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Abstract: Freshwater organisms are facing threats from various natural and anthropogenic
disturbances. Using data sampled on a nationwide scale from streams in South Korea, we identified
the crucial environmental factors influencing the distribution and abundance of freshwater gastropods.
We used nonmetric multidimensional scaling and the random forest model to evaluate the relationships
between environmental factors and gastropod assemblages. Among the 30 recorded species, two
invasive gastropod species (Pomacea canaliculata and Physa acuta) have enlarged their distribution
(10.4% and 57.3% frequency of occurrence, respectively), and were found to be widespread in streams
and rivers. Our results revealed that the most influential factor in the distribution of gastropod
assemblages was the ratio of cobble (%) in the substrate composition, although meteorological and
physiographical factors were also important. However, the main environmental factors influencing
species distribution varied among species according to habitat preference and environmental tolerance.
Additionally, anthropogenic disturbance caused a decrease in the distribution of endemic species
and an increase in the spatial distribution of invasive species. Finally, the results of the present study
provide baseline information for planning successful strategies to maintain and conserve gastropod
diversity when facing anthropogenic disturbance, as well as understanding the factors associated
with the establishment of invasive species.

Keywords: snails; endemic species; invasive species; random forest model; multivariate analysis;
partial dependence analysis

1. Introduction

Freshwater gastropods comprise 5% of the global gastropod fauna but are facing a
disproportionately high degree of threat according to the 2019 IUCN Red List of Threatened Species
(http://www.redlist.org, Cambridge, UK) [1]. Furthermore, 74% of gastropod species have been
classified as vulnerable, endangered, threatened, or already extinct in the United States and Canada [2].
Similarly, in mollusks, 40% of freshwater bivalve species in the world are near threatened, threatened,
or extinct [3]. In South Korea, two rare species (Clithon retropictus and Koreanomelania nodifila) are listed
in the Red Book as endangered, and five species (K. nodifila, Koreoleptoxis globus ovalis, Semisulcospira
coreana, Semisulcospira forticosta, and Semisulcospira tegulata) are endemic in the database of the National
Aquatic Ecological Monitoring Program (National Institute of Environmental Research, Incheon, South
Korea) [4]. These threats are of particular global concern because most freshwater gastropods are
endemic with small geographic ranges [2,5-7].

The distribution and structure of gastropod assemblages are influenced by various environmental
factors [8,9]. Across a large-scale area that includes several basins, climate-related factors, such as
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temperature and precipitation as well as physiographical factors, are important in influencing the
structure of freshwater gastropod assemblages [10]. Other environmental factors, such as hydrological,
physicochemical, and biological factors, are important within the same climate region. Differences in
vegetation, land use, and flood disturbance are important in explaining variation in species composition
among streams [11,12]. In addition, within-stream and/or -microhabitat differences (e.g., differences
between flow regimes, substrate composition, and riparian vegetation) contribute to variations among
gastropod assemblages [13-15].

Gastropods are sessile and have a very limited ability to avoid unfavorable environments, making
it difficult to recover the heterogeneity of a freshwater ecosystem once it has been disrupted [10,16].
Therefore, research on the multiscale regulation of gastropod assemblage structures in freshwater
ecosystems is the first step in planning a successful strategy for either conserving or restoring
freshwater diversity. However, most studies on species distribution and assemblage structure have
had a small-scale focus or have been mainly conducted in lentic habitats [17,18], or considered only a
limited number of environmental factors [19-21].

Therefore, the present study aimed to identify environmental factors influencing gastropod
distribution patterns, focusing on lotic habitats on a nationwide scale (South Korea). Specifically, we
tested two hypotheses. First, large-scale factors, including temperature-related and physiographical
factors, are more influential than other factors in our research area to determine gastropod assemblage
structure. Second, major influential environmental factors differ depending on species. Finally,
we considered strategies for the conservation and management of freshwater gastropods based on
our results.

2. Materials and Methods

2.1. Ecological Data

Gastropod data were obtained from the database of the NAEMP (http://water.nier.go.kr/). Since
2008, NAEMP has conducted nationwide surveys of the freshwater organisms of South Korea, including
periphyton, benthic macroinvertebrates, and fish, together with associated environmental factors,
twice per year (i.e., spring and autumn, when natural disturbances such as heavy rain and drought are
at a minimum). The river systems in South Korea form five major river basins (i.e., the Han, Nakdong,
Yeongsan, Seomjin, and Geum River basins). Among these, the Han River basin (basin area: 41,957
km?) in the north of South Korea is the largest, occupying one-third of the country. The Nakdong River
basin (31,785 kmz) is in the southeast, and the Geum River basin (17,537 kmz) is in the midwest. Lastly,
the Yeongsan River (3,467 km?) and Seomjin River (4,912 km?) basins are located close to each other in
the southwest of South Korea [4,22-24].

Gastropods were collected at 714 sampling sites from all the South Korean river basins twice per
year from 2008 to 2013, using a Surber net (30 X 30 cm, 1 mm mesh size, Table 1). Three replicates were
collected from each sampling site at each sampling time and then were transformed into abundance/m?
for the further analyses, based on NAEMP guidelines [25]. Detailed information regarding the sampling
protocol is given in previous studies [26-28]. The samples were preserved in 95% ethanol in the
field, and then placed in 70% ethanol in the laboratory. They were sorted and identified, mostly to
species level, and the number of individuals per species was counted using naked-eye or microscope
examination [4].
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Table 1. Average values and standard deviations (SD) of the environmental variables characterizing
the sampling sites.

Environmental variable Abbreviation N Average S.D.
Meteorology
Annual average temperature (°C) Ave_temp 714 11.2 1.3
Average temperature in August (°C) Aug_temp 714 25.0 1.2
Average temperature in January (°C) Jan_temp 714 -4.0 1.9
Thermal range (°C) Thermal_range 714 29.0 1.5
Annual precipitation (mm) 714 1112 142
Physiography
Altitude (m) 714 114 130
Slope (°) 714 4.2 59
Distance from source (km) DEFS 714 50.8 80.1
Stream order Str_order 714 4 1
Land use
Urban (%) 714 18.7 249
Agriculture (%) 714 44.0 30.3
Forest (%) 714 30.0 30.7
Hydrology
Water width (m) W_width 711 64.9 98.1
Water depth (cm) Ave_depth 714 33.0 18.8
Water velocity (cm/s) Ave_velocity 714 38.8 23.8
Riffle (%) 714 18.1 17.3
Run (%) 714 70.9 20.8
Pool (%) 714 11.0 15.7
Substrate
Silt (%) 714 3.9 9.3
Clay (%) 714 8.5 12.1
Sand (%) 714 247 18.4
Small pebble (%) S_pebble 714 18.4 8.2
Pebble (%) 714 20.7 11.0
Cobble (%) 714 18.1 12.4
Boulder (%) 714 55 7.7
Water quality
Biochemical oxygen demand (mg/L) BOD 713 1.39 0.48
Total nitrogen (mg/L) N 713 2.51 0.78
Ammonia nitrogen (mg/L) NH3N 707 0.05 0.03
Nitrate nitrogen (mg/L) NO3N 714 147 0.42
Total Phosphorus (mg/L) TP 694 0.05 0.02
Orthophosphate (mg/L) PO4P 679 0.02 0.01
Chlorophyll a (ug/L) Chla 714 1.53 0.67
Dissolved oxygen (mg/L) DO 714 9.25 1.17
pH 714 7.78 0.34
Electric conductivity (uS/cm) Conductivity 709 176.3 78.5

2.2. Data Analyses

We analyzed the data in three steps. First, we classified the sampling sites by conducting a
hierarchical cluster analysis (CA) based on gastropod abundance. The CA was calculated based on
the Bray—Curtis dissimilarity with Ward’s linkage method [29], using the ‘vegan’ package [30] in
R [31]. Then, multiresponse permutation procedures (MRPP) was considered to evaluate the significant
differences among the clusters defined through CA. We defined the indicator species in each cluster
using an indicator species analysis [32]. The indicator species was selected based on the indicator
value (IndVal), by considering relative species abundance and its associated relative frequency of
occurrence within the defined clusters. The IndVal range was from 0 to 100 (all individuals of a species
are included only within a single cluster). Species with a statistically significant (p < 0.05) IndVal higher
than 25% were selected as indicator species [32]. A site randomization procedure that reallocates
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samples among sample groups (9999 permutations) was used to test for significance. Indicator species
analysis was performed using the ‘indval” function in the ‘labdsv’ package [33] in R [31].

Second, to describe the gastropod assemblage patterns, we applied nonmetric multidimensional
scaling (NMDS) based on the Bray-Curtis dissimilarity between sampling sites, using the ‘vegan’
package [34] in R [31]. In order to identify the best NMDS solution (i.e., the lowest STRESS value), the
‘metaMDS’ function was applied. Then, we used the ‘envfit’ function to evaluate the relationships
between gastropod assemblages and environmental factors [34,35]. All the analyses related to NMDS
were conducted using the ‘vegan’ package in R [31].

Lastly, a random forest (RF) model was used to predict the distribution of gastropod species
based on gastropod abundance and environmental variables, and to evaluate the contribution of
each environmental variable to species distribution. The RF model, a machine learning model, is
computed using a combination of a large set of decision trees [4,36], and does not require assumptions,
such as linear or nonlinear relationships between predictors (environmental variables in the present
study) and response factors (gastropod species) [27,37,38]. We used the ‘randomForest” package [39]
in R [31], with the three default training parameters: ntree (number of trees = 500), mtry (number of
variables = 3), and node size (5). The importance of environmental factors to gastropod distribution
was computed based on the mean decrease in accuracy, and importance values were then rescaled
from 0 to 100 [40,41]. The RF model was applied to dominant gastropod species (here, more than
10% occurrence frequency, Table 2). Then, we used partial dependence analysis [42] to evaluate the
relationship between environmental factors and 11 gastropod species presenting more than a 10%

frequency of occurrence in all sampling sites.

Table 2. Gastropod species and their frequency of occurrence (%) in the dataset. Species with a

frequency of occurrence of over 10% are indicated in bold.

Frequency of

Order Family Species Abbreviation Occurrence (%) 4
Lepetellida Trochidae Monodonta neritoides Mo_ne 0.14
Mesogastropoda Viviparidae Cipangopaludina chinensis Ci_ch 14.15

malleata
Cipangopaludina japonica Ci_ja 1.26
Sinotaia quadrata Si_qu 0.14
Ampullariidae Pomacea canaliculata © Po_ca 10.36
Bithyniidae Gabbia misella Ga_mi 5.60
Parafossarulus manchouricus Pa_ma 3.78
Assimineidae Assiminea japonica As_ja 0.84
Assiminea lutea As_lu 0.14
Stenothyridae Stenothyra glabra St_gl 8.12
Netritidae Clithon retropictus @ Cl_re 1.54
Pleuroceridae Koreanomelania nodifila *° Ko_no 4.90
Koreanomelania paucicincta Ko_pa 0.70
Koreoleptoxis globus ® Ko_gl 2.38
Koreoleptoxis globus ovalis Ko_gl_o 1.26
Semisulcospira coreana Se_co 19.05
Semisulcospira forticosta Se_fo 26.75
Semisulcospira gottschei Se_go 23.53
Semisulcospira libertine Se_li 49.02
Semisulcospira tegulata Se_te 14.71
Semisulcospira paucicincta Se_pa 0.70
Basommatophora Lymnaeidae Austropeplea ollula Au_ol 4.76
Fossaria truncatula Fo_tr 0.56
Radix auricularia Ra_au 44.40
Physidae Physa acuta © Ph_ac 57.28
Planorbidae Gyraulus convexiusculus Gy_co 25.07
Hippeutis cantori Hi_ca 21.57
Polypylis hemisphaerula Po_he 3.36
Ancylidae Laevapex nipponicus La_ni 1.96
Succineidae Oxyloma hirasei Ox_hi 2.66

b

2: endangered species,

: endemic species, ©: invasive species, and d. percentage of observed sampling sites.
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The abundance of each gastropod species was averaged at each site after pooling yearly data
and transformed with natural logarithm to reduce variation in abundance prior to further analyses.
In environmental factors, the extremes and outliers were removed before analyzing the data and the
values were averaged after pooling yearly data like gastropod abundance.

3. Results

Thirty species, belonging to three orders and 13 families, were recorded in the study area (Table 2).
Physa acuta, an invasive species, was the most commonly observed (57.3% occurrence frequency of all
the sites), followed by Semisulcospira libertina (49.0%), Radix auricularia (44.4%), and S. forticosta (26.8%,
Figure 1 and Table 2). Two species, Clithon retropictus and Koreanomelania nodifila, listed in the Red Book
of Korea (National Institute of Biological Resources, Incheon, South Korea) as endangered had low
occurrence frequencies (1.5% and 4.9%, respectively), and Pomacea canaliculata, an invasive species,
was recorded in 10.4% of the sites.

Elevation (m) All sampling sites Cipangopaludina chinensis Pomacea canaliculata Semisulcospira coreana

S TR

PR L T

Semisulcospira forticosta Semisulcospira liberting

® Cluster 1
@ Cluster 2

Cluster 3
® Cluster 4

Figure 1. Sampling sites and occurrence patterns of 11 gastropod species in Korea that present more than
a 10% frequency of occurrence. Classification of sampling sites were defined in Figure 2. The clusters
reflected the differences of environmental condition at each sampling site.
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Figure 2. Dendrogram of cluster analysis based on gastropod assemblages using Ward'’s linkage
method with the Bray—Curtis dissimilarity. Height on the y-axis indicates distances of merging clusters,
reflecting the distance between the samples. Numbers in parenthesis represent the number of sampling
sites in each cluster.

CA classified the sites into four clusters (1-4) based on similarities in gastropod assemblage
composition (Figure 2) and four clusters were significantly different based on MRPP (A = 0.18-0.21, p <
0.05). A total of 21 species were selected as indicator species for four clusters based on their IndVal
(p < 0.05, Table S1). Cluster 4 contained the highest number of indicator species (10), followed by
Cluster 1 (8), Cluster 3 (2), and Cluster 2 (1). In Clusters 2 and 4, the species (i.e., Hippeutis cantori and
Austropeplea ollula) mainly found in organic enriched streams and/or invasive species (i.e., P. canaliculata
and P. acuta) were selected as an indicator species. On the other hand, in Clusters 1 and 3, the species
(i.e., S. gottschei) mostly found in the less disturbed area and endangered and/or endemic species (i.e.,
K. globus and K. nodifila) were mainly selected.

NMDS also showed differences in gastropod assemblage composition (Figure 3), reflecting
the classification of sampling sites in CA. After the NMDS ordination with gastropod assemblage,
environmental variables were visualized with sampling sites and gastropod taxa with biplot. We
selected the first three NMDS axes based on the Kruskal’s stress value (the first three axes stress = 13.8).
Clusters 1 and 3 and Clusters 2 and 4 were differentiated on the NMDS 1, whereas Clusters 2 and 3 and
Clusters 1 and 4 were divided on the NMDS 2 (Figure 3a). However, the differentiation of clusters was
not clear on NMDS 3. NMDS 1 reflected the gradient of water quality, whereas NMDS2 presented the
gradient of temperature. On the ordination with NMDS 1 and NMDS 2, sampling sites with high values
of cobble (%) and altitude were located on the left side of NMDS 1, whereas sites with high values
of TN, conductivity, BOD, and TP were located on the right side of NMDS 1 (Figure 3a). Sampling
sites with high values of average temperature in January were located on the lower part of NMDS 2,
whereas sampling sites with high values of TP and conductivity were located on the lower part of
NMDS 3. Species which prefer riffle areas with a large-sized substrate and good water quality, such as
Koreoleptoxis globus ovalis, K. nodifila, S. coreana, and S. forticosta, were on the left section of NMDS 1
(Figure 3b). Conversely, the high values of TN, conductivity, BOD, and TP strongly influenced the
distributions of R. auricularia, P. acuta, Gyraulus convexiusculus, and H. cantori. The average temperature
in January was influential to the distributions of P. canaliculata and C. retropictus.

Distributions of species were well predicted by the RF models, with a high prediction power
ranging from 0.97 to 0.99 (Figure 4). Overall, meteorological and physiographical variables were
included in the main factors influencing the distribution of gastropod species. However, the contribution
of other environmental factors for predicting species distribution differed depending on species. For
example, conductivity was the most important factor (100) for predicting the occurrence of P. acuta,
followed by cobble (94), and water depth (65). TN (100), silt (89), and riffle (86) were important for
predicting S. libertine abundance. Average temperature in January (100) was the most important factor
for P. canaliculata, an invasive species in South Korea, followed by water velocity (90), annual average
temperature (80), and distance from the source (78). The ratio (%) of cobble (100) and TN (77) were
influential in determining the occurrence of S. coreana.
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Figure 3. Nonmetric multidimensional scaling (NMDS) ordination of sampling sites (a) with gastropod

assemblages (b). The first three axes (Kruskal’s stress = 13.8) were used to visualize the ordination.

Arrows correspond to environmental variables significantly related to assemblage composition (only

environmental variables with R% > 0.2 are presented). Arrow length is proportional to the correlation

magnitude (r). The abbreviations for the environmental variables and species names are explained in

Tables 1 and 2, respectively.
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Figure 4. Relative importance of environmental variables for predicting the distribution of gastropod
species in the random forest model. Numbers in parentheses indicate the predictability of the model
for each species. black bar: >50 of the relative importance value and gray bar: <50 of the relative
importance value.

The partial dependence plot displayed that each gastropod species responded differently to the
environmental factors in the RF models (Figure 5 and Figure S1). We visualized two variables showing
a strong gradient in the NMDS plot: altitude on NMDS 1 and the average temperature in January on
NMDS 2 (Figure 3). Most of genus Semisulcospira, C. chinensis, and P. canaliculata displayed increase of
their abundance as increase of altitude, whereas P. acuta was abundant mostly at low altitude (<160 m,
Figure 5a). The high abundance of P. acuta was also related to high concentrations of TN (>1.8 mg/L,
Figure S1). Meanwhile, responding to temperature, the abundance of P. canaliculata increased with an
increasing average temperature in January above —2.0 °C, whereas abundances of S. gottschei and S.
libertina were high at a lower temperature in January (—4.2 °C and -2.2 °C, respectively, Figure 5b).
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Figure 5. Partial dependence plots of 11 abundant species responding to altitude (a) and average
temperature in January (b) in the random forest model.

4. Discussion

4.1. Environmental Factors Influencing Gastropod Assemblages

The structure and distribution of the gastropod assemblage were differentiated by various
environmental factors in our study. Meteorological (e.g., temperature-related factors), physiographical
(e.g., altitude), substrate composition (e.g., the ratio of cobble) and water quality (e.g., conductivity, TN,
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TP, and BOD) gradients were important in structuring gastropod assemblages. Among them, the ratio
of cobble (%) was the most influential factor in gastropod assemblage. Substrate composition is closely
related to habitat complexity and resource availability (e.g., the number of algae, aquatic macrophytes,
and microorganisms), especially for gastropods [43]. For instance, the distribution of Semisulcospira
which mainly feed on periphytic algae attached to large-sized substrate materials, such as boulders
and cobbles, was highly related to the ratio of cobble (%) [44]. In addition to substrate composition,
gastropod assemblages showed differentiation from the least polluted to anthropogenically disturbed
streams (i.e., the gradient of water quality). Species such as R. auricularia, P. acuta, G. convexiusculus,
and H. cantori occurred frequently at sites with high values of conductivity, BOD, TN, and TP. Because
these species can assimilate atmospheric air through their vascularized mantle cavity, they can thrive
under harsh conditions [45], for example, in areas with silt substrates and high conductivity [46].
Physidae, in particular, have a high tolerance to organic pollution [47]; the occurrence of the genus
Physa is associated with relatively higher values of pH, calcium hardness, total hardness, total alkalinity,
conductivity, and total dissolved solids than other species [48,49].

4.2. Conservation of Gastropoda Species

In South Korea, the number of species in Pleuroceridae (10 species) was the highest among
gastropod taxa, especially in the genus Semisulcospira (6 species). The distribution of Semisulcospira
was related to cobble percentage in substrate composition. This might be linked to food resources and
habitat characteristics, as Semisulcospira mainly is a scraper feeding on periphytic algae attached to
large-sized substrates like boulders and cobbles without dense canopy cover in riparian areas (Karube
et al.,, 2012). Semisulcospira is a key food resource for many freshwater organisms, especially for species
with high conservation priority in South Korea, such as Spotted barbel (Hemibarbus mylodon; fish,
Korean National Monument No. 259 and endemic species) as well as firefly (Luciola lateralis and
Lychnuris rufa, insect). Especially, the main population of the latter two species (i.e., L. lateralis and L.
rufa) inhabit only within a confined area in Muju-gun (Jeollabuk-do, South, Korea) with their food
sources (i.e., Semisulcospira). Therefore, this area is designated as the Korean National Monument
(No 332) to conserve their population as well as Semisulcospira population. However, in spite of
their important roles including the critical food sources in the freshwater ecosystem, Semisulcospira
has been excessively collected by human beings for domestic consumption (i.e., snail soup) because
Semisulcospira is well known to people about its the high-protein food sources. In addition, collecting
Semisulcospira in streams is one of the general and popular family leisure activities in Korea, especially
in the summer season. However, because people cannot distinguish the genus Semisulcospira into
species level and just collect them without considering their ecological importance, resulting in the
dramatic reduction of its abundance and diversity.

Currently, the habitable area for most species, including endangered species, is being consistently
lost [50]. Endangered and/or endemic species distributed in only one basin should, therefore, be
selected as the first priority for management and conservation [51]. Fortunately, in our study, no
endemic and/or endangered species were found to be inhabiting a single watershed, with limited
distribution. However, anthropogenic disturbances could threaten gastropod species, especially those
that are endemic and/or endangered, or which have a limited distribution. For instance, we found
that the occurrence frequency of endemic and/or endangered species was less than 5%. Among three
species recorded as endemic and/or endangered, C. nodifila attracts a particularly high conservation
concern. This is because this species currently has a limited and narrow distribution, being found only
in some of the southern parts of South Korea (1.5% frequency of occurrence), such as the Yeongsan
and Seumjin River basins, which are in the least disturbed area with a shallow water depth and low
current velocity. C. retropictus is distributed mainly within tropical and subtropical and some temperate
regions [52]; the distribution of these taxa is, therefore, also sensitive to low temperature and large
thermal ranges. Moreover, bank and dam construction could destroy the habitable environment of C.
retropictus in various ways. This species is designated within the second grade of endangered wild
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fauna and flora species by the Ministry of Environment in the Republic of Korea, and its populations
require active conservation and management.

K. nodifila is another endangered species that is endemic to South Korea. In our study, it was
found mainly to be restricted (4.9% frequency of occurrence) to the least disturbed upstream areas in
the northern part of South Korea (i.e., in the Imjin, Hantan, and Dong Rivers). The distribution of K.
nodifila is strongly influenced by small variations in stream habitat conditions. For instance, this species
prefers natural habitats that have a high water velocity, riffle (%), and the ratio of cobble (%), as well
as good water quality. However, its original habitat has suffered continuous disruption and habitat
loss, due to the construction and reorganization of flood control dams and weirs. These constructions
alter the flow regime from lotic to lentic, a factor that is influential in the occurrence of this species.
Furthermore, K. nodifila may be gathered with Semisulcospira species when the latter is collected during
the snail hand-picking season for use in cooking snail soup and/or leisure activities in Korea. This is
because it is difficult for the general public to distinguish Semisulcospira species from K. nodifila. In this
sense, ongoing public relations and education need to cover the importance and key characteristics of
K. nodifila to protect the species from excessive collection.

4.3. Management of Invasive Species

In this study, the distribution of P. canaliculata (10.4% frequency of occurrence) was determined by
two critical factors: average temperature in January and percentage of agricultural area (Figure 4). P.
canaliculata is native to tropical areas of South America and is one of the world’s 100 worst invasive
species [53]. In South Korea, this species has been introduced as a food resource, and as a herbicide
substitute to control weeds in environmentally friendly paddy fields. In fact, the increased usage of this
snail is mostly due to its high efficiency in controlling weeds (99%) [54]. P. canaliculata was introduced
to South Korea on the assumption that it would be unable to overwinter there because of the low
winter temperatures [55]. Currently, however, 30 years after its first introduction to South Korea, there
are frequent reports of P. canaliculata overwintering in open freshwater ecosystems, especially in the
southern part of South Korea [56]. In addition, the geographic range over which P. canaliculata can
overwinter is continuously increasing due to global warming and the biological adaptation of this
invasive species, resulting in severe impacts on aquatic ecosystems [57]; based on our database, it is
already found in all the South Korean river basins. The invasion of Thailand’s natural wetlands by P.
canaliculata is causing aquatic plants to disappear from riparian systems, resulting in high nutrient
concentrations and phytoplankton biomass [58]. Therefore, there has been a complete shift in the state
of the ecosystem and functions in areas where P. canaliculata has become established. Ongoing and
systematic management of this species is, therefore, essential if it is to be eradicated and to prevent its
further expansion and establishment in the aquatic ecosystems of South Korea.

In addition, there are many studies reporting that land use disturbance alters landscapes, ecosystem
structure, and functions [40]. The continuous increase in agricultural areas and urbanization is leading
to an increase in the introduction of invasive species and homogenization of gastropod assemblages [59].
In our study, species indicating greater tolerance of organic pollution and urbanization possessed
the highest frequencies of occurrence. In particular, P. acuta had a frequency of occurrence of 57.3%,
the highest of all species in our study; similarly, P. canaliculata, which has a high tolerance to organic
enrichment, had a frequency of occurrence of 10.4%. Therefore, habitat degradation can induce changes
in the structure and distribution of gastropod assemblages and cause the distribution of both tolerant
and invasive species to expand.

5. Conclusions

Our evaluation of the two questions examined in this study revealed the following results. (1) The
ratio of cobble in the substrate composition was the most influential factor in gastropod assemblage
distribution on a national scale. (2) Nonetheless, the major environmental factors influencing the
distribution of each species varied according to habitat preference and environmental tolerance. This
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study is the first to quantify the distribution ranges of all gastropod species on the national scale,
and to evaluate the influential factors determining that distribution based on a modeling approach.
Even though no endemic and/or endangered species were found inhabiting only a single basin, they
nonetheless have a limited distribution (less than 5%). Furthermore, invasive gastropod species have
extended their distribution (P. canaliculata, 10.4%; and P. acuta, 57.3%) and are easily found within all
the river basins. The habitats occupied by gastropods have been continuously disrupted by various
factors, resulting in reductions to available suitable habitat. Local pollution, hydrologic alteration,
agriculture, global warming, and the introduction of invasive species have had severe impacts on
aquatic ecosystems. Detailed information on gastropod assemblages and the factors influencing their
assemblage structure and distribution is, therefore, required for the successful conservation of aquatic
gastropods. In particular, the distribution and abundance of invasive and endangered species should
be evaluated to prevent ecosystem disruption and enhance species conservation strategies. Finally,
the results of the present study would contribute to the development of adequate and systematic
management policies for the conservation and management of freshwater gastropods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/7/1908/s1,
Table S1: Indicator species selected in four clusters based on the Indval. Only taxa with significant values are
shown. Figure S1: Partial dependence plots of 11 abundant species responding to (a) total nitrogen, (b) agriculture
(%) in land cover, (c) water current velocity and (d) cobble (%).
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