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Abstract

Evaluation of the ecological health of rivers requires a focused examination of how biological indicators respond to chemi-
cal stressors to offer key insights for effective conservation strategies. We examined the influence of stressors on aquatic
ecosystems by analyzing various ecological entities and biotic integrity metrics of fish communities. A nonmetric multidi-
mensional scaling (NMDS) approach was applied to determine scores based on 19 fish ecological entities (FEs) and a fish-
based multi-metric index of biotic integrity (mIBI-F). The composition of fish communities in reference clusters differed
from the disturbed clusters due to instream chemical stressors. These chemical stressors, including high levels of nutrients,
organic matter, and ionic/suspended solids, were linked to variation in the key indicator FEs, whose guild identities were
closely associated with instream chemical degradation. The scores of FEs (abundance weighted) and mIBI-F metrics in the
first NMDS axis (NMDS1) were significantly linked with chemical health indicators (p < 0.001), such as total phosphorus
(R*=0.67 and 0.47), electrical conductivity (R*=0.59 and 0.49), and chlorophyll-a (R*=0.48 and 0.25). These NMDS1
scores showed better accuracy than the conventional mIBI-F score in capturing river ecological health linked with chemi-
cal health status as determined by a multi-metric index of water pollution. Our study suggests that based on the ordination
approach, the biological integrity of these systems reflected the chemical health.
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Introduction

Maintaining good water quality in rivers and streams is
essential for their ecological health and ecosystem service
provision (Carr and Neary 2008; Keeler et al. 2012). Chemi-
cal and biological evaluations are necessary to comprehen-
sively assess river health for human use and aquatic con-
servation. Biological assessments, such as fish community
analyses, can provide valuable insights into the effects of
pollutants, habitat changes, and restoration efforts (Ibafiez
et al. 2010; Bylak et al. 2022; Vadas et al. 2022). This study
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analyzed the ecological health of rivers through statistical
scoring of fish community distributions in relation to chemi-
cal health indicators.

Assessing the health of river ecosystems based solely on
chemical water quality variables provides an incomplete
picture. Rapid and unpredictable changes in river hydrol-
ogy make this difficult. Complementing such assessments
with biological evaluations is essential to understand the
ecological conditions that impact aquatic biodiversity (Bar-
bour et al. 1999; Li et al. 2010). This is because the biologi-
cal components of river ecosystems, such as fish and mac-
roinvertebrates, are sensitive indicators of water quality and
habitat conditions. Their presence, abundance, and diver-
sity can reveal current and persistent impacts of pollutants,
habitat changes, and stressors, offering important insights
into the overall health of these water bodies (Li et al. 2010;
Vadas et al. 2022; Bylak et al. 2024). By integrating bio-
logical assessments with chemical analyses, we can obtain
a more holistic perspective of the complex dynamics of river
and stream health, thereby enabling more informed and
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effective conservation and management strategies (Mufioz
and Sabater 2014; Atique and An 2018).

In recent decades, a growing trend in biological assess-
ment has been a focus on the ecological roles of species
and community functional structures within ecosystems (Li
et al. 2010; Oliveira et al. 2012; Yadamsuren et al. 2020).
For instance, species clusters defined by the combination
of their multiple traits are used as a base to calculate func-
tional diversity and model aquatic community shifts driven
by environmental factors and stressors (Mouillot et al. 2014;
Chua et al. 2019; Wang et al. 2019; Nasi et al. 2023). In
addition, analyses based on ecological guilds are a well-
known method for assessing the ecological health of rivers
and streams (Noble et al. 2007; Jargal et al. 2023). Com-
positional variation in specific guilds, such as trophic or
tolerance guilds, can indicate the ecological condition of
the systems in response to changes in instream water chem-
istry or riparian land use along the river (Gao et al. 2015;
Mamun and An 2022). Habitat guild-based differences are
locally associated with physical habitat conditions, such as
meso-microhabitat diversity, flow regimes, and stream order
(McCabe 2011; Spurgeon et al. 2019). However, guild-based
analysis or assessment based only on one identity, such as
the abundance of sensitive or tolerant species, is insufficient
to capture ecological diversity due to natural variability
among species (Verdonschot and van der Lee 2020; Jargal
et al. 2022a). Therefore, combining species with identical
guild identities or traits into a cluster (hereafter an ecological
entity) will help capture the nuances of ecological diversity
and the dominance of trait combinations within communi-
ties. Statistical modeling based on ecological entities would
help determine variation in aquatic communities due to spa-
tial changes in environmental factors and stressors, thereby
supporting diagnoses of river health.

The multi-metric index of biotic integrity (mIBI) is a widely
adopted tool for assessing the ecological health of aquatic
communities and their responses to environmental stressors
(Ibafiez et al. 2010; Vadas et al. 2022). Metrics selected for
the mIBI commonly represent biological attributes, including
species richness, composition, and individual health status.
These metrics are well-established in their responsiveness to
environmental stressors across various countries (Hering et al.
2006; Choi et al. 2011). Proposed initially by Karr (1981),
the discrete scoring method has been widely used to assign
initial scores to these metrics. However, more recent studies
by Hering et al. (2006) and Stoddard et al. (2008) have advo-
cated continuously scored metrics in mIBI assessment. The
final mIBI score is calculated by combining and averaging
individual metric scores, providing an assessment of eco-
logical health status, categorized as “good,” “fair,” or “poor.”
However, evaluating ecological conditions requires assessing
how changes in the original values of indicators are associated
with the quality of instream conditions and scores estimated by

these values rather than the conventional scorings. To achieve
this, using a matrix of site-specific values of mIBI metrics
to apply multivariate ordinations would provide statistically
reliable site scores based on the relations of metrics to envi-
ronmental stressor gradients, thus improving the ecological
assessment of river systems.

Fish play a crucial role in maintaining the health and
stability of aquatic ecosystems (Simon and Evans 2017,
Villéger et al. 2017). They are sensitive to changes in water
quality and habitat conditions, which makes them useful
indicators for assessing river health (Karr 1981; Pont et al.
2006; Jargal et al. 2023). Water quality deterioration driven
by increased nutrient levels and organic matter often trig-
gers declines in ecosystem specialists while fostering an
increase in generalist species (Mamun and An 2022; Jargal
et al. 2023). Certain fish species or groups, such as sensitive
or tolerant species, also serve as indicators of the ecological
health of river systems in response to changes in instream
water chemistry and riparian land use (Chalar et al. 2013;
Gao et al. 2015; Whitney et al. 2019). Thus, changes in fish
community composition are a good diagnostic of ecologi-
cal conditions by indicating functional shifts in aquatic sys-
tems under environmental stressors (Larentis et al. 2021;
Gao et al. 2015; Jargal et al. 2022b). Developing ordination
analysis based on fish community attributes can support eco-
logical assessment of water quality by increasing statistical
rigor while being biologically relevant.

Our study aimed to determine whether the nonmetric
ordination-based scores of fish ecological entities (FEs) and
fish-based mIBI (mIBI-F) metrics could effectively assess
the ecological health status of rivers. We analyzed the non-
metric ordination-based scores of FEs and mIBI-F metrics
in relation to chemical health indicators at 41 study sites.
Furthermore, we examined the relationships between these
ordination scores and spatial changes in elevation, stream
order, riparian land use proportion, and chemical health
scores assessed using a multi-metric index of water pollu-
tion (mWPI Score). Employing FEs and mIBI-F metrics,
we suggest an ordination-based approach to scoring systems
that can provide valuable insights into the ecological impacts
of pollutants and habitat changes in rivers and streams. This
approach will help us better delineate the ecological health
of river ecosystems by capturing the nuances of ecological
diversity and the dominance of trait combinations within
fish communities.

Materials and methods
Study area

The 41 study sites are located in the upper region of the
Geum River Basin (Fig. 1). These sites represent the two
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main rivers, the Miho and Geum, along with their 19 tribu-
taries. The reason for selecting the region was that using
a lower spatial scale rather than a higher spatial scale,
such as a river basin scale, is more effective for ecological
assessments as it helps to minimize geographical variations
(Cortes et al. 2013; Pompeu et al. 2023). Also, the spatial
autocorrelation of sites was prudently considered to ensure
each site was close to similar sites (Table S1). The study
area is mostly covered by forests, with agricultural land,
urban areas, and industrial development being the major
land uses. The deterioration of water quality is primarily
caused by nonpoint sources of pollution from urban and
agricultural activities. These sources, along with some point
sources such as wastewater treatment plants (523 and S36),
are mainly located in the Gap Stream (S21-S23) and Miho
River (S34-S40) (Yang et al. 2021; Shiferaw et al. 2023).
The impacts of these pollution sources are even more severe
downstream at sites S24 and S41.

Environmental data

Chemical water quality analysis was conducted using data
from 12 chemical variables and sestonic chlorophyll-a
(Chl-a). The chemical variables included water temperature
(WT), dissolved oxygen (DO), electrical conductivity (EC),
total suspended solids (TSS), total organic carbon (TOC),
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biological oxygen demand (BOD), total nitrogen (TN),
ammonium-nitrogen (NH,-N), nitrate-nitrogen (NO;-N),
total phosphorus (TP), orthophosphate (PO,-P), and TN: TP
ratio. Data were collected in August and September 2016 as
part of a national chemical monitoring program. These data
were obtained from the Water Information Network System,
maintained by the Ministry of Environment Korea (MOE),
and accessible through http://water.nier.go.kr. The locations
of the sampling sites are the same as the fish sampling sites.
The elevation (Elev) of sites was defined using Google Earth
Engine. Four variables were assessed for physical habitat
variation, including stream order (SO) and land use propor-
tion of agricultural (%Agr), urban (%Urb), and forest (%For)
cover. A 500-m buffer circle was used to determine each
site’s riparian land use proportion and the assessment was
based on the Environmental Geographical Information Sys-
tem (https://egis.me.go.kr/main.do) managed by the MOE.

Chemical health indicators

We used the mWPI to evaluate chemical health conditions
(Kim and An 2015). The seven metrics of the mWPI represent
four chemical water quality indicators: nutrient regime (TN,
TP, TN: TP ratio), organic matter (BOD), suspended solids/
ionic contents (TSS, EC), and primary productivity (Chl-a).
Each metric was assessed by assigning a score of 5, 3, or 1
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Fig. 1 Map of the study region, the upper Geum River in South Korea, and the study site locations (n=41)
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corresponding to concentration-based criteria for chemical
water quality; total mWPI Scores were determined by sum-
ming the score for each metric. The score range is generally
between 7 and 35, and a higher score indicates better chemical
health in streams and rivers (Table S2).

Fish sampling

Field sampling was conducted at study sites using cast and
kick nets from mid-September to early October 2016, followed
by the wading method (Barbour et al. 1999). Each collection
lasted 40—-50 min, during which all fish species were identified
and any anomalies were recorded. Then these field observa-
tions were used to conduct a community-based analysis.

Fish community attributes

Two fish community attributes were utilized to derive statis-
tically significant site scores for assessing river health: FEs
and the mIBI-F. The determination of FEs was based on the
grouping approach proposed by Mouillot et al. (2014). An FE
represents a cluster of fish species that exhibit an exact match
in their ecological guild structures. We defined FEs based on
ecological guilds of fish, including trophic, habitat, and toler-
ance guilds. There were three categories of trophic guild (TrG:
insectivores [Ins], carnivores [Car], and omnivores [Omn]),
four of habitat guild (HG: benthic [BT], riffle benthic [RB],
riffle benthic and water column [RB-WC], and water column
[WC]), and three of tolerance guild (TG: sensitive species
[SS], intermediate species [IS], and tolerant species [TS]). The
guilds were established using the regional identification guide
for freshwater fishes of Korea (Han et al. 2015).

The eight metrics of the mIBI-F represent three indicators
of fish community structure: species richness/composition,
trophic composition, and fish abundance/individual health
(An et al. 2006). These are listed in Table S3, including
M : total number of native fish species (NS), M,: number of
riffle-benthic species (RB), M;: number of sensitive species
(SS), M,: percentage of individuals belonging to tolerant
species (%TS), Ms: percentage of individuals belonging to
omnivore species (%Omn), M,: percentage of individuals
belonging to native insectivore species (%NIns), M: total
number of native individuals (NSI), and M;: percentage
of individuals showing anomalies (%Ano). Scores were
assigned and summed for a total mIBI-F Score, where a
higher value indicates better biological health (Table S3).

Statistical analysis
Hierarchical clustering

Cluster analysis was employed to hierarchically group dis-
tinct sites based on the dissimilarity (Euclidean distance)

driven by chemical water quality variables. Before the
analysis, a log transformation was done on the initial vari-
ables to equalize the influence of extreme values, stabilize
variance, and obtain more interpretable clusters. The cluster
dendrogram was built using the “fviz_dend” function in the
“factorextra” package in conjunction with the hierarchical
clustering method using “Ward.D2” performed in the R pro-
gram (Ver. 4.2.2).

Nonmetric multidimensional scaling

We applied nonmetric multidimensional scaling (NMDS)
ordinations of FEs and mIBI-F metrics to investigate
changes in the fish community across study sites. Bray—Cur-
tis distance was used to estimate the relative abundances of
FEs and mIBI-F metric-defined variation among fish com-
munities (study sites). The site scores of the NMDS ordina-
tions were used to assess the health of streams in relation to
the variation in chemical indicators and other environmental
factors. The analysis was performed using the “metaMDS”
function within the “Vegan” package of R (Oksanen et al.
2022). Two-dimensional scaling plots were built using the
“ordiplot” function in the Vegan package of R.

Correlation and regression analysis

Pearson correlation was used to delineate the relative contri-
bution of each FE and mIBI-F metric to the NMDS ordina-
tion. Simple linear regression was applied to determine the
responses of fish communities to the variation in chemical
health indicators. Log-transformed values of chemical health
indicators were used in the analyses to meet normal distri-
bution. The analyses were performed using SigmaPlot (Ver.
14.5, Systat Software Inc.), and regression plots were built
using the “ggplot2” package in R. In addition, correlation
analysis was conducted on the potential influences of Elev,
SO, land use changes (%Agr, %Urb, and %For), and mWPI
Score on the ordination scores of FEs and mIBI-F metrics,
mIBI-F Score, and chemical health indicators. The correla-
tion plot was built using the “ggcorrplot” package in R.

Results

Measured distribution of environmental variables
across study sites

There was a good deal of variation in all environmental vari-
ables (Table 1), with the results suggesting potential degra-
dation of chemical health. The mWPI Score ranged from 9 to
35, with a mean of 24, and the chemical health of the study
sites was broken down as follows: 36.6% were excellent,
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14.6% were good, 19.5% were fair, 19.5% were poor, and
9.8% were very poor (Table S2).

Hierarchical clustering of chemical water quality
conditions

We identified five distinct spatial clusters (SCs) that differ-
entiated among sites through hierarchical clustering analysis
(Fig. 2). Differences in chemical variables and sestonic Chl-
a are shown in Table 2.

Substantial increasing gradients were observed for TSS,
EC, organic matter (TOC and BOD), TP, and sestonic Chl-
a from SC-1 to SC-5 (Table 2). Notably, the concentrations
of TSS and Chl-a increased sharply in SC-5. WT, DO, and
nitrogen levels were relatively constant across the SCs. Dis-
solved nutrients (NH4-N, NO;-N, and PO,-P) observably
increased in SC-4, with substantial variation in the PO,-P
level from SC-1 to SC-5 (Table 2).

Variation in chemical health status across SCs

The mWPI Score significantly decreased from SC-1 and
SC-2 to SC-5, which implies chemical health degradation
(Fig. 3). SC-1 and SC-2 had mWPI Scores > 24 with aver-
ages of 31 and 32, indicating excellent to good health. The
mWPI Score distribution in SC-3 ranged between 21 and 27
with a mean of 24, suggesting fair to good health. SC-4 sites
had poor to fair health with mWPI Scores ranging from 17 to
21, averaging 18. SC-5 showed very poor health with mWPI
Scores ranging from 9 to 13, averaging 11.

FE-based analysis of stream fish community

We determined 19 FEs based on 50 species identities clus-
tered by their TrG, HG, and TG (Table S4). The number
of species within each FE (ranging from 1 to 8) indicated
the species richness encompassed by these FEs. Each FE
was associated with specific combinations of guilds and
abundance distributions across study sites, suggesting the
intricate interplay of ecological niches in the study area
(Table 3).

Examining the relative abundances (RAs) of these FEs
within each SC revealed spatial patterns in their distribu-
tion concerning chemical health conditions (Table 3). For
instance, FE-1, consisting of species with the guild identi-
ties of Omn, WC, and IS, showed an observable decrease
in RA from SC-1 to SC-5, showing a heterogeneous dis-
tribution potentially driven by water quality. A significant
decrease from SC-1 to SC-5 was also observed in the RAs
of FE-8 and FE-16, determined by the Ins, RB-WC, IS, and
SS guilds. Notably, FE-16 was absent from sites of SC-4
and SC-5, although it was a dominant FE in the study area.
By contrast, the RAs of FE-2 (generalist species with Omn,
WC, and TS), FE-9 (species with Car, BT, and TS), and
FE-18 (species with Car, RB-WC, and TS) increased spa-
tially from SC-1 to SC-5. Moreover, the exceptional ubig-
uity of FE-17, an omnivore FE inhabiting the RB-WC and
categorized as IS, was notable. This entity was observed
in 100% of study sites and was the dominant FE for each
SC, which implies its adaptability to diverse chemical and
environmental conditions across the study region. Several

Table 1 A summary of

variables representing chemical
water quality, elevation, and
physical habitat considered in
this study

Attribute Variable Abbrev. (unit) Min Mean Max SD
Chemical water quality =~ Water temperature WT (°C) 206 253 288 1.9
Dissolved oxygen DO (mg L™} 7.5 8.9 120 09
Electric conductivity EC (puS/cm) 113 286 607 133

Total suspended solids
Total organic carbon

Biological oxygen demand

TSS (mg L) 09 53 176 4.7
TOC (mg L™ 13 34 1.1 20
BOD (mg L™ 04 15 45 1.1

@ Springer

Total nitrogen TN (mg L™ 1.0 21 6.0 1.0

Ammonium-nitrogen NH,-N (mgL™) 001 008 1.03  0.17

Nitrate-nitrogen NO,-N (mgL™) 0.6 1.5 4.6 0.8

Total phosphorus TP (ug LY 6.7 57.5 208 42.9

Orthophosphate PO,-P (ng L™ 0.0 20.4 70.7  18.6

TN:TP ratio TN:TP 133 66.2 222 595

Sestonic chlorophyll-a Chl-a (ug L™ 0.5 18.9 143 325
Elevation Elev (m) 13.0 101 363 77.8
Physical habitat Stream order SO 2nd to 6th

% of agricultural cover %Agr 0-49.1

% of urban cover %Urb 1.2-77.8

% of forest cover %For 0-59.2

Abbrev., abbreviation; Min, minimum; Max, maximum; SD, standard deviation
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Fig.2 Spatial clusters (SC-1 to
SC-5) of water quality based on
log-transformed values of water
chemistry variables, obtained
through hierarchical clustering

Table 2 Average-defined variation in chemical water quality variables across five spatial clusters

Cluster Dendrogram

Spatial Clusters (SC)

S23  sC-4
7

S20 SC-3

SCA1

S10 SC-2

S28 SC-5

Height

| it 0 o

Variable (unit)

Spatial clusters of chemical water condition

SC-1
Mean (Min—Max)

SC-2

SC-3

SC-4

SC-5

WT (°C)
DO (mg L™
EC (pS/cm)
TSS (mg L")
TOC (mg L™
BOD (mg L™
TN (mg L™
NH,-N (mg L)
NO;-N (mg L™
TP (ug L")
PO,-P (ng L™
TN:TP

Chl-a (ug L™

25.1 (22.1-28.0)
9.3 (8.2-12.0)
196 (117-336)
1.8 (1.2-3.0)

1.6 (1.3-1.9)
0.8 (0.4-1.0)
2.4 (1.4-3.6)
0.03 (0.01-0.06)
1.8 (1.1-2.7)
11.7 (6.7-16.7)
0.17 (0.0-1.0)
199 (172-222)
2.2(0.5-3.7)

25.3 (20.6-27.5)
9.0 (7.7-10.7)
176 (113-237)
2.4 (0.9-4.1)

2.7 (1.5-4.1)
0.7 (0.4-0.9)

1.6 (1.0-2.0)
0.03 (0.01-0.04)
1.2 (0.6-1.5)
25.9 (19.0-33.0)
9.2 (1.0-17.7)
64.3 (37.6-99.1)
2.4(1.2-2.9)

25.2 (23.2-26.9)
8.6 (7.5-10.4)
254 (190-307)
3.5(1.7-5.1)
2.6 (1.9-3.6)

1.1 (0.6-1.7)

1.7 (1.0-2.6)
0.04 (0.01-0.08)
1.3 (0.7-2.3)
55.0 (37.0-93.7)
21.2(3.7-39.3)
35.2(13.3-71.8)
4.4(1.7-7.2)

26.2 (22.3-28.8)
8.8 (7.9-10.4)
406 (237-607)
5.8 (2.7-11.0)
49 25-11.1)
2.0 (1.1-1.9)

3.3 (1.0-6.0)
0.23 (0.02-1.03)
2.3 (0.8-4.6)
87.8 (71-129)
47.6 (25.3-70.7)
42.7 (15.5-82.9)
14.9 (4.2-22.3)

25.7 (23.8-27.1)
8.9 (8.1-9.6)
452 (324-603)
13.9 (10.0-17.6)
5.8 (4.9-9.2)
3.2(1.9-4.5)
2.5(1.7-322)
0.12 (0.03-0.35)
1.6 (0.8-2.0)
117 (79-208)
28.3(7.3-52.3)
24.1 (15.4-36.6)
77.0 (34.5-143)

Variable abbreviations are defined in Table 1

Abbrey., abbreviation; Min, minimum; Max, maximum
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FEs, including FE-11, FE-15, and FE-19, were present at
relatively low rates (< 15%) and RAs (<1.2%), suggesting
their rarity across the study systems (Table 3).

The richness of FEs (FE-Ric) exhibited variation across
the chemical SCs, collectively constituting a regional pool
of 19 FEs (Table 3). FE-Ric was highest in SC-2 at 19, with
a TNI of 1213.
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NMDS ordinations of FEs and mIBI-F metrics

mWPI Score

We used NMDS ordination to distinguish differences among
fish communities across study sites based on the composi-

1

. tion of FEs and mIBI-F metrics. To visualize the results,
121 $ two-dimensional spider plots were generated using site
scores of these community attributes, defined along the

6 NMDS1 and NMDS2 axes (Fig. 4).

| . . Variation in the site scores defined by FEs were gener-

SC—1 SC-2 sC-3 sC-4 SC-5 ally observed with chemical health degradation from SC-1

to SC-5. The plots also showed a distinct FE-defined score

Fig.3 Variation in the multi-metric index of water pollution (mWPI distribution between sites in SC-1 and sites in SC-4 and

Score) among spatial chemical clusters. Lowercase letters (blue) on SC-5. Although mIBI-F metric-defined site scores did not
each plot indicate significant differences among groups o g .

well distinguish the chemical SCs, there were observable

differences in site scores between SC-1 and SC-5.

Table 3 Nineteen fish ecological entities based on trophic (TrG), habitat (HG), and tolerance guilds (TG) and related summary data

Fish ecologi- Ecological guilds Number of RA of each FE in spatial clusters Entire Observed sites (%)
cal entity species

TrG HG TG SC-1 SC-2 SC3 SC4 SC-5 TNI RA
FE-1 Omn WC IS 8 19.0 11.5 6.5 4.7 4.3 406 89  70.7
FE-2 Omn WC TS 6 0.3 1.6 1.5 8.8 12.6 217 47 488
FE-3 Ins WC IS 5 52 2.8 52 23 3.6 175 38 732
FE-4 Omn BT TS 4 1.4 0.9 0.3 0.3 0.8 32 0.7 268
FE-5 Ins RB SS 3 1.6 34 1.6 0.7 0.9 82 1.8 36.6
FE-6 Ins WC TS 3 0.0 0.5 2.7 7.9 8.3 170 37 463
FE-7 Ins RB IS 3 2.4 12.9 5.7 2.0 4.0 287 62 732
FE-8 Ins RB-WC IS 2 10.1 8.2 3.7 1.2 0.4 219 47 659
FE-9 Ins BT IS 2 1.4 1.8 72 8.7 9.4 263 57 780
FE-10 Car wC TS 2 0.3 2.4 2.3 1.5 2.8 93 20 512
FE-11 Car BT TS 2 0.0 0.1 0.0 0.1 0.1 3 0.1 7.3
FE-12 Car BT IS 2 0.5 34 1.0 0.9 0.9 70 1.5 537
FE-13 Car BT SS 2 2.1 1.2 0.2 0.3 0.1 33 0.7 317
FE-14 Omn RB IS 1 6.0 1.2 0.8 0.0 0.2 62 1.3 366
FE-15 Omn RB SS 1 1.3 3.1 0.3 0.0 0.0 49 1.1 12.2
FE-16 Ins RB-WC  SS 1 21.3 10.3 8.4 0.0 0.0 353 76 341
FE-17 Omn RB-WC IS 1 27.1 339 50.8 59.0 46.9 2022 438 100
FE-18 Car RB-WC TS 1 0.0 0.2 1.7 1.9 4.5 77 1.7 317
FE-19 Ins BT TS 1 0.0 0.5 0.2 0.0 0.1 9 02 73
TNI 621 1213 1147 751 890 4622 N=41
FE-Ric 15 19 18 15 17 19

TrG: Omn, omnivores; Ins, insectivores; Car, carnivores; HG: BT, benthic; RB, riffle benthic; WC, water column; TG: SS, sensitive species; IS,
intermediate species; TS, tolerant species; TNI, total number of fish individuals; RA, relative abundance; FE-Rich, FE-richness; N, total study site
number
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The relative contribution of each FE and mIBI-F met-
ric to site scores along the NMDS1 and NMDS?2 axes were
analyzed via correlation analysis (Tables S5 and S6). The
site scores along the NMSD1 axis of FE had positive cor-
relations with the RAs of FE-2, FE-6, FE-9, and FE-17
but negative correlations with FE-13 and FE-16. The RAs
of FE-4, FE-12, and FE-15 were closely associated with
the site scores along NMDS2 of FE. For mIBI-F metric-
defined axes, except for NS (4/,) and %Ano (My), the metrics
showed significant correlations with the site scores along
the NMDS]1, being negatively correlated with the metrics
RB (M,) and SS (M;) and positively correlated with %Omn

(Ms). Meanwhile, the site scores along NMDS?2 of mIBI-F
showed positive correlations with %TS (M,) but negative
ones with NSI (M-).

Spatial response of fish community attributes
to chemical health indicators — a regression
analysis of ordination site scores

Regression analysis revealed that chemical health indica-
tors are responsible for spatial shifts in the fish communi-
ties described by THE site scores of the NMDS ordina-
tions. Particularly, site scores of NMDS1 (FE) and NMDS1
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Fig.4 Nonmetric two-dimensional scaling ordination (NMDS1 and
NMDS?2) depicting fish community composition based on the rela-
tive abundance (RA) of fish ecological entities (FEs) (A and B) and
fish-based multi-metric index of biotic integrity (mIBI-F) metrics (C
and D), along with community differences in spatial chemical clus-

ters using spider plots (A and C). Circles with gray text indicate site
scores; circle colors indicate the corresponding spatial chemical clus-
ters. Small diamonds with red text represent FEs and mIBI-F metric
scores, respectively
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(mIBI-F) significantly responded to the variation in EC,
TSS, BOD, TP, TN:TP, and sestonic Chl-a (p <0.001)
(Figs. 5 and 6). The explanatory powers of each chemical
indicator, measured using the coefficient of determination
(R?), were higher for NMDS1 (FE) than for NMDS1 (mIBI-
F). Both these scores were more strongly related to changes
in chemical indicators compared to the conventional mIBI-F
Score (R?><0.30; Table S7). TP was the most potent vari-
able explaining community variation, followed by EC and
Chl-a. However, there was no significant linear response of
NMDS?2 axes to the chemical health indicators (p > 0.05).

EC explained 59% and 49% of the variation in site scores
along NMDS1 (FE) and NMDS1 (mIBI-F), respectively
(Fig. 5). TSS had a significant linear influence on the vari-
ation in the scores at study sites along the ordination axes.
In addition, BOD, an indicator of organic matter, accounted
for 43% and 27% of the variation along NMDS1 (FE) and
NMDS1 (mIBI-F), respectively.

As shown in Fig. 6, TP explained 67% and 47% of the
variation in site scores along NMDS1 (FE) and NMDS1
(mIBI-F), respectively. In addition, 48% and 32% of site
score variation along the respective axes were accounted
for by TN:TP ratio. Finally, sestonic Chl-a significantly
influenced the site score variation along the NMDS1 axes,
explaining 48% and 25% of variation in FE and mIBI-F,
respectively.

Correlations among axes, chemical health
indicators, and elevation and physical habitat
components

The influences of Elev, SO, riparian land use, and chemical
health score (mWPI Score) on variation in the fish com-
munity were evaluated using correlation analysis (Fig. 7).
Site scores along the NMDS1 axes of FE and mIBI-F were
highly responsive to the spatial variation in the environ-
ment driven by elevation, riparian land uses, and chemical
health. The strongest correlations (»> 0.70) were the nega-
tive responses of NMDS1 (FE) to Elev and mWPI Score
(Fig. 7A). NMDSI1 (FE) also showed a strong negative cor-
relation with %For and a moderate positive association with
%Urb. NMDS1 (mIBI-F) had strong negative correlations
with Elev, %For, and mWPI Score and showed moderate
positive correlations with %Urb and %Agr. In addition,
NMDS?2 (FE) showed a strong negative association with
SO and a moderate correlation with %For. There were no
significant correlations between NMDS2 (mIBI-F) and the
environmental variables. The conventional biological health
score (mIBI-F Score) also showed a moderate positive cor-
relation with Elev and mWPI Score (Fig. 7A).

Moreover, most chemical health indicators (except TSS
and TN) were strongly associated with Elev and (including
TSS) had a moderate correlation with %For (Fig. 7B). These
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findings indicated that the increase in Elev and %For are
associated with a decrease in the concentrations of chemi-
cal health indicators across the study region. In addition,
TSS and sestonic Chl-a were moderately correlated with
SO. Finally, there was a substantial contribution (r>0.65) of
the chemical health indicators (except for TN) to the mWPI
Score.

Discussion

Deteriorations in water chemistry and physical habitat due to
pollution substantially influence the structures of fish com-
munities in both local and spatial groups across wadable riv-
ers and streams (Kalogianni et al. 2017; Whitney et al. 2019;
Jargal et al. 2023). Our study provides new insight into how
ordination-based site scores of fish community attributes,
particularly the composition of FE-based communities, can
serve as an effective measure of the ecological health of
streams with respect to chemical water quality and changes
in riparian land use.

The fundamental premise of biological assessment is that
the composition of aquatic communities in disturbed eco-
systems is considerably different from that of undisturbed
or pristine habitats, commonly referred to as reference sites
or groups (Karr 1981; Barbour et al. 1999; Hering et al.
20006). By analyzing these differences, we can obtain valu-
able insights into a river’s overall health and take necessary
measures to protect and preserve it. However, defining refer-
ence habitats can be challenging (Ruaro et al. 2020). In this
study, we conducted cluster analysis based on water chem-
istry variables to define reference conditions. The analysis
yielded five distinct spatial clusters (SC-1 to SC-5) based on
the sites’ chemical conditions, which exhibited clear differ-
ences in leading chemical health indicators such as the nutri-
ent regime, suspended, and ionic contents, organic matter,
and sestonic Chl-a levels. Observable increases in TSS, EC,
BOD, TP, and Chl-a were found from SC-1 to SC-5, while
a decrease in TN:TP was noted. The chemical health was
evaluated as excellent to good in SC-1 and SC-2, good to fair
in SC-3, fair to poor in SC-4, and very poor in SC-5 based
on the mWPI Score. The results demonstrated our reference
clusters (SC-1 and SC-2) and those of the disturbed site con-
ditions (SC-4 and SC-5) due to chemical stressors such as
high levels of nutrient enrichment, organic matter, and ionic
and suspended solids. SC-4 and SC-5 correspond to sites
located in the Miho River and Gapcheon Stream, which have
been severely impacted by major pollution sources such as
wastewater treatment plants, urbanization, and agricultural
activities (Yang et al. 2021; Shiferaw et al. 2023).

The different chemical SCs in the study area displayed
distinct FE structures based on their richness (FE-Ric) and
RA. Although FE-Ric exhibited variation across the SCs,
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Fig. 7 Influences of elevation (Elev), stream order (SO), land use pro-
portion (%Agr, %Urb, and %For), and chemical health scores (mWPI
Score) on variation in the fish community defined by ordination
scores of FE and mIBI-F, the mIBI-F Score (A), and chemical health
indicators (B). Only significant correlations are shown (Pearson cor-
relation coefficient; p < 0.05)

it was not good at indicating the ecological health of water
quality in terms of the chemical stressor gradient. However,
identifying specific FEs within each SC, particularly those
sensitive to environmental changes, can provide valuable
insights. Among TGs, sensitive species respond to changes
in water quality (Kim et al. 2010; Gao et al. 2015; Whitney
et al. 2019), and their presence or absence within certain
SCs can indicate the degree of chemical health degradation
in those areas. Insectivore fishes are often found in environ-
ments that support healthy and diverse insect communities
(Barbour et al. 1999; Noble et al. 2007). The RB guild con-
sists of fish species that are well-suited to riffle habitats,
where water flows rapidly and is well-oxygenated (Karr
1981; Welcomme et al. 2006).

The FEs defined by these guild identities showed a
strong decrease in RA from SC-1 to SC-5, including FE-8
and FE-16. FE-17, which included only one species, Zacco
platypus, was the sole FE in the dataset observed at 100% of
the study sites and which dominated all of the other FEs in

each chemical SC, suggesting that FE-17 is not only versatile
in terms of its trophic roles and habitat preferences (dual
RB-WC preference) but is also highly adaptable to differ-
ent environmental conditions. By contrast, FE-1 and FE-2
exhibited an increasing RA trend from SC-1 to SC-5. Envi-
ronmental degradation caused by chemical pollution and
land use changes within watersheds is often correlated with
a high prevalence of omnivores and tolerant species (Bar-
bour et al. 1999; Ibaiiez et al. 2010). The NMDS analysis
revealed considerable variation in fish communities between
the chemical SCs. This difference was more noticeable
between reference and disturbed SCs. Based on our results,
environmental filtering, as determined by water chemistry
and its relevant chemical stressors, can play a significant role
in shaping the feeding and habitat preferences of species
found in the studied systems, as well as their tolerance lev-
els. Thus, combining fish species that share identical guild
identities into FEs will allow evaluation of the ecological
health of wadable rivers and streams using ordination site
scores calculated based on weighted FE abundances.

The ordination site scores of FEs and mIBI-F manifested
stronger responses to alterations in chemical health indica-
tors and chemical status than conventional mIBI-F scores.
The NMDS analysis based on mIBI-F metrics showed
observable differences in the fish communities between
SC-1 and disturbed chemical SCs. The health indicator met-
rics in the mIBI-F had a significant correlation (positive or
negative) with site scores along the NMDS axes, suggesting
the potential for using ordination scores to indicate ecologi-
cal health status with regard to chemical stressors. The well-
defined responses of the metrics to chemical stressor indica-
tors in previous studies support this claim (An et al. 2006;
Choi et al. 2011). However, the RA-weighted site scores in
NMDSI1 of FE showed stronger relations with the chemical
indicators (TP, EC, Chl-a, and BOD) when compared to
scores in NMDS1 of mIBI-F metrics. This suggests that the
changes in the structure of FEs determined by ecological
guild identities are primarily be attributed to the prevail-
ing water quality conditions. Alterations in fish assemblages
are associated with instream chemical conditions driven by
nutrient enrichment and high organic matter, leading to a
decrease in species abundance and loss of species traits and
guild identities, as well as changes in the mIBI-F metrics,
due to environmental filtering of chemical stressors (Gao
et al. 2015; Kalogianni et al. 2017; Jargal et al. 2023). Addi-
tionally, some ecological guilds and mIBI-F metrics asso-
ciated with generalist feeding preference and tolerance to
environmental degradation are positively correlated with
chemical stressors (Kim et al. 2010; Atique and An 2018).

The key FEs influencing site variance along NMDS|1
were closely associated with the guild indicators of river
ecological health, including differences in trophic and
tolerance guilds and a preference for riffle habitats. This
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underscores that using the ordination approach, the altera-
tions in the composition of FEs could provide significant
insights into the ecological assessment and monitoring of
water quality, as they correlate with the proper functioning
of rivers and subsequent variations due to chemical water
pollution. Despite the ordination site score of mIBI-F having
a weaker correlation with chemical indicators compared to
those of FEs, it performed better in capturing the changes
in %Agr and %Urb, indicating its usefulness in monitoring
ecological health status regarding land use changes. There-
fore, the approaches used in the study can complement each
other and improve the detection of changes in the ecological
health status linked with variations in water chemistry and
the resultant chemical stressors and land use effects.
Although river water chemistry plays an important role
in shaping local conditions by affecting trait-based sorting
of species and community composition, factors such as land
use and geographical features can impact the instream com-
ponents (water chemistry, substrate, and community assem-
bly) (Allan 2004; Kakore et al. 2022; Jargal et al. 2023). In
addition to the chemical health score (mWPI Score), Elev
and %For had significant influences on variation in the fish
community. The site scores along the NMDS1 axes of FE
and mIBI-F are sensitive to spatial variation in the environ-
ment driven by these factors. The strongest correlations were
the negative responses of these axes to mWPI Score, Elev,
and %For. Elev and %For were also correlated with varia-
tions in chemical health indicators across the study area.
Overall, this study highlights the importance of changes in
water chemistry along with elevation and decreased %For in
shaping the composition of fish communities in wadable riv-
ers and streams. Ordination-based scores provide a valuable
tool for using spatial shifts in fish community composition
between undisturbed reference environments and chemically
disturbed habitats to assess the ecological health of rivers.

Conclusion

A key challenge in preserving freshwater resources and bio-
diversity is the presence of chemical pollutants (the wide-
spread issues of nutrient and organic matter enrichment) in
rivers and streams. These pollutants are primarily associ-
ated with human land use, which severely intensifies with
decreased elevation along rivers. While assessments that
rely on chemical health indicators and the mWPI are use-
ful for gauging the impact of human activity on freshwater
resources, they may not provide a comprehensive under-
standing of the ecological conditions that impact aquatic
organisms. We propose using ordination-based site scores
that rely on fish community attributes linked to chemical
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health indicators to address this issue. Our research demon-
strates that such scores can be used to effectively assess the
ecological health of river ecosystems in wadable streams,
particularly concerning chemical quality conditions and pro-
portional changes in riparian land use along elevation gradi-
ents. Specifically, the site scores defined by the NMDS]1 axes
of FEs and mIBI-F metrics showed better accuracy than the
conventional mIBI-F Score for predicting river health. Using
fish ordination analysis of the community attributes, we can
better determine the impact of chemical health stressors on
river ecosystems, identify areas that require attention, and
take appropriate measures to preserve the biological integ-
rity of such systems. Additionally, the approach can be used
as a baseline for ecological monitoring to assess the effec-
tiveness of management practices over time and make neces-
sary adjustments to management strategies.
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