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1. INTRODUCTION

Abstract: Food webs have received global attention as next-generation biomonitoring
tools; however, it remains challenging because revealing trophic links between species
is costly and laborious. Although a link-extrapolation method utilizing published trophic
link data can address this difficulty, it has limitations when applied to construct food
webs in domestic streams due to the lack of information on endemic species in global
literature. Therefore, this study aimed to develop a link extrapolation-based food web
model adapted to Korean stream ecosystems. We considered taxonomic similarity of
predation and dominance of generalists in aquatic ecosystems, designing taxonomically
higher-level matching methods: family matching for all fish (Family), endemic fish
(Family-E), endemic fish playing the role of consumers (Family-EC), and resources
(Family-ER). By adding the commonly used genus matching method (Genus) to these
four matching methods, a total of five matching methods were used to construct 103
domestic food webs. Predictive power of both individual links and food web indices
were evaluated by comparing constructed food webs with corresponding empirical food
webs. Results showed that, in both evaluations, proposed methods tended to perform
better than Genus in a data-poor environment. In particular, Family-E and Family-EC
were the most effective matching methods. Our model addressed domestic data scarcity
problems when using a link-extrapolation method. It offers opportunities to understand
stream ecosystem food webs and may provide novel insights into biomonitoring.

Keywords: food web construction, trophic interactions, stream ecosystems, ecological
monitoring, National Aquatic Ecological Monitoring Program (NAEMP)

longstanding interest in ecology (Cohen et al. 2003).
It underpins diverse ecosystem mechanisms such as

Understanding food web structure, that is, how spe- energy and material transfer, primary production, and
cies and their trophic links are organized, has been of decomposition, providing system-level insights into
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ecosystem functions, resilience, and sustainability (Baird
and Ulanowicz 1989; Bellwood et al. 2003). In recent
years, its importance in applied ecology has been incre-
asing owing to global changes, such as species invasion,
pollution, and climate change (Heleno et al. 2009; Bart-
ley et al. 2019). In particular, Layer et al. (2011) empha-
sized the necessity of biomonitoring. They found that
the acidified Broadstone stream (England) was recov-
ered by tracking the food web structure and dynamics,
whereas the recovery could not be discovered by a
conventional approach focused on the changes in spe-
cies richness and abundance for aquatic assemblages,
ignoring their trophic interactions. Many studies have
suggested the potential of food web indices as ecolog-
ical indicators for detecting environmental changes,
stresses, and their impacts, although standardized pro-
tocols have not yet been established (Tylianakis et al.
2007; Fath et al. 2019; Mestre et al. 2022). Despite this,
food web research is still lacking. This is because the
construction of food webs is fundamentally difficult. It
is usually conducted through empirical investigations
of trophic interactions, such as direct observations, gut
content analysis, or stable isotope analysis (Yoshii et al.
1999; Grey et al. 2002). However, these works are costly,
labor-intensive, and require long-term investigation,
some of which take years or decades. Moreover, data
uniformity is difficult to achieve because it depends
on sampling efforts and investigators (Goldwasser and
Roughgarden 1997).

Gray et al. (2015) developed an automated method
for constructing a food web using a link-extrapolation
approach. This method estimates the possible trophic
links within a food web based on published data, there-
by greatly reducing the time and cost of food web con-
struction. The link extrapolation approach is based on
the premise that if there is observed data on the interac-
tion between two species, it is valid wherever or when-
ever two species are found simultaneously. Although,
based on this premise, this method cannot reflect the
dynamics of a trophic interaction, such as its spatial
and temporal dynamics or prey switching of predators,
it can effectively describe a summary web that is often
spatially or temporally aggregated and provides a broad
understanding of the ecosystem trophic structure. More-
over, it has a high performance for predicting food web
structure; for instance, it showed higher performance
for predicting individual links than previous determin-
istic food web models including ‘Difference, ‘Ratio;
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‘Difference/Ratio (Allesina 2011), and allometric diet
breadth model (Petchey et al. 2008) and for food web
indices in empirical food webs (Gray et al. 2015). This
approach has been used to compensate for missing
links in many empirical studies but it depends on man-
ual work (Goldwasser and Roughgarden 1993; Layer et
al. 2013; Poisot et al. 2016). The development of auto-
mated methods allows the construction and analysis of
vast amounts of food webs (Heberling et al. 2021).

However, its utilization remains challenging because
of its data dependency. That is, the accuracy of the con-
structed food webs depends on the quantity and quali-
ty of published trophic interaction data and the resear-
chers’ data. For instance, one species observed in a sur-
vey cannot have any links unless its interaction has been
reported, although it interacts with other species. This
ultimately lowers the reliability of constructed food
webs. Ecologists who are willing to use this method
may face these kinds of issues, although this could be
improved through the continued accumulation of data.
Gray et al. (2015) considered a simple rule based on
known ecological knowledge that taxonomically sim-
ilar species consume similar prey. They showed that
genus matching could have a higher performance than
species and family matching, which led to underesti-
mated and overestimated links, respectively. Further
ecological knowledge is expected to facilitate its utiliza-
tion and is required to overcome this inherent issue.

In South Korea, the government has intensively
conducted stream ecosystem biomonitoring through
the National Aquatic Ecological Monitoring Program
(NAEMP) since 2008. It has been implemented with
streams and tributaries across the whole country, cover-
ing 3,035 sites within all five river basins (i.e., the Han-
gang, Nakdonggang, Youngsangang, Geumgang, and
Seomjingang Rivers) (MOE 2018). Targeted aquatic spe-
cies belonging to the three fauna occupying different
positions within a food web (i.e., fish, benthic macro-
invertebrates, and epilithic diatoms) were investigated
following the NAEMP biological criteria and assessment
methods developed for the domestic context, referring
to the methods of the US Environmental Protection
Agency and European Environment Agency (Kristensen
and Begestrand 1996; Barbour et al. 1999; USEPA
2002).

This study aims to develop a link extrapolation-based
food web model adapted to South Korean stream eco-
systems. However, there is a data dependency problem
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caused by the high proportion of endemic species among
the species surveyed by the NAEMP. The NAEMP
focuses mainly on surveying endemic species that in-
habit only certain areas of the world and their inter-
actions are geographically limited. Thus, their trophic
interaction data are unlikely to be found unless dome-
stic researchers have reported them; subsequently, their
trophic links are not expected to be estimated through a
link extrapolation approach because of the lack of data.
We regarded this as a data-poor environment. Specifi-
cally, the proportion of endemic species was used to
define the data environment (>0.75 for data-poor and
<0.25 for data non-poor; the target and control groups
in this study, respectively). In a data-poor environment,
using a taxonomically higher-level matching method
can be more effective than using lower-level matching
methods (e.g., species or genus matching, as mentioned
above), considering that most predators in aquatic sys-
tems are generalists who do not consume their diet phy-
logenetically. Therefore, we designed food web models
based on family matching for 1) all fish species, 2) ende-
mic fish species, 3) endemic fish species that play the
role of consumers, and 4) endemic fish species that play
the role of resources. Food webs were constructed using
these four methods and the Genus method of Gray et
al. (2015) was used for comparison. Model performance
was evaluated by comparing the constructed food
web from each method with the corresponding empir-
ical food web constructed based on gut content data
from other studies. The predictive power of both indivi-
dual links and food web indices was evaluated.

2. MATERIALS AND METHODS

2.1, Study site selection and data acquisition

We first collected NAEMP data for all sites (3,035
sites) over 11 years (2008-2018). The NAEMP survey
was conducted twice a year in spring (April-May) and
autumn (September—October) and almost all taxa were
taxonomically resolved at the species level. We obtained
survey data for both periods for the three fauna: fish,
benthic macroinvertebrates, and epilithic diatoms (the
data were retrieved from the website of the Water Envi-
ronment Information System, http://www.water.nier.
go.kr/). The obtained data were spatially and tempor-
ally aggregated by site name and divided into target
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Fig. 1. A total of 103 study sites (51 control and 52 target sites).

and control groups based on the proportion of ende-
mic species in the species surveyed at each site (>0.75
and <0.25, respectively; these proportions were not
based on all fish but on fish for which gut content data
were available). Gut content data was collected through
a literature search using the scientific names and Korean
names of all fish species observed at all NAEMP survey
sites. We then filtered out the sites with fewer than four
fish species for which gut content data were available.
This is because the gut content data are necessary to
construct an empirical food web and evaluate model
performance. Too few fish with embedded gut content
data (e.g., only one species per site) may introduce bias
in the results. A total of 103 sites (51 targets and 52
controls) representing data-poor and -non-poor envi-
ronments respectively, were selected as the study sites

(Fig. 1).

2.2. Food web construction and
model development

Food webs were constructed by extrapolating trophic
links between species based on trophic interaction data
from published literature and biomonitoring data from
the NAEMP. Trophic interaction data were collected
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using Global Biological Interaction (GloBI) which is a
web-based search engine for species interaction data
(Poelen et al. 2014). We resolved all the surveyed taxa
names based on the Global Biodiversity Information
Facility (GBIF) backbone taxonomy using the Glob-
al Names Resolver, which was conducted using the R
package “taxize” (Chamberlain and Szdcs 2013). Then,
we queried the predation data (i.e., both “preys on” and
“preyed upon by” were used as search options) using
the R package “rglobi” (Poelen et al. 2017) using the
GBIF key identifier of the surveyed taxa. A direct query
using taxon names may cause querying errors, such as
incorrectly queried data that can result from the exist-
ence of the same species names with different upstream
taxonomic hierarchies; however, using the identifier
can prevent these errors. In this step, we utilized data
from all NAEMP sites (3,035 sites) rather than those
from our study sites (103 sites) (Fig. 1). This is because
the taxonomic matching methods we considered were
not limited to accurate species matching, so that can
increase data quantity and the probability of link gener-
ation. For instance, query data using taxa observed at
other sites could be effectively used to generate trophic
links for taxa at our study sites through higher-level
taxonomic matching. Finally, a registry containing
13,824 trophic interaction data points was used to con-
struct a food web.

Our assumption that taxonomically higher-level
matching can perform better than genus matching in a
data-poor environment was contradictory to the results
of Gray et al. (2015). Therefore, before model develop-
ment, we conducted a preliminary test to identify the
feasibility of our assumption. We confirmed the data
loss rate during the process of food web construction
by comparing the proportion of isolated nodes (i.e.,
species without links) between two existing methods:
genus and family matching. The results showed a higher
proportion of isolated nodes using the genus-matching
method, especially at the target sites (> 87%), whereas
the proportions were low (< 6%) using the family-
matching method (Table S1). Higher proportions of iso-
lated nodes indicate a higher rate of node and link data
loss, lowering the confidence of the constructed food
web, supporting the feasibility of the assumption in
this study.

We designed four-link extrapolation methods: taxon-
omic matching at the family level for fish species (Fam-
ily), endemic fish species (Family-E), endemic fish spe-
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cies that act as consumers (Family-EC), and endemic
fish species that act as resources (Family-ER). Food
webs were constructed using five matching methods,
including four matching methods (Family, Family-E,
Family-EC, and Family-ER) and the genus matching
method of Gray et al. (2015) (Genus) for comparison.
Specifically, Family generates links between fish and
their prey and between consumers and their fish prey
when a trophic link registry includes the data that any
fish belonging to the same family eats/is eaten by some-
thing. Family-E generates links between endemic fish
and their prey and between consumers and their ende-
mic fish prey when a trophic link registry includes data
that any fish belonging to the same family eats or is eaten
by something. Family-EC generates links between ende-
mic fish and their prey when a trophic link registry
includes data indicating that any fish belonging to the
same family eats something. Family-ER generates links
between consumers and their endemic fish prey when
a trophic link registry includes data showing that any
tish belonging to the same family is eaten by some-
thing.

The constructed food webs were in the form of a sum-
mary web, with a temporal range of 20082018 for each
site. Additionally, counterpart empirical food webs
for each site were constructed based on the gut content
data examined in other studies. Gut data for the 26 fish
species were collected and the data sources are presen-
ted in Table S2. If gut content data were not available,
the species were excluded from the study. Note that
the designed methods focused on fish taxa, whereas
the matching method for other taxa was fixed at genus
matching. This is because there were insufficient data on
the gut contents of benthic macroinvertebrates obser-
ved at the study sites, which could reduce the confidence
of the model performance evaluation (Williams and
Martinez 2008; Petchey et al. 2011). Subsequently, we
considered only all the generated links concerning fish
in the model performance evaluation described later.

2.3. Evaluation of model performance

The model performance was evaluated by comparing
food web structures between a constructed food web
and its counterpart empirical food web. This was done
in two ways: one was to evaluate the predictive power
for individual links and the other was to evaluate the
predictive power for food web indices. Food web indices
are commonly used to compare food webs and provide
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a summarized explanation of ecosystem trophic struc-
tures (Thompson et al. 2012; Delmas ef al. 2019). Their
prediction is considered highly important, especially in
typical probabilistic food-web modeling studies (Wil-
liams and Martinez 2008). We developed a determin-
istic model and focused more on how to correctly pre-
dict individual links; however, the prediction of food
web indices was also considered in terms of a broad
performance test.

First, the performance evaluation for predicting in-
dividual links was done by using True Positives Rate
(TPR) and True Skill Statistics (TSS) (Allouche et al.
2006; Gray et al. 2015) which are calculated by:

a

TPR=—" (Eq. 1)
ad—bc
TSS= W (Eq.2)

where a indicates the number of links that are correctly
generated, b is the number of links that are generated
but not observed, c is the number of links that are obser-
ved but not generated, and d is the number of links that

are neither generated nor observed. TPR (Eq. 1) indi-
cates the ratio of correctly predicted to generated links
and ranges from 0 to 1. TSS (Eq. 2) ranges from -1 (in-
dicating completely inverse link generation) to 1 (iden-
tical link structure to the empirical web). For both TPR
and TSS, the larger the value (i.e., the closer to 1), the
better the model’s performance. The Kruskal-Wallis
test was conducted to identify if there was a difference
among the methods and a post hoc analysis using the
paired Wilcoxon signed-rank test was subsequently
conducted. In addition, predation matrices were map-
ped to graphically identify model performance for indi-
vidual links using two example sites from the control
and target groups.

Second, the performance evaluation for food web
indices was performed using two indices, generality
(Gen) and vulnerability (Vul), which indicate the aver-
age prey numbers per predator and average predator
numbers per prey, respectively (Bersier et al. 2002). Since
we only considered fish gut contents in model develop-
ment and food web construction, Gen and Vul were
calculated using the average prey numbers per fish and
average fish consumer numbers per prey, respectively.
For each index, whether the difference in values betw-
een the constructed and the counterpart empirical food

web was equal to zero was analyzed using a one-sample
t-test. Values closer to zero indicate better model perfor-
mance (i.e., zero is a perfect prediction of the index).
Significance indicates that there is a difference in the
food web structure between the constructed and empi-
rical food webs. All procedures from data collection to
evaluation of model performance and statistical analy-
sis were performed using R version 4.1.0 (R Core Team
2021).

3. RESULTS AND DISCUSSION

3.1. Model performance in predicting food
web individual links

The TPR results showed that Family had the highest
performance in both the control and target groups (Fig.
2a, b; Table S3). In the target group, Family-E and Fam-
ily-EC showed the next highest performance with no sig-
nificant difference between them (Fig. 2b). Meanwhile,
the evaluation using the TSS showed the opposite ten-
dency (Fig. 2¢, d). The TSS in the control group was the
lowest in Family with a negative geometric mean value
(Fig. 2¢). This resulted from overestimated (not obser-
ved but generated) links between fish and benthic mac-
roinvertebrates (Fig. 3). In the target group, Family-E
and Family-EC showed the highest performance, fol-
lowed by Family and Genus (Family-ER was not differ-
ent from Genus; Fig. 2d). In particular, they suppressed
overestimated and underestimated links relatively well
compared to Family and Genus, respectively (indicated
by decreased yellow and orange grids, respectively; Fig.
4). Overall, these results indicate that using taxonom-
ically higher-level matching methods in a data-poor
environment increases the predictive power of individ-
ual links, whereas the opposite is true in a data non-
poor environment.

In general, the greater the phylogenetic distance be-
tween species, the lower the ecological similarity of feed-
ing characteristics, habitats, and food preferences (Layer
et al. 2010; EKI6f et al. 2012). In freshwater ecosys-
tems, fish consumers tend to be generalists and omni-
vores (Guenther and Spacie 2006; Clavel et al. 2011;
Filgueira et al. 2016). In insectivorous fish, predation is
often determined by the habitat and functional feeding
groups (Reis et al. 2020; Wang et al. 2020). Fish living
in surface water feed on small terrestrial insects that
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Fig. 2. Boxplots for evaluating model performance using True Positives Rate (TPR) and True Skill Statistics (TSS). The Kruskal-Wallis test
was conducted to test if there was a difference in performance between methods (Genus, taxonomic matching at the genus level, Family,
taxonomic matching at the family level for fish species; Family-E, taxonomic matching at the family level for endemic fish species; Family-
EC, taxonomic matching at the family level for endemic fish species who play a role of consumers; Family-ER, taxonomic matching at the
family level for endemic fish species who play a role of resources). Post hoc analysis was conducted using a paired Wilcoxon signed-rank
test. Results are presented by alphabets (a, b, and c) above boxes. The first column (panels of (a) and (c)) and second column (panels of (b)
and (d)) show results of the control and target group, respectively. The red horizontal line indicates TPR or TSS = 0. The grayish dashed line
indicates division between Gray's method and proposed methods in this study. Boxes show 25th, 50th, and 75th percentiles and jitters

indicate data points for each constructed food web.

they encounter in surface water, whereas benthic fish
feed on aquatic insects living in benthic areas. In other
words, they do not differentiate their prey phylogeneti-
cally. For instance, benthic fish indiscriminately eat
benthic prey belonging to the Baetidae family, such as
Baetis sp., Baetiella sp., and Acentrella sp. The fish feed-
ing on epilithic diatoms were similar. The organisms
consumed by fish are mostly fed together during the
feeding process of benthic organisms (Son and Byeon
2001). If the data registry for link extrapolation is suffi-
cient, using a lower-level matching method for fish
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would not be problematic. However, if not, as in this
study containing many endemic species, it probably
causes many links to be observed but not generated,
thereby reducing model performance. Considering the
feeding characteristics of fish, taxonomically higher-
level matching methods may be better choices in data-
poor environments. In particular, we suggest that Fam-
ily-E and Family-EC are the most effective methods,
according to the results of TSS, which reflect the per-
formance for unobserved as well as observed links, the
predictions of which are important for understanding
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Fig. 3. Predation matrices for Jeongeupcheon stream, an example site in the control group. Matrices for food webs constructed by five
methods (Genus, taxonomic matching at the genus level; Family, taxonomic matching at the family level for fish species; Family-E, taxono-
mic matching at the family level for endemic fish species; Family-EC, taxonomic matching at the family level for endemic fish species who
play a role of consumers; Family-ER, taxonomic matching at the family level for endemic fish species who play a role of resources) were
mapped. Columns and rows of a matrix indicate fish consumers and their resources, respectively. Characteristics of the matrix element
are indicated by color (white, links that are neither observed nor generated; orange, links that are observed but not generated; yellow, links
that are not observed but generated; red, links that are correctly generated). Values of TPR (True Positive Rate) and TSS (True Skill Statistic)

are presented below the matrices.

the food web structure.

3.2, Model performance in predicting
food web indices

For both Gen and Vul, the differences between the
constructed and empirical food webs differed signifi-
cantly from zero for all five methods (p <0.0001; Fig. 5).
The mean and median values were positive and nega-
tive for Family and other methods, respectively (Fig. 5,
Table S4). Overall, the results showed similar tenden-
cies regardless of the two indices or groups. However, it
is important to compare the results between the target
and control groups. In particular, the values in Family
in the control group (Fig. 5a, c) were the farthest from
zero, whereas those in the target group were the nearest
to zero (Fig. 5b, d). This indicates the effectiveness of
Family in data-poor environments. This was similar to

the performance evaluation for individual links in that
both showed that higher-level matching methods can
achieve higher performance than Genus. In addition,
family-level matching methods may overestimate or
underestimate the generalism of consumers or the vul-
nerability of resources from consumers. Thus, care must
be taken regarding which method to use, and this can
be done appropriately depending on the purpose of the
research.

3.3. Limitations, ecological implications,
and conclusion

In food web modeling, it is critical to filter forbidden
links generated from a model or generate additional
links that are not generated from a model but are obser-
ved or expected to exist (Morales-Castilla et al. 2015;
Terry and Lewis 2020). This study suggests that given

http://www.koseb.org 213



Korean J. Environ. Biol. 42(2) : 207-218 (2024)

Genus Family Family-E Family-EC Family-ER
Consumer Consumer Consumer Consumer Consumer
s ) 8 © s )
: § § : § § g §
32 3 2 S S 4 S 2 S 32 s
s § $ o= § S o= s § o g g o= i L.
vl 385 g S8%53s 5 8 54353 s 3G 53 s & T2§E
g 228 g8 2. 888 8 g2 22392 2o . € =898 g 2. 2238
Ss¥F3 gL s 8388 s S R3S Q% 2 s 8F 388 OSs NF 3% 2
S 286595 238 % S g B2 BN S2s 695283 o} s &85 S2s 58828
= B = T x £ o b~ S ES2 2R 53T £ 22 R 57D S E S 2R S35T
£ < S e s < < 2 e < < < & < <
S a2 § 8 S & a < § 53§ PR S s a 2§ 537G a < §
S8 e 3 =88 L g S8 e 28 mE g S8 e
35852 ef s S S532a 325852y s 885 2¢ 325852 ¢
28328 E 3 E 498238 E 3 238328 E 8823 E 2 298298 E 3
S £ 828 v 3 S SISO S £ 828> S §2 8o S E£E 828
858885 S 858¢9S S8§58¢ S S 858¢sS S 85888
R R RN SESEES s3£eL g% S85883 g8tcegs
3 £ 88 2 S 3 2 S £ S 8 2 S
LT oA XXTa dT oaxX X3 T oaX=x3J Toax X3 QT OqT K XJ
Bacillaria ulna [ I I ) I
| | |
cAr;hnam‘mdl/um /alcl;u
occonels placentula |- |-
Encyonema minutum | = = | T [ 1 =
mbellasl/es/acav Link
Reimeria, smuata i in
Synedra |-
Amphora ipariensis | o .
coficsehis (- | I Neither observed
Baetiglla fuberculata L nor generated
ellssca(us
sinus
’\{'Ssgoga,ﬁgsgagg’gs Observed but

0rus n/ppcmcus
-peorus pellucidus
ithrogena

Drunella ishiyamana
Serratella setigera,
Perlomyia mahunkaf

not generated

Not observed
but generated

Kamimuria coreana
Oyamia n/fgnbasls
intocha

Hexafoma

Resource
Resource
Resource

imulium
Chironomidae
Atherix
logsosoma

Correctly
generated

Resource
Resource

Stenops, yche bergen
Stenopsyche marmorata
Arctopsyche ladogensis

Cheumatopsyche brevilineata
Hydropsyche kozhantschikoyi
Cératops) che ar/enta/ls

Psilotreta kisoensi:
Baens sr/vancus
_Ecdyonurus

Pseud%o Xg[ung

nus kumgangshs;s [
Coreoperca herzi ||

;7 ia herzi |
Koreacobms ro undlcaudata [

gobagrus andersonl ’

rachymystax lenok 1l =

I

TPR=0.11 TPR =043
TSS =0.08 TSs=0.11

TPR=0.32
TSS=0.18

TPR =0.32
TSS=0.18

TPR=0.11
TSS =0.08

Fig. 4. Predation matrices for Naerincheon stream, an example site in the target group. Matrices for food webs constructed by five methods
(Genus, taxonomic matching at the genus level; Family, taxonomic matching at the family level for fish species; Family-E, taxonomic
matching at the family level for endemic fish species; Family-EC, taxonomic matching at the family level for endemic fish species who play
a role of consumers; Family-ER, taxonomic matching at the family level for endemic fish species who play a role of resources). Columns
and rows of a matrix indicate fish consumers and their resources, respectively. Characteristics of the matrix element are presented by color
(white, links that are neither observed nor generated; orange, links that are observed but not generated; yellow, links that are not observed
but generated, red, links that are correctly generated). Values of TPR (True Positive Rate) and TSS (True Skill Statistic) are presented below

matrices.

a data-poor environment, taxonomically higher-level
matching methods can outperform the lower-level
matching method, which correctly generates observed
links and does not generate unobserved links. However,
our model had some limitations. First, the proposed
taxonomically higher-level matching methods are re-
stricted to fish species. Thus, the model depends on
biomonitoring data, and its uses are limited; for in-
stance, it may not work well in data conditions where
endemic benthic macroinvertebrates are enriched. This
can be enhanced by securing the gut content data of
benthic organisms or designing additional matching
rules. For instance, functional feeding groups (e.g.,
filter feeders, scrapers, and shredders) or morpholog-
ical traits (e.g., body size and armoring), which are
important determinants of feeding, should be consid-
ered in future studies. Secondly, some of the proposed
methods showed the same performance (i.e., Genus=
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Family-ER and Family-E =Family-EC; Tables S3, $4).
Although the underlying ecological concepts of the
models differ, distinguished by the roles of fish, their
operation ultimately depends on the data. The same
performance was observed between Family-E and
Family-EC because only consumer fish were present in
our data. The Family-ER method did not perform well
relative to other family-level matching methods but
showed the same performance as that of Genus. For
Family-ER to be effective, the two requirements for fish,
a carnivore and a resource, should be met simultane-
ously because the model only reflected the feeding of fish
but this could not be achieved from our data. Despite
existing limitations, our findings support the potential
of a link extrapolation approach for future biomonitor-
ing by showing higher performance for both individual
food web links and indices in a data-poor environment.

Current stream ecosystem biomonitoring in South
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Fig. 5. Boxplots of evaluation of model performance using Generality (Gen) and Vulnerability (Vul). For each Gen and Vul, whether the differ
ence in value between the constructed food web by one of the five methods (Genus, taxonomic matching at the genus level; Family, taxon-
omic matching at the family level for fish species; Family-E, taxonomic matching at the family level for endemic fish species; Family-EC,
taxonomic matching at the family level for endemic fish species who play a role of consumers; Family-ER, taxonomic matching at the family
level for endemic fish species who play a role of resources) and the counterpart empirical food web was equal to 0 or not was analyzed
using a one-sample t-test. Significance is presented above the box (all p-values <0.0001 are indicated by ****). The first column (panels
of (a) and (c)) and second column (panels of (b) and (d)) indicate results of the control and target group, respectively. The red horizontal line
indicates that the difference in values between the constructed food web and the counterpart food web is zero. The grayish dashed line
indicates the division between Gray's method and proposed methods in this study. Boxes show 25th, 50th, and 75th percentiles and mean
values (presented by the diamond symbol). Jitters indicate data points for each difference between the constructed food web and the
counterpart food web.

Korea focuses on monitoring changes or the recovery
of species richness or abundance of aquatic assembla-
ges, which has been broadly used in stream ecosystem
health assessments. There is a growing need for a food
web approach in the field of domestic biomonitoring;
however, researchers suffer from a lack of trophic inter-
action data and subsequent difficulties in food web con-
struction. Here, we suggest that the developed link extra-
polation-based food web model adapted for Korean
stream ecosystems can be effectively utilized in stream
ecosystem biomonitoring and health assessment by

integrating it with the present NAEMP, although caution
is required. In addition, long-term accumulated eco-
logical data are highly valuable itself as well as in terms
of their potential use and there is a continuing need for
further interpretations beyond aquatic assemblage-in-
dependent investigation and analysis. A link extrapo-
lation approach can provide a food web-level under-
standing. It helps detect ecological changes that cannot
be detected by conventional biomonitoring; therefore, it
is expected that our model may provide novel insights
into biomonitoring.
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In sum, this study aimed to develop a link extrapola-
tion-based food web model adapted to Korean stream
ecosystems. We designed family-level matching methods
for endemic fish species, with a focus on the general-
ism of predators in aquatic ecosystems, by improving
previous taxonomic matching methods and evaluat-
ing their predictive power for food web structure. The
results showed that using taxonomically higher-level
matching methods can be more effective in a data-poor
environment than using the lower-level matching
method. A data-poor environment is indeed not a spe-
cial situation in South Korea; thus, our approach can
be utilized in other countries with similar situations.
Furthermore, this study suggests that convergence with
more ecological knowledge can help improve model
performance and overcome the challenges derived
from data dependency.
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