 
(mean length in community), MEW (mean weight in com-
munity), MAL (maximum length in community), and MAW 
(maximum weight in community) were included, which was 
considered to be more comprehensive and reasonable (Chen 
et al. 2020). According to historical records (Wu 1989; Ding 
1994; Chen 1998), PERCIFORMES and SILURIFORMES 
had so scant families in the Chishui River that they were 
directly used as metrics, while Cyprinidae, Cobitidae, and 
Homalopteridae of CYPRINIFORMES were used as metrics 
respectively because of their rich species (Liu et al. 2020; 
Wu et al. 2011; Yu et al. 2018). However, three metrics 
related to PERCIFORMES (NPES, PPEI and PPEB) did 
not appear in the final IBI systems since only seven PER-
CIFORMES species in the Chishui River basin and were 
excluded in the range test. And the results obtained by using 
these metrics are difficult to translate into values meaning-
ful to the general public. Fortunately, some comprehensive 
indices performed well and were used in the final IBI sys-
tems. Shannon-Weiner index, functional richness, functional 
evenness, and taxonomic distinctness exhibited low inter-
correlation that were used in our IBI systems and can be 

explained by their complementarity (Gascon et al. 2009). 
Among biodiversity metrics, variation in taxonomic distinct-
ness was least correlated with all others, suggesting this met-
ric provides different information on ecosystem conditions, 
which was consistent with previous studies (Gallardo et al. 
2011). As an uncommonly used metric, W value of ABC 
curve was considered potential indicators and decreased 
basically with human disturbances in our study: the mean 
W value of reference sites and impaired sites were 0.084 and 
0.011, respectively. Moreover, 80.96% of the reference sites 
were subject to low human disturbances (sites with W > 0) 
and only 19.04% of them suffered from high human distur-
bances (sites with W < 0), while 42.11% and 57.89% of the 
impaired sites were subject to low and high human distur-
bances respectively. However, some W values did not show 
a significant positively associated with the CDI values, such 
as S15 (Fuxing Town), S17 (Mixi Town), and S18 (Heji-
ang County) had high CDI values (> 40) and low W values 
(< 0). Fabian et al. thought that the size of dominant spe-
cies in a community has an important influence on the ABC 
curve (Fabian et al. 2004). As dominant species of S15, S17, 
and S18, Pelteobagrus nitidus, Leiocassis crassilabris, and 
Hemibarbus labeo were small size fish and would cut down 
W values here, which also supports this explanation.

Ecological status of the Chishui River basin

Unlike most rivers in China, as a recognized ecological river 
basin, the Chishui River basin was generally classified as 
good ecological status with the mean IBI score of 72.09 
based on our results. Previous researches had shown that 
sites with relatively low human population density and lush 
forest were healthy generally, while sites with a poor status 
were densely populated with a high degree of cluster, and 
certain human activities around which had serious impact 
on them (Li and Zeng 2020; Shen et al. 2006). In our study, 
similarly, we found that sites with “excellent” and “good” 
status were all distributed in sparsely populated areas with 
a good vegetation coverage, and few industrial and agricul-
tural distribution, such as S4 (Shuitian Town), S8 (Qingchi 
Town), S14 (Hushi Town), and S25 (Malu Town). It might 
be attributed to little anthropogeni c impact on these sites 
(Li and Zeng 2020). On the contrary, sites with a “poor” and 
“badly” status differed primarily in extent of urbanization, 
industrial and agricultural distribution, such as S24(Jianzhu 
Town), S30(Gaoqiao Town), S31(Guancang Town) and 
S37(Changsha Town).

Mainstream had an average IBI score of 76.28, which 
means that it is healthy. Unfortunately, some problems still 
existed in several sites (S1, S9, and S12) and were reflected 
by their lower IBI score (0, 75.44, and 73.79, respectively). 
S1 (Chishiuiyuan Town) had small runoff and was seri-
ously polluted by local domestic sewage. Based on our 
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investigation, S1 has high values of total nitrogen (TN, 
3.08 mg/L), total phosphorus (TP, 0.13 mg/L), conductivity 
(Cond, 468 μS/cm), and the lowest value of dissolved oxy-
gen (DO, 6.54 mg/L). The smelly and polluted water body 
of S1 had leaded to not any fish here. We found that exces-
sive domestic sewage of Chishiuiyuan Town had injected 
into the river channel and destroyed the ecological balance. 
Now, the local government has taken measures to remedy, 
for example, prohibiting the discharge of domestic sewage 
into river channel and the construction of sewage treatment 
plants proximity to the stream channel. Moreover, although 
S9 (Maotai Town) and S12 (Taiping Town) were classified 
as good ecological status with marginal IBI scores of 75.44 
and 73.79, respectively (IBI score of good status: 71.42 to 
84.81), suffered from frequent industries. Maybe it will 
become “fair” status in the near future without any manage-
ment measures. As we all know, Maotai Town was famous 
for its white spirit all over the world (Wu et al. 2011). In 
recent years, growing wineries pollution and excessive con-
struction activities had enveloped Maotai Town and further 
damaged the river health, which is in accordance with a 
recent assessment of this area by Wu (Wu et al. 2011). While 
commercial shipping and industrial and mining enterprises 
of Taiping Town also had an impact on river health. The 
above are the hidden problems that currently exist in the 
main stream of the Chishui River basin.

Of eleven tributaries of the Chishui River basin, streams 
with a “good” condition accounted for 72.72%, while 
streams with a “fair” and “poor” status accounted for only 
9.09% and 18.18% respectively, and no streams were rated 
“badly.” Among them, the Datong River, Erdao River and 
Daoliu River are healthier than the others with the highest 
IBI scores, mainly due to large areas of forest, undeveloped 
industry and agriculture and less anthropogenic impact (Li 
and Zeng 2020). Regrettably, Tongzi River, BaiSha River, 
and Xishui River had poor ecological status, with the aver-
age IBI scores of 49.04, 49.62, and 71.25 respectively. As 
the largest tributary of the Chishui River, several upstream 
sites of Tongzi River, such as S30 (Huoshigang Town) and 
S31 (Guancang Town) were classified as poor status, with 
IBI scores of 43.00 and 42.4, respectively. Tongzi River was 
characterized by high dams and large reservoirs, such as 
Yangjiayuan Dam and Yuanmanguan Dam. The dominant 
species of S30 and S31 were Zacco platypus, Hemiculter 
leucisculus and Misgurnus anguillicaudatus, which are 
considered as nonrheophilic and pollution-tolerant species 
(Chen et al. 2020). Moreover, S30 and S31 suffered by both 
industrial sewage (coal industries) and domestic sewage. S24 
(Jianzhu Town) of Baisha River suffer severely from two 
invasive fishes, Rhynchocypris oxycephalus and Barbatula 
toni (Tang et al. 2021). These two invasive fishes account 
for 92.67% of total quantity and 69.14% of total biomass 
of S24, which prove their absolute dominance. Similarly, 

Hall argued that increased dominance of small, fast-grow-
ing species, and general reductions in species diversity are 
symbols of unhealthy ecosystem (Hall 1999). Besides, S37 
(Changsha Town) and S39 (Shibao Town) were affected by 
constructions of the dams and there are at least 15 hydro-
power stations that have been built on the Xishui River (Liu 
et al. 2020). It has proved that these cascade dams not only 
blocked the migration routes of fishes and reduced the het-
erogeneity of the habitat but also can cause frequent and 
irregular fluctuations in water level, habitat size, and food 
resources (Liu et al. 2019). More seriously, the reach of 
Xishui River below the Gaodong Dam was often dehydrated. 
It is worth mentioning that Tongmin River and Gulin River 
are suffering from different kinds of human disturbance, in 
spite of their good condition currently. To the best of our 
knowledge, growing construction activities are emerging in 
Tongmin River, while domestic sewages are gradually pol-
luting the river channel of Gulin River. Therefore, to deal 
with these problems, effective measures need to be imple-
mented immediately.

Conclusions

The modification and improvement of biomonitoring tools 
has been an ongoing issue; comprehensive and effective 
methods are needed. In this study, we try to integrate com-
prehensive indices and spatial patterns of fish assemblages 
to develop IBI systems and then verified their effectiveness 
and accuracy for assessing the environmental health of the 
Chishui River basin. The comprehensive disturbance index 
(CDI), based on 11 water quality parameters and 4 human 
land use, was set to distinguish reference sites and impaired 
sites. According to the spatial patterns of fish assemblages, 
the 40 sites were finally divided into 2 aggregate ecore-
gions, including wadeable streams and nonwadeable riv-
ers. 97 candidate metrics were selected to develop our IBI 
systems based on the systematic screening method. The 
result also showed that our IBI systems performed well in 
discriminating anthropogenic disturbances at both aggre-
gate ecoregions, which suggests that our systems could 
provide a reliable evaluation. The basin was given a mean 
IBI score of 72.09 ± 16.58 and classified under the status 
“good.” However, S1 (Chishuiyuan Town), Baisha River, 
Tongzi River, and Xishui River were disturbed by various 
human activities. We conclude that the spatial patterns of 
fish assemblages should be combined with more compre-
hensive indices to assess river health. On the other hand, we 
do believe that the process of developing and verifying our 
IBI systems presented herein will be helpful for ecosystem 
assessment not only in this region but also in other mountain 
river systems with similar characteristics related to human 
disturbance.
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