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a b s t r a c t

From 1997 to 2002, benthic macroinvertebrates were collected with a Surber sampler from

the 1970 sampling sites from clean to intermediately polluted areas in streams in Korea.

The Self-Organizing Map (SOM) was used for patterning and visualizing community pat-

terns of macroinvertebrates collected on the national scale. The SOM accordingly classified

the samples to eight groups of communities, and the groups firstly corresponded to the geo-

graphical regions of the sampling sites, distinguishing the samples from mountain streams

with high species richness from the samples from lowland areas with low species richness.

Relations between species richness and abundance showed three patterns according to the

SOM groups: (1) high species richness and high abundance in the clean area, (2) intermediate

species richness and high abundance in intermediately polluted area, and (3) low species
Abundance

Community classification

Regional classification

richness and low abundance in severely damaged area. Biological indices (Shannon diversity

index, evenness, EPT richness, EPT abundance, and BMWP score) were also accordingly dif-

ferentiated among the different clusters. The clustered communities were correspondingly

related to the patterns of species richness and abundance, and the trained SOM appears to

be efficient in defining the patterns of ecoregions.

With the advantages of taxonomic diversity, sedentariness
1. Introduction

The community composition depends on stability of their
habitats which provide the resources for development of the
residing populations (Cummins, 1979; Ward and Stanford,
1979; Malmqvist and Otto, 1987). The structures of community

assemblages are potentially determined by various environ-
mental factors acting on the habitats in different spatial and
time scales (Stevenson, 1997; Snyder et al., 2002). Regard-

∗ Corresponding author. Tel.: +82 51 510 2261; fax: +82 51 512 2262.
E-mail address: tschon@pusan.ac.kr (T.-S. Chon).

0304-3800/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2006.04.032
© 2006 Elsevier B.V. All rights reserved.

ing that different species show different spatial–temporal
dynamics in responding to the impact of environments,
understanding community abundance patterns is a funda-
mental step to achieve the sustainable management of aquatic
ecosystems.
in behavior and long life cycles, benthic macroinvertebrates
respond to environmental disturbances in an integrated and
continuous manner. Consequently, macroinvertebrates have
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een widely used for assessing ecological water quality in
quatic ecosystems. There have been a numerous accounts of
enthic macroinvertebrates used for indicators of the short-
nd long-term environmental changes in running waters
Hellawell, 1978; Lenat, 1988; Smith et al., 1999; Hawkins et
l., 2000).

In natural conditions, species richness (i.e. the number
f species occurring in a given area) has been commonly
sed as an integrative descriptor of the community (Lenat,
988), since species richness is influenced by a large num-
er of environmental factors in a continuous period with
egards to environmental stability (Cummins, 1979; Ward
nd Stanford, 1979), ecosystem productivity (Lavandier and
écamps, 1984) and heterogeneity (Malmqvist and Otto, 1987),
nd other biological factors (MacArthur, 1965; Feminella and
esh, 1990). The interactions of the environmental factors can
onsequently determine the gradients in species richness in
treams (Vannote et al., 1980; Minshall et al., 1985). Addi-
ionally, species richness is useful for revealing the impact
f environmental factors in disturbed conditions. The species
ichness of aquatic invertebrates has been influenced by nat-
ral and/or anthropogenic disturbances (Rosenberg and Resh,
993), which may lead to spatial discontinuities of predictable
radients (Ward and Stanford, 1979, 1983) and loss of taxa
Brittain and Saltveit, 1989).

Along with analysis in species richness, investigation of
pecies abundance patterns has been regarded as an impor-
ant topic in elucidating patterns of communities responding
o the disturbances. Preston’s canonical log-normal distri-
ution has been the most widely accepted formalization of
he relative commonness and rarity of species (Preston, 1962;
rown, 1981). Regarding that the species are often vulnera-
le to various environmental disturbances, the existence of
are species is a key issue in community ecology in rela-
ion to risk assessment. This type of complex relationships in
community changes and environment disturbances’ would
e accordingly addressed by studying community composi-
ions in relation to abundance patterns per taxa, i.e. relations
etween species richness and abundance.

Considering that the relationships between species and
bundance are closely associated with overall ecological
onditions, and communities are influenced by the given
nvironmental factors limited by the geographic regions, the
pecies–abundance patterns would be reflected by ecoregions.
he effect of ecoregions would appear especially on a large
cale. Many studies have been carried out to classify ecore-
ions based on the distribution patterns of aquatic organisms
n regional or national scale, showing the importance of geo-
raphic differences in biotic and abiotic characteristics of
treams (Tison et al., 2005).

Similarly, overall variation in community composition
ould be reflected on a map characterizing the community
atters. When processing the large-scale data, the first step

s usually to derive a classification of sites or systems by
nalysing the degree of association among community data.
n this study, we apply the technique in ecological informat-

cs, Self-Organizing Map, to mining the large-scale community
ata and to further relating the community patterns to vari-
tion caused by geographic distribution and different degrees
f disturbances. We aim (1) to classify benthic macroin-
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vertebrate communities on the national scale in Korea, (2)
to accordingly reveal the relationships between community
grouping and environmental factors, and (3) to elucidate asso-
ciation of community clusters with the “species–abundance”
patterns.

2. Materials and methods

2.1. Ecological data

Benthic macroinvertebrates were collected in relatively clean
to intermediately polluted areas in South Korea, being initi-
ated by the National Natural Environment Monitoring Project,
Ministry of Environment of Korea. Benthic macroinvertebrates
were sampled from the 1970 sampling sites in total in the
major rivers in Korea from 1997 to 2002. The samples were
collected mostly at the 1st–3rd stream order using a Surber
sampler (30 cm × 30 cm). The number of collected individuals
was estimated in the unit area (1 m2). The general techniques
for sampling benthic macroinvertebrates and measuring envi-
ronmental variables have been conducted according to the
National Natural Environment Monitoring protocol (Ministry
of Environment, 1997). We used four variables to describe envi-
ronmental conditions for the sampling site: altitude, depth,
current velocity and conductivity.

In the dataset, 687 species was recorded in total. Diptera
(including Chironomidae), Ephemeroptera, Trichoptera,
Oligochaeta and Gastropod were mostly dominant. In addi-
tion to species richness and abundance, community and
biological indices were estimated to evaluate ecological
status of the sampling sites: Shannon diversity and evenness
indices, and Biological Monitoring Working Party (BMWP)
score (National Water Council, 1981; Walley and Hawkes,
1997). We also checked abundance of three major insect
orders, i.e. Ephemeroptera, Plecoptera, and Trichoptera (EPT),
which are commonly identified at the species level in fresh-
water studies. Subsequently, the EPT richness (i.e. the number
of species occurring in a given area) and abundance were
recorded at each sampling site.

The differences of variables between the different groups
identified through the models were evaluated by the Unequal
N HSD multiple comparison test. Statistical analyses were
conducted with the software package, Statistica (StatSoft,
2004). Abundance of each species was proportionally normal-
ized between 0 and 1 (in the range of the minimum and
maximum values) as input data for modelling.

2.2. Modelling procedure

First we extracted information on the relationships between
species richness and abundance using scatter plots and
log-normal distribution plots. Then we utilized the Self-
Organizing Map (SOM) (Kohonen, 1982) for patterning
macroinvertebrate communities. The SOM approximates the
probability density function of the input data, and has been

frequently used for clustering, visualization, and abstraction
of ecological data (i.e. the idea of which is to show the dataset
in another, more usable, representation form) (Kohonen, 2001;
Park et al., 2003).
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Fig. 1 – Relations between number of individuals in log scale and species richness in the 1970 samples used in this study.
Each point indicates each sampling site. (a) All samples, (b–i) the samples separately grouped in clusters 1, 2, 3,. . ., 8,

respectively.

The SOM consists of two layers: input and output layers
connected by connection intensities (weights). Input layer gets
information from data matrix, while output layer visualizes
the computational results. When an input vector x (abundance
of species) is sent through the network, each neuron k of the
network computes the distance between the weight vector w

and the input vector x. The output layer consists of D output
neurons, which are usually arranged into a two-dimensional
grid for better visualization. There are no strict rules regarding
the choice of the number of output neurons. To choose a suit-
able map size, we trained the SOM with different map sizes.
Based on the recommendations of field ecologists in analyz-
ing the data and the results from different map sizes, we chose
300 (D = 20 × 15) neurons as the number of output neurons in
this study. Each output neuron is a computational unit in the
learning process. The best arrangement for the output layer is
a hexagonal lattice, as it does not favor horizontal and vertical
directions as much as a rectangular array (Kohonen, 2001).

Among all the output neurons, the best matching unit
(BMU) with minimum distance between the weight and input
vectors is the winner. For the BMU and its neighborhood neu-
rons, the weight vectors w are updated using the SOM learning
rule. A detailed description of the SOM algorithm could be pro-
vided by Kohonen (2001) for computation and by Park et al.
(2003) for ecological application.

The learning process of the SOM was carried out using the
SOM Toolbox (Alhoniemi et al., 2000) developed by the Labo-

ratory of Information and Computer Science in the Helsinki
University of Technology (http://www.cis.hut.fi/projects/
somtoolbox/) in Matlab environments (The Mathworks, 2001),
and we adopted the initialization and training methods
suggested by the authors of the SOM Toolbox that allow the
algorithm to be optimized (Vesanto et al., 1999).

3. Results

3.1. Relations between species richness and abundance

Species richness in the samples was in the broad range from 1
to 54. It showed the maximum value around the abundance of
12 of log 2 (individuals) (Fig. 1a). While species richness showed
the widest range in the middle point of abundance level, the
range of species richness became narrower at either lower or
higher values of abundance. Fig. 2 shows the log-normal model
of community structure by grouping species into abundance
categories (octaves, i.e. power of 2). Although the distribution
approached to a normal distribution, the distribution was not
statistically significant for the normal distribution (p < 0.01 for
the Lilliefors normality test).

3.2. Patterning benthic communities

Benthic macroinvertebrate communities were patterned
according to the similarity of community compositions
through training with the SOM. The classified samples were
accordingly visualized on the map (Fig. 3). The node includes
another hexagon within itself in order to indicate the size

of the patterned samples (Fig. 3a). As the number of pat-
terned samples increase in a SOM output unit, the size of
hexagon correspondingly increases. Simultaneously, the gray
level becomes darker with the increasing number of the

http://www.cis.hut.fi/projects/somtoolbox/
http://www.cis.hut.fi/projects/somtoolbox/
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Fig. 2 – Log-normal model of community structure by
grouping species into abundance categories (octaves, i.e.
p
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Fig. 4 – Community characterization in different clusters
according to the SOM (Fig. 3a). (a) Species richness (number
of species), (b) abundance (different alphabets indicate
significant differences between the clusters based on the
Unequal N HSD multiple comparison test (p = 0.05). Error

F
d
s
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ower of 2).

atterned samples in each output unit. The number of the
atterned samples in the different output units ranged from
to 37. Overall, the SOM units were classified to two main

lusters based on the dendrogram of the cluster analysis with
he Ward’s linkage method (Fig. 3b). The clusters were further
ivided to eight subclusters at different levels of the Euclidean
istance. The clusters accordingly reflected geographical dif-
erences among the sampling sites.

Fig. 3c shows the representative location for each cluster
n the geographical map of Korea. Cluster 1 was character-
zed by the samples collected mainly from the four regions
oyang, Paju, Gongju, Imsil and Jinhae, whereas cluster 2 was

rom Uljin in the southern area of Korea. However, cluster 6
id not show any specific geographic areas, being scattered
idely over Korea. Therefore, cluster 6 was not indicated in

he map in Fig. 3c.

According to the clusters shown in Fig. 3a, the patterns

f species richness and abundance were correspondingly dif-
erentiated in different clusters (Fig. 1b–i). Species richness
nd abundance were statistically significant in different clus-

ig. 3 – Classification of the samples according to the trained SO
endrogram according to the Ward linkage method based on Euc
ites matching to clusters according to the SOM (Fig. 3a). Cluster
ot show any specific geographic area.
bars indicate mean and standard error of each variable).
ters (Fig. 4). Abundance was extremely low in cluster 1, while
species richness in this cluster was in the intermediate range
(Fig. 1b). The samples in cluster 1 were mainly collected at
the pool zones with higher values of depth and lower values

M. (a) The SOM units were grouped to eight clusters, (b) the
lidean distance, (c) geographical location of the sampling
6 is not indicated on the geographical map because it did
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Fig. 5 – Environmental variables in different clusters according to the SOM (Fig. 3a). (a) Altitude, (b) depth, (c) conductivity, (d)
velocity (different alphabets indicate significant differences between the clusters based on the Unequal N HSD multiple
comparison test (p = 0.05). Error bars indicate mean and standard error of each variable. Conductivity was not available at

the samples in cluster 1).

of velocity at the low altitude areas (Fig. 5). In contrast, the
samples in cluster 2 (Fig. 1c) displayed the high level of abun-
dance and the intermediate level of species richness, and were
mainly collected in the southeastern areas in Korea. The sam-
ple sites in these areas were characterized with high electric
conductivity (Fig. 5). This was due to the wide distribution of
the limestone in this area.

Overall, the clusters projected on the trained SOM were
in accordance with the different geographical areas in Korea.
While species richness was in the highest range in cluster
3 in the mountainous area (Fig. 1d), the highest range of
abundance was observed in cluster 7 in the urbanized area
(Fig. 1h). The samples in cluster 7 were mainly collected from
the slightly polluted streams in urbanizing area in the sub-
urbs of Seoul. It was notable that the bottom areas of the
SOM map showed high values of both species richness and
abundance, including cluster 3 (Fig. 1d), cluster 4 (Fig. 1e), and
cluster 8 (Fig. 1i) (Fig. 4). This was clearly distinguished at
the level of the main clusters obtained by the Ward linkage
method (Fig. 3b). The samples of clusters 3, 4 and 8 were col-
lected mostly from the mountain streams showing relatively
high altitude (Fig. 5a). Generally, clusters showing high species
richness displayed high abundance in this study.

The sampling sites of clusters 4 and 5 were closely located

each other in the geographical map (Fig. 3c). However, their
community compositions were greatly different, separately
belonging to the two main groups of the dendrogram (Fig. 3b).
While the samples in cluster 4 (Fig. 1e) showed higher species
richness in a broad range, the samples in cluster 5 (Fig. 1f) were
in the lower ranges for both species richness and abundance.
It was notable that cluster 8 showed unique patterns with high
species richness and low abundance (Fig. 1i). The samples in
cluster 8 were collected mainly in the Jiri Mountain (Fig. 3c),
indicating clean water with low conductivity (Fig. 5). Cluster
7 (Fig. 1h) was characteristic with regards that communities
belonging to this cluster showed the negative relationships
with communities grouped in cluster 8 in between species
richness and abundance.

Community patterns in cluster 6 were characteristic with
the lowest range in both species richness and abundance
(Fig. 1g). The samples in cluster 6 were identified as the com-
munities collected from the widely distributed disturbed areas
in the country due to the construction and rehabilitation pro-
grams carried out in the streams during the survey period.

We evaluated each cluster with biological indices BMWP
score, EPT richness, EPT abundance, Shannon diversity, and
evenness (Fig. 6). In general, biological indices matched with
the gradients of environmental disturbances shown by the
trained SOM (Fig. 3a). EPT richness ranged from 0 to 38, show-
ing lower values in clusters 1 and 6, and higher values in
clusters 3, 4 and 8 (Fig. 6a). Clusters 2, 5, and 7 showed inter-
mediate values. EPT richness accordingly revealed the degree

of disturbances according to the clustered communities. EPT
abundance ranged from 0 to 10,756, showing low values in
clusters 1 and 6 and high values in clusters 2, 3 and 7 (Fig. 6b).
The differences in EPT abundance among clusters were in gen-
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Fig. 6 – Variation in biological indices in different clusters according to the SOM (Fig. 3a). (a) EPT richness, (b) EPT
abundance, (c) Shannon diversity index, (d) Biological Monitoring Working Party (BMWP) score, (e) evenness (different
alphabets indicate significant differences between the clusters based on the Unequal N HSD multiple comparison test
( h va

e
a
o
(
h
(

p = 0.05). Error bars indicate mean and standard error of eac

ral similar to the patterns of overall abundance, although EPT
bundance was in the highest range in clusters 2 and 7, while

verall abundance was in the highest range only in cluster 7
Fig. 4b). BMWP score was between 0 and 146, showing the
ighest value in cluster 3 and the lowest value in cluster 6

Fig. 6c).

Table 1 – Correlation coefficients among community parameter

Species richness Abundance EPT richness

Abundance 0.192
EPT richness 0.878 0.141
EPT abundance 0.414 0.504 0.407
BMWP score 0.897 0.129 0.849
Shannon index 0.891 0.173 0.722
Evenness 0.186 0.122 0.108
riable).

Community parameters also accordingly revealed the
group characters of the clusters based on the trained SOM

(Fig. 3a). As expected, Shannon diversity index was in the high-
est range in cluster 3, and was in the lowest range in cluster
6 (Fig. 6d). Evenness appeared to be lower in cluster 6 along
with low values of species richness and abundance, while the

s and biological indices used in the datasets

EPT abundance BMWP score Shannon index

0.347
0.337 0.841
0.1491 0.162 0.844
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Table 2 – Community parameters, indicator species and environmental descriptions in different clusters

Cluster Species richness Abundance Environments Indicator species

1 Intermediate Low Lowland, pool zone Physa acuta, Pantala flavescens
2 Intermediate High High conductivity Baetis nla, Ephemera strigata
3 High High High altitude Ecdyonurus kibunensis, Epeorus latifolium
4 High Intermediate High altitude Ecdyonurus kibunensis, Epeorus curvatulus
5 Intermediate Low Intermediate altitude Uracanthella rufa, Ecdyonurus levis

terme
w de
gh al
6 Intermediate Low In
7 Intermediate High Lo
8 High Low Hi

index showed the highest value in cluster 8 with high species
richness and low abundance (Fig. 6e).

The patterns on the SOM well reflected the degree of asso-
ciation among water quality indices. Correlation coefficient
was 0.878 between overall species richness and EPT richness
were higher, 0.897 between overall species richness and BMWP
score, and was 0.849 between EPT richness and BMWP score
(Table 1). Shannon diversity index showed the higher corre-
lation coefficients with species richness, EPT richness, and
evenness.

Each cluster was also characteristically associated with the
indicator species in the corresponding clusters. In Table 2,
indicator species (or taxa) characterizing each cluster were
presented along with summary of species richness and abun-
dance.

4. Discussion and conclusion

In this study, we classified benthic macroinvertebrate com-
munities collected at the relatively less polluted areas (e.g.,
mountains, suburbs, etc.) for the purpose of conservation
and diversity recording. The SOM accordingly classified the
sample sites to eight groups based on species compositions.
The classification matched with geographical distribution of
the sampling sites, and showed that spatial variation was
the main factor for characterizing benthic macroinvertebrate
communities collected in Korea on a large scale (Fig. 3). Geo-
graphic location was effectively identified with the clusters
according to the trained SOM.

Moreover, we demonstrated that the geographically iden-
tified communities matched with the species–abundance
patterns (Fig. 1b–i): lowland area (cluster 1, Fig. 1b), the lime-
stone area (cluster 2, Fig. 1c), mountain area (clusters 3 (Fig. 1d),
4 (Fig. 1e), and 8 (Fig. 1i)), and slightly organic polluted area
(cluster Fig. 1h). The SOM demonstrated feasibility in mapping
of the clusters regarding provision of information on geo-
graphic distribution and species–abundance patterns at the
same time.

Regional or national surveys of the stream ecosystems pro-
vide large volumes of the site-specific data, which may carry
some valuable information to derive certain spatial patterns of
biological communities on different scales (i.e. from a local to
a regional area). It has been a key issue in defining community

patterns on a large scale for sustainable ecosystem manage-
ment. There have been many attempts to classify streams
based on the distribution patterns of aquatic organisms (Huet,
1954; Holmes et al., 1998; Wright et al., 1998, 2000; Cowx et al.,
diate conductivity Baetis ursinus, Simulium uchidai
pth Limnodrilus socialis, Uracanthella rufa
titude Semisulcospira libertine, Epeorus latifolium

2004). Wasson et al. (2002) defined hydro-ecoregions in surface
water bodies in France based on geology, relief, and climate,
and validated the classification with benthic macroinverte-
brate fauna in streams. Tison et al. (2005) also validated the
hydro-ecoregions in France with diatoms in streams.

Through the learning process of the SOM, we demon-
strated that the characteristics of the samples on a large scale
were distinctively identified in the clusters. The samples from
mountain streams were grouped in cluster 8, showing high
species richness and low abundance (Fig. 4). Samples from
the disturbed areas due to the rehabilitation and construc-
tion on streams were grouped together in cluster 6, showing
extremely low species richness and low abundance. This is
commonly observed in the physically disturbed areas with
poor condition of colonization by aquatic organisms.

Efficiency of mapping was further demonstrated in the
clusters located closely. The sampling sites of clusters 4 and
5, for instance, were close each other in the geographical map
(Fig. 3c). However, their community compositions were greatly
different: while the samples in cluster 4 (Fig. 1e) showed higher
species richness in a broad range, the samples in cluster 5
(Fig. 1f) were in the lower range for both species richness and
abundance. This feasibility in identifying critical characteris-
tics by the SOM could be efficiently used for characterizing
typology of the river systems.

However, to clearly define typology based on the ben-
thic macroinvertebrates, we need the sufficient number of
reference sites along with records of physical and chemical
environmental factors and sufficient geographical informa-
tion. Further studies are required to define typologies in Korea
on the national scale.

In conclusion, the SOM was efficient in patterning and
visualizing community characteristics and accordingly clas-
sified the samples corresponding to the geographical regions
and to the degree of disturbances. The communities clus-
tered by the trained network were also characterized with the
species-abundant patterns. The SOM was efficient in linking
various information on community composition, geographic
distribution, and ‘species–abundance’ patterns in an integra-
tive manner. The SOM could serve as an efficient ecological
map for specifying ecoregions and for providing comprehen-
sive view on ecological status of the communities sampled on
a large scale.
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