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Abstract: To estimate the impact of weirs on large river fish communities, we applied the ecological
niche space (ENS) measured quantitatively using carbon and nitrogen stable isotope ratios to the
monitoring of effects of weirs constructed on four major rivers in Korea. ENS was calculated using
the Bayesian stable isotope in R statistics. The ENS of fish communities showed persistent differences
between upstream and downstream areas of all studied weirs. The ENSs of omnivores were larger in
upstream impounded areas but the ENSs of predator species, both endemic (Erythroculter erythropterus)
and exotic (Micropterus salmoides) predators had decreased ENSs in upstream areas. E. erythropterus
showed horizontal variations in a wide range of carbon stable isotopes, whereas M. salmoides showed
vertical variations in nitrogen stable isotopes. The results suggest that weir construction may have
species-specific impact on the ENS of fish community by impoundment and increase niche overlap in
upstream areas of the weir. The measured ENS of fish community was significantly correlated with
the relative abundance of tolerant species negatively, whereas correlated with that of endemic species
positively, suggesting that the ENS can be used as a comprehensive indicator of habitat conditions.

Keywords: carbon and nitrogen stable isotopes; river food web; environmental assessment; habitat
condition; resource competition

1. Introduction

Hydrological modification of river channels by dams and weirs has been undertaken all over
the world to secure water resources and prevent floods. At the same time, concerns regarding
extensive ecological degradation and loss of biological diversity caused by river exploitation have
increased [1]. The presence of dams and weirs interrupts the longitudinal connectivity of river channels
and introduces habitat instability, with consequent negative impacts on fish communities [2–4]. Recently,
the ecosystem service value of river ecosystems has been significantly increased by restoration efforts
made for a variety of purposes, including not only traditional purposes such as improvement of water
quality and flood control but also improvement of habitats and biodiversity [5]. In particular, from the
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viewpoint of cultural services, which are increasingly provided by ecosystem services, the condition of
habitats supporting fish diversity has become a key point for the restoration and conservation of river
environments [6]. Therefore, the majority of river restoration efforts focuses on the removal of dams
and weirs that degraded river ecosystems by flow regulation and loss of connectivity [7,8]. However,
the impact of large dams on fish communities is much better documented than that of weirs [9,10].

In Korea, 16 weirs were constructed in the main channels of four rivers through the Four
Major Rivers Restoration Project [11]. The project was carried out from 2009 to 2012 to mitigate
water scarcity, implement comprehensive flood control measures, improve water quality, restore the
ecosystem, create multipurpose public spaces for local residents and engage in river-oriented regional
development. The project included dredging of nearly 570 million cubic meters of sediment from
the rivers, reinforcement of embankments and expansion of the capacity of 96 irrigation dams and
2 flood control reservoirs. Eight weirs were constructed in the main channel of the Nakdong River,
the longest river in Korea, three weirs in the Han River and the Geum River and two weirs in the
Yeongsan River. These 16 multi-functional weirs (height 3.5–11.8 m) were designed to regulate the
amount of water according to the weather conditions and they are classified as small- to mid-sized
dams in terms of height [12]. However, construction of the weirs led to changes in water quality and
ecological degradation of fish communities related to increases in exotic and tolerant species [13,14].

The main negative impact of weirs is their blocking of the movement of migratory fish by
providing a physical barrier across the channel. Not only anadromous fish species but also
potamodromous and resident freshwater species migrate within certain ranges of river channels,
which are shown by their usage of fishways across the weirs [4,10,15]. Impoundments frequently
causes water quality problems because of stagnation of the water and increased productivity. However,
there has been limited monitoring of biomass, composition-based community index and information
needed for the long-term management of biological communities in river habitats regarding weirs.
Therefore, habitat-based monitoring is necessary for the assessment of fish communities in relation to
the impact of weirs [3].

Carbon and nitrogen stable isotopes are used to indicate time-integrated diets of consumers and
potentially provide quantitative information regarding estimates of resource variation and overlap
among food web components. Early use of stable isotope data was limited to trophic ecology of
population regarding the variations in food sources (range of carbon stable isotopes) and the trophic
positions of target species (range of nitrogen isotopes). On the other hand, later applications include
the quantification of food web structures such as food chain length and dietary overlaps [16]. Since the
concept of niche space (particularly for trophic niche) can be simply explained by what they eat and its
connected region in the food web [17], two-dimensional space created by carbon and nitrogen isotope
data of target organism can indicate its ecological niche space. Recently, theoretical measures of species
requirements in habitats, ecological niche, have been used as isotopic niches representing a subset
of the overall ecological niche [18,19]. In the present study, the ecological niche space (ENS) of fish,
which was measured on the basis of δ13C and δ15N ratios, was used to estimate the impact of weirs on
fish communities.

The sustainability of biodiversity and ecosystem functioning depends on knowledge of the
structure and function of species assemblages and this understanding is challenged by natural
variations in both time and space. In the present study, to estimate the impact of weirs on fish
communities based on habitat quality, mainly focusing on the food environment driving biological
interactions among fish species and supporting their diversity, we monitored weir sections of large
Korean rivers based on guilds of major fish species. Ecological niches and their overlap were
quantitatively measured using stable isotope ratios of carbon and nitrogen, which have recently
been used for monitoring of fish communities [16].
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2. Materials and Methods

2.1. Study Sites and Fish Sampling

From four major Korean rivers, one weir from each was selected, comprising two eighth-order
rivers (the Han and Nakdong rivers) and two seventh-order rivers (the Geum and Yeongsan rivers).
Fish samples were collected from the lower and upper parts of the four selected weirs at 500 m from
the weirs (Figure 1). All samplings were carried out in June 2017. Basic water quality parameters
(water temperature, pH, EC and DO) were measured using Water Quality Monitoring System (U-50,
HORIBA, Kyoto, Japan) at five points at 1 m depth intervals along a horizontal section of the study
sites from both the left and right banks to the center and average values were calculated. Further water
quality data (TOC, BOD, TN and TP) were obtained from the Water Environment Information System
of the Ministry of Environment, Korea (http://water.nier.go.kr).
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Figure 1. Map of study sites showing four major Korean rivers and the location of the weirs. Fish
samplings were carried out 500 m from the weir in each upstream and downstream area.

Three different types of gear, a cast net (7 mm mesh), fixed shore nets (4 mm mesh) and skimming
nets (4 mm mesh), were used for collecting fishes. The cast net was deployed 10 times at 20 m intervals
along a 200 m section. The fixed shore nets were set in the afternoon before sunset and retrieved the
next morning after sunrise [20].

2.2. Community Index and Habitat Index

The diversity index (H′) [21] and the dominance index (D) [22] were calculated as indices of
fish community structure. The relative abundances of tolerant species and endemic species were
determined on the basis of the composition of collected fish samples. We categorized collected fish
to different environmental guilds (tolerant, intermediate and sensitive species) following the river
assessment manual of Ministry of Environment, Korea [20]. The benthic macroinvertebrate index
(BMI) and the vegetation index were calculated as habitat indices [23–25]. The vegetation index was
calculated based on the area of aquatic vegetation, diversity and the contribution as habitats for fish
characterized by vegetation types. The nitrogen stable isotope ratio was used for estimation of river
pollution by sources from the catchments [26]. The condition factor (CF) was calculated for major
predator species as the ratio of total length to body weight measured in the field using at least 20
individuals of selected predator species [27,28].

http://water.nier.go.kr
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2.3. Stable Isotope Analysis and Niche Calculations

Stable isotope values were determined for major species collected at a total of eight sites, consisting
of the upstream and downstream regions of four weirs. Selected target species were used for isotope
analyses to determine the specific ENSs of representative categories (omnivores and carnivorous
predators). Three to five adult individuals representing different feeding behaviors were selected
for the analyses. For omnivore species, the species that were caught for sampling and used for
isotope analyses differed among different sites (Table 1). On the other hand, predator species such
as Erythroculter erythropterus, Opsariichthys bidens and Micropterus salmoides, were collected from all
four rivers. Back muscle tissues were collected from each individual and freeze-dried at −80 ◦C for
at least 24 h. Lipid contents of the samples were removed by the chloroform/methanol (2/1 v/v)
treatment [29].

Table 1. List of fish species used for measurement of ecological niche space (ENS) by stable isotope
ratios of carbon and nitrogen with individual measured numbers in parenthesis.

River (Weir) Region Predators Omnivores

Han River
(Yeoju Weir)

upstream Erythroculter erythropterus (3)
Micropterus salmoides (3)

Acheilognathus yamatsutae (3) 1

Acanthorhodeus gracilis (3)
Pseudogobio esocinus (3)

downstream Erythroculter erythropterus (3) Acheilognathus yamatsutae (3)
Acanthorhodeus gracilis (3) 1

Nakdong River
(Hapcheon Weir)

upstream
Erythroculter erythropterus (3)

Micropterus salmoides (3)
Opsariichthys bidens (3) 1

Lepomis macrochirus (3)
Squalidus chankaensis tsuchigae (3)

Pseudogobio esocinus (3)

downstream Erythroculter erythropterus (3)
Opsariichthys bidens (3)1

Lepomis macrochirus (3)
Squalidus chankaensis tsuchigae (3)

Hemiculter eigenmanni (2)

Geum River
(Gongju Weir)

upstream
Erythroculter erythropterus (3)

Micropterus salmoides (3)
Opsariichthys bidens (3)

Squalidus japonicus Coreanus(3)1

Microphysogobio jeoni (3)
Pseudogobio esocinus (3)

downstream Erythroculter erythropterus (3)
Opsariichthys bidens (3) Squalidus japonicus Coreanus (3) 1

Yeongsan River
(Seungchon Weir)

upstream Micropterus salmoides (5)
Opsariichthys bidens (5)

Squalidus chankaensis tsuchigae (5)
Lepomis macrochirus (5) 1

Pseudogobio esocinus (5)

downstream Micropterus salmoides (5)
Opsariichthys bidens (5)

Squalidus chankaensis tsuchigae (5) 1

Lepomis macrochirus (5)
Pseudogobio esocinus (5)

1 Dominant species.

As the primary food sources, the stable isotope ratios of particulate organic matter (POM),
including planktonic matter and attached forms, were also measured with three replicates.
For planktonic POM, surface river water was filtered through pretreated GF/F filters, which were acid
pretreated to remove inorganic carbon before isotope analysis [29]. For attached POM, small cobbles
were collected from littoral areas, organic matter was brushed away from the substrate and the same
pretreatment was carried out. All fish and POM samples were freeze-dried at −80 ◦C.

The carbon and nitrogen isotope ratios of the samples were measured using an isotope ratio
mass spectrometer (Isoprime, GV Instruments, Manchester, UK). All isotopic data are reported using
the conventional δ notation, where δ13C or δ15N = (Rsample/Rstandard − 1)(‰). R is the 13C/12C or
15N/14N ratio for δ13C or δ15N, respectively. Vienna Pee Dee Belemnite and N2 in air were used as
international standard for δ13C and δ15N, respectively. The overall analytical error values were within
0.1‰ for both δ13C and δ15N.
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The breadth of each species’ isotopic niche was determined as the area of a two-dimensional
Bayesian ellipse calculated using stable isotope Bayesian ellipses in R (package SIBER [19]). Bayesian
ellipse areas were calculated with small sample size correction (SEAc [30]). The isotopic ellipses of
each fish group or species were calculated with 95% confidential interval.

The ENS can be used as an estimate of resource use by competing species, particularly for
carnivorous predator species [31]. Unlike carbon stable isotope ratios that indicate variation in food
sources and are used for among-site comparisons, nitrogen stable isotope ratios can be affected by
nonbiological factors, such as nitrogen pollution sources and are sensitive to baseline variability in
nonbiological factors among sites [32]. Therefore, for comparison of ENS responses of major predator
species to the presence of weirs, we standardized each species’ ENS by adjusting the nitrogen stable
isotope ratios of individuals of the same species to zero baseline. Among individuals of the same
species at each site, the lowest nitrogen stable isotope value was adjusted to zero and the same
magnitude of nitrogen stable isotope values was adjusted for other individuals of the same species.
Then the ENS values of all species were pooled to compare their variation across the weirs. On the
other hand, we calculated and plotted the ENSs of planktonic and benthic POMs together as to show
the variation in organic sources (planktonic vs. benthic organic matters) for fish community.

The statistical comparisons between water quality variables and indices of upstream and
downstream of the weirs (Tables 2 and 3) were made by paired t-test or Wilcoxon signed rank
test depending on the normality of variables. To estimate the relationships between the ENSs
of fish community and indices of community and habitat, the Pearson’s correlation coefficient or
Spearman’s rank-order correlation test were performed after the normality of all variables was tested
by Shapiro-Wilk test. The ENSs and habitat indices were transformed by logarithm (log(x + 1)).
All analyses were conducted in RStudio (v.1.1.456).

3. Results

3.1. Water Quality

Among the four major Korean rivers, the Yeongsan River had the highest concentrations of total
nitrogen and total phosphorus and overall the most eutrophicated environment. The Han River was
less eutrophicated and all water quality parameters related with eutrophication showed lower values
than other rivers. Remarkable differences in water quality were not observed between the upstream
and downstream areas of the weirs (paired t-test, p > 0.05).

3.2. Fish Community

The total fish catch differed among sites, with the highest number of individuals in the upper
region of the Yeoju weir in the Han River (1211 individuals) and the lowest in the lower region of the
Hapcheon weir in the Nakdong River (29 individuals) (Table 2). At all study sites, the fish catch was
higher in the upstream region of the weir, although the statistical difference was not obtained (paired
t-test, p = 0.155). The omnivorous Squalidus chankaensis tsuchigae was the most frequently collected
species, accounting for 38.6% of total fish catch (Table A1). The dominant fish species differed among
rivers. Omnivorous species were dominant in most study sites except the Nakdong River, where the
predatory O. bidens was dominant in both the upstream and downstream regions of the weir.

The species diversity (Shannon diversity) of the fish community ranged from 1.06 in the Geum
River to 2.40 in the Nakdong River (Table 2). The dominance index showed the opposite pattern
to the diversity index, with the highest value in the downstream of the Gongju weir in the Geum
River. Only one sensitive species was collected from the Han River (Table A1) and most species
were intermediate or tolerant species. The percentage of tolerant species was highest in the Geum
River. The percentage of endemic species was highest in the Han River and lowest in the Geum
River. The highest abundance of endemic species and the lowest abundance of tolerant species were
recorded in the Han River, in which water quality parameters were within the range of those in
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less eutrophicated environments, with lower levels of TOC, BOD and nutrients. However, no clear
differences between upstream and downstream were found in the diversity and dominance indices
(Wilcoxon signed rank test, p > 0.05).

In the comparison between the upstream and downstream areas of the weirs, the total fish catch
and the diversity index were often higher in the upper impounded area of the weir and there was no
persistent pattern showing unequal distribution of diversity and dominance indices across the weirs.
The largest difference in diversity between the upstream and downstream of a weir was observed in
the Geum River, where the diversity was lowest whereas the dominance was highest among study
sites (1.06). The lower part of Gongju Weir also showed the highest percentage of tolerant species
and the lowest percentage of endemic species. In the Nakdong River, there was little difference in all
indices between the upstream and downstream areas (Table 2).

Table 2. Community index of the upstream and downstream of the weirs in the four rivers.

River
(Weir) Region Number of Captured

Individuals
Diversity

Index
Dominance

Index
Tolerant

Species %
Endemic

Species %

Han River
(Yeoju Weir)

upstream 1211 1.62 0.34 14.9 80.3
downstream 384 1.95 0.19 23.7 80.5

Nakdong River
(Hapcheon Weir)

upstream 990 2.40 0.11 65.1 40.9
downstream 29 2.19 0.14 64.7 43.3

Geum River
(Gongju Weir)

upstream 235 1.62 0.60 71.3 17.8
downstream 201 1.06 0.83 93.1 11.1

Yeongsan River
(Seungchon Weir)

upstream 446 1.62 0.32 83.6 15.0
downstream 397 1.46 0.35 44.6 56.4

3.3. Habitat Index

Measured indices (BMI and vegetation index) and variables (POM nitrogen stable isotope ratio
and fish condition factor) provided different estimations for both comparison of four rivers and
comparison between upstream and downstream of weirs (Table 3). BMI, which represents the health
condition of a habitat from the calculated macroinvertebrate composition metric (detailed data not
shown), was highest in the Han River. The BMI indices were much lower in the Yeongsan River.
The nitrogen stable isotope ratio showed a similar trend with the BMI indices (Table 3); higher ratios
indicate higher organic pollution sources from the catchment area [26]. Other indices, the vegetation
index, which was calculated on the basis of the composition of aquatic plants and vegetation around
the river and the CF of predatory fish species, did not follow the variation of the other two indices
and water quality parameters. The CF was much higher in the Yeongsan River, despite other indices
indicating a worse environmental condition. No persistent differences were observed in water quality
parameters and measured variables between the upper and lower areas of the weirs (Wilcoxon signed
rank test, p > 0.05).

Table 3. Benthic macroinvertebrate index (BMI), vegetation index, nitrogen stable isotopes of particulate
organic matters (POM) and fish condition factor (CF) in the upstream and downstream of the weirs in
the four rivers.

River (weir) Region BMI Vegetation Index Delta 15N POM CF

Han River
(Yeoju Weir)

upstream 43.2 21 11.23 0.49
downstream 34.6 19 10.16 0.51

Nakdong River
(Hapcheon Weir)

upstream 25.2 24 10.77 0.51
downstream 15.8 25 12.20 0.38

Geum River
(Gongju Weir)

upstream 20.1 20 14.50 0.49
downstream 31.0 6 13.08 0.59

Yeongsan River
(Seungchon Weir)

upstream 12.5 21 17.70 0.69
downstream 12.4 10 16.81 0.76
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3.4. Ecological Niche Space of Fish and Overlap between Species Different Guild

The ENSs of fish assemblages, including omnivores and predatory species, were markedly
narrower in the Geum River than in the other rivers (Figure 2). The ENSs of fish communities showed
the similar tendencies in all study sites; the upstream regions had narrower ENS with aggregations of
each individual plot. In the Han River, there was less overlap between the ENSs for the upstream and
downstream areas of the weirs, whereas in the other rivers, there was an overlapping but narrower
area in the upstream area of the weir. The ENS of the upstream area was located at the inside of the
downstream area ENS in Geum and Yeongsan Rivers. This trend is most apparent in the Geum River,
where the ENS was the narrowest among the four rivers.Sustainability 2018, 10, x FOR PEER REVIEW  8 of 16 
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Figure 2. Ecological niche space (ENS) of fish and particulate organic matter (POM) (primarily algal
biomass) in the upstream and downstream areas of the weirs in four rivers.

For POM, both planktonic and benthic (mainly attached to cobbles) matter showed overlapping
stable isotope signals. Since we plotted planktonic and benthic POM together with each three replicates,
their widths indicate the difference between planktonic primary producers, mainly phytoplankton
and organic matter, including both precipitated matter and benthic diatoms. The horizontal range
of POM in the Han River was wide, whereas that in the Nakdong River was wide both horizontally
and vertically (Figure 2). Different from Han River where the range of POM’s nitrogen stable isotopes
was 9.42–11.18‰, that in Nakdong River was highly variable as 10.65–17.89‰. In the Yeongsan River,
the nitrogen stable isotope ratio was also high as 14.61–19.09‰ and higher than that of fish.

When the fishes of all rivers were pooled as two different guilds, omnivores and predators and
their ENSs were compared, predators had larger ENSs in the lower areas of the weirs and omnivores
had narrower ENSs in the downstream areas of the weirs (Figure 3). In the upstream areas of the weirs,
omnivores and predators showed opposite patterns.
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3.5. Comparison of ENSs of Predator Species

In downstream areas of the weirs, E. erythropterus and M. salmoides had larger ENSs than O. bidens
(Figure 4). The ENS calculated by the stable isotopes of M. salmoides was largest as 7.33‰2, followed
by E. erythropterus (6.62‰2). However, the ENS of O. bidens was much narrower (2.59‰2) than those
two species. On the other hand, three predator species had narrow and similar ENSs in upstream
areas of the weirs (E. erythropterus, 2.58‰2; M. salmoides, 1.01‰2; O. bidens, 2.11‰2). Consequently,
E. erythropterus and M. salmoides showed marked differences in ENS between the upstream and
downstream areas of the weirs, suggesting narrower food ranges in the upper areas. On the other
hand, O. bidens showed a narrower range of ENSs and its ENSs were similar between upstream and
downstream of the weirs. E. erythropterus had a wider range of ENSs for the variation of carbon stable
isotope ratios (range of food sources), whereas M. salmoides showed vertical variations of nitrogen
stable isotopes, indicating their trophic level (Figure 5).

When the ENSs of the total fish community were compared with other indices and variables
measured in the present study, the ENSs showed relationships with community-related indices
regardless of upstream and downstream of weirs (Figure 6). The ENSs showed positive relationships
with species diversity of fish community and the percentage of endemic species, whereas negative
relationships with dominance index and the percentage of tolerant species. In particular, the ENSs
showed statistically significant correlations with the percentage (%) of tolerant species and endemic
species (Pearson’s correlation test, p < 0.05). Although the relationships were not significant, the ENS
showed positive relationship with vegetation index which indicates the availability of aquatic
vegetation as the habitats for fish (r = 0.052, p = 0.1796), whereas negative relationship with nitrogen
stable isotope ratio of POM which indicates the pollution level of catchment (r = −0.400, p = 0.327) [26].
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4. Discussion

The impacts of obstacles on fish communities are believed to be obvious, since these artificial
structures prevent the migration of local fish species and often cause quantitative and qualitative
changes in the flow of materials through modification of the flow regime in river channels [2,4,33].
However, water quality parameters and biological assessments often do not represent the impact of
weirs and small dams [34] and it is often difficult to suggest reliable indicators for assessment of their
impact. In particular, compared with the impact of dams, the impact of weirs on fish communities has
not been sufficiently studied [4,10]. This mismatch can be attributed to the limitation of assessment
tools that depend on snapshot surveys. Species composition and diversity completely depend on the
results of such snapshot sampling, which cannot always guarantee complete collection of existing
species in the habitat. Efforts should be made to include enough limnophilic and rheophilic species in
fish samples for precise results; many fish species are both limnophilic and rheophilic.
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In the present study, differences between weirs in basic water quality parameters and community
indices, including the diversity index, were not observed. In contrast, ENS measured quantitatively
using carbon and nitrogen stable isotope ratios showed persistent differences across weirs, regardless
of sampling results, such as total fish catch and measured diversity indices. Besides the barrier effect
disrupting and limiting the migration of fish, additional negative impacts of weirs, particularly at
upstream locations, include habitat-related alterations as well as changes in food sources and feeding
efficiency. However, ecological indicators that represent such habitat conditions comprehensively have
not been studied sufficiently [35].

The stable isotope ratios of POM which serves as origin of organic food sources showed high
variation among rivers. The wide horizontal variation in carbon stable isotope ratios of POM can be
attributed to the difference between planktonic and benthic POMs and consequently indicates high
diversity of food sources [36]. At the same time, vertical difference in nitrogen stable isotope ratio of
POM is often used as an indicator of pollution particularly by artificial nitrogen sources. Therefore,
higher nitrogen stable isotope ratio of POM indicates that the river is highly affected by artificial
nitrogen sources from the catchment [26]. In the present study, the carbon and nitrogen stable isotope
ratios of study sites showed high variation among rivers but the clear trend showing the difference
between upstream and downstream of the weirs was not observed.

On the other hand, the ENS showed different responses for different trophic guild groups
such as omnivores and predators. In the upstream areas of the weirs, omnivores and predators
showed opposite patterns. Thus, the presence of a weir decreases the ENS of predators but increases
the ENS of omnivores in the impounded upstream area. Because the study sites were eutrophic
and the construction of weirs introduced deep and stagnant environments upstream of weirs [37].
Consequently, the upstream area of weir is more likely to be dominated by planktonic organisms
and interaction with benthic food sources may be limited. Omnivore species may benefit from
impoundment upstream, probably due to increase in organic particles, including planktonic food
sources [38]. However, decrease in the ENS of predators upstream suggests that this habitat condition
may negatively affect the feeding of predators, since river predators such as largemouth bass prefer
benthic prey, such as crustaceans [39]. Therefore, their available food sources may be limited at
upstream locations and their niches may overlap with those of omnivores.

Among predator species, the trends in ENS across the weirs were species specific. Impoundment
in upstream locations may result in higher productivity and consequent increase of lentic environments,
with high densities of planktonic organisms [13,38,40]. This may have a positive impact on omnivores.
The trophic level of largemouth bass decreases in upstream locations, which suggests that they may
become more omnivorous by selecting prey from lower trophic levels [41]. The predatory carp
E. erythropterus is also known to feed on benthic invertebrates and juvenile fish. They also pursue and
select prey near the water surface [42]. The wide horizontal range of predatory E. erythropterus’s ENS
at downstream but narrower ENS at upstream of the weirs may indicate that its niche is specified by
selecting various prey items at the same trophic level, avoiding overlap with largemouth bass in the
downstream area of the weirs, which is a more lotic environment but their niches overlap in upstream
locations. Therefore, their feeding behaviors and responses to the presence of weirs are functionally
different and habitat conditions induced by the presence of weirs may increase their competition.

The ENSs of the fish community considering various guilds together showed persistently different
patterns, particularly depending on trophic guilds and species. Among the observed indices, the ENS
showed correlations with most of commonly used indices. In particular, the ENS was positively
correlated with fish diversity and significant correlation was observed for the relative abundance of
tolerant species and endemic species. The results suggest that resource availability and competition
among species can be represented by the ENS of fish community and it will be helpful to estimate
the future impacts of introduced species through predation and competition as well as the impacts of
artificial modification of river channel.
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5. Conclusions

The ENS was measured by stable isotope ratios of carbon and nitrogen for fish community in
upstream and downstream of weirs constructed in the main channel of large rivers. The measured
ENSs of the fish community considering various guilds together showed persistently different patterns,
particularly depending on trophic guilds and species. The results showed possible impacts of weirs on
the habitat condition and consequent decrease in the ENS of dominant predator species.

The sustainability of river ecosystem services may depend on the stability of river food webs.
The complexity of food web structures, particularly the multiple sources of food, plays an important
role in supporting complex food webs and maintaining their stability [32]. Our results suggest that the
presence of weirs in river channels may decrease the availability of food sources for competing species
and increase their competition for resources. The concept of the ENS and its quantitative measurement
by stable isotopes can provide a tool to monitor this aspect of food webs and evidence regarding the
effect of artificial disturbances on biological processes for sustainable management.
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Appendix A

Table A1. Species composition and individual numbers (total fish catch) of fish community in the study sites.

Class (Species) TG 1 EI 2 Han River (Yeoju Weir) Nakdong River (Hapcheon Weir) Geum River (Gongju Weir) Yeongsan River (Seungchon Weir)

Region U 3 D 4 U D U D U D

Channidae
Channa argus TS 3 1 1 1

Centrarchidae
Micropterus salmoides TS I 9 39 8 68 41
Lepomis macrochirus TS I 1 44 2 12 1 233 88

Centropomidae
Siniperca scherzeri IS 1
Odontobutidae

Odontobutis interrupta IS E 2
Bagridae

Pseudobagrus koreanus IS E 1 1
Pseudobagrus fulvidraco TS 4

Gobiidae
Rhinogobius brunneus IS 1 7 3 4
Rhinogobius giurinus TS 1
Tridentiger brevispinis IS 2

Siluridae
Silurus asotus TS 4 1 1

Cobitidae
Cobitis rotundicaudata SS E 1
Misgurnus mizolepis TS 3

Cyprinidae
Abbottina rivularis TS 4

Acanthorhodeus asmussi IS 4 18 2
Acanthorhodeus gracilis IS E 191 121 20 5

Acheilognathus lanceolatus IS 1
Acheilognathus yamatsutae IS E 669 80

Carassius carassius TS 34 4 1 3 23 20
Carassius cuvieri TS I 9 4
Cyprinus carpio TS I 1 2 1 4

Erythroculter erythropterus TS 4 10 44 4 19 35
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Table A1. Cont.

Class (Species) TG 1 EI 2 Han River (Yeoju Weir) Nakdong River (Hapcheon Weir) Geum River (Gongju Weir) Yeongsan River (Seungchon Weir)

Region U 3 D 4 U D U D U D

Gnathopogon strigatus IS 2
Hemibarbus labeo TS 33 27 188 12 1 14 3

Hemiculter eigenmanni TS E 13 5 16 11
Microphysogobio jeoni IS E 1 35 33

Microphysogobio yaluensis IS E 1
Opsariichthys uncirostris TS 15 1 406 20 26 36 4 5

Paracheilognathus rhombea IS 7 3
Pseudogobio esocinus IS 2 1 3 1 4
Pseudorasbora parva TS 12 1 7 1 1

Pungtungia herzi IS 12 4
Sarcocheilichthys nigripinnis IS E 2 61 1

Sarcocheilichthys wakiyae IS E 49 1
Squalidus chankaensis tsuchigae IS E 178 1 51 212

Squalidus japonicus Coreanu TS E 59 46 40 42
Squaliobarbus curriculus IS 3 4

Zacco platypus IS 102 15 106 7 19 1

Total species number 22 17 10 6 18 19 13 15
Total individual number 1211 384 990 29 235 201 446 379

1 Tolerance guild (TS, tolerant species; IS, intermediate species; SS, sensitive species); 2 Endemic (E) or Invasive (I) species; 3 Upstream (U); 4 Downstream (D).
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