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Abstract

River estuaries are critical aquatic environments characterized by large environmental
gradients in their water quality, riverbed material, and microtopography in the
longitudinal and transverse directions. Molluscan fauna are sensitive to changes in water
quality or bottom sediment conditions, and include species that inhabit unique
environments or have a high capacity to thrive in different habitats. The interrelations
between ecology and whole physical environment of molluscan fauna have rarely been
studied, especially in medium and small sized river estuaries. This study was conducted
to investigate the relationship between molluscan fauna and multiple hierarchical physical
factors in river estuaries, and develop a prediction model for each of the molluscan species
under study. The study focused on molluscan fauna in river estuaries in medium and small
size rivers, where knowledge is particularly limited. Results obtained from quadrats were
classified into three groups related to physical factors, including wave and river energy
and habitat scale factors. Prediction models for molluscan species indicated that physical
factors affected different species at varied scales. There were species influenced by
watershed scale, habitat scale, or both. Because the physical factors influenced species at
different scales, prediction of potential molluscan fauna on a site is also critical, in

addition to the conservation or restoration of habitats.

Keywords river estuaries; molluscan fauna; physical environments; prediction model;

estuarine conservation
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1. Introduction

Estuaries are located at the boundary between the land and ocean and have fluctuating
environments due to the mixing of freshwater and seawater, or the action of periodical
tides and waves (Dyer, 1997; Schroder-Adams et al., 2014). Ecosystem services of
estuaries are numerous and diverse, including nutrient circulation, climate change
mitigation, habitat provision, and recreation use (Carpenter et al., 2009). Costanza et al
(1997) estimated the value of estuarine ecosystem services to be 22,832 $ /ha/yr, the
maximum among biomes. However, estuaries have been under increasing anthropogenic
pressure because of their rich biodiversity, abundant natural resources, and fertile alluvial
land (Edgar et al., 2000). In the entire world, four billion people live in an area within 60
km from the coastline. (Kennish, 2002). As a result, problems such as water degradation,
habitat loss, and shortage of natural resources have become more acute (Kennish, 2002;
Howarth, 2008).

Predicting the potential biota based on the understanding the relationship between
estuarine ecosystems and physical environments is crucial for the conservation or
restoration of estuarine environments. Multiple taxonomic groups including birds, fish,
benthic invertebrates, and plankton have been previously studied as biota representing the
estuarine environment. Some studies that have been conducted regarding various aspects
of estuarine environments include evaluation of foraging habitats using birds (Froneman
et al., 2011; Bellio and Kingsford, 2013; Bluso-Demers et al., 2016), assessment of fish
habitat environment and environment alternation (Whitfield and Elliott, 2002; Villéger et
al., 2010; Nicolas et al., 2010; Lechéne et al., 2018), the relationship between plankton
fauna and water quality and its monitoring (Cloern, 2001; Zhou et al., 2008; Paerl et al.,
2010; Dalu et al., 2018), and the evaluation of microhabitats using benthic animals

(Nanami et al., 2005; Strayer and Malcom, 2007).
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Monitoring changes in biota due to anthropogenic impacts is also critical for evaluating
ecological integrity and facilitating the implementation of integrated conservation
strategies in estuaries (Diaz et al., 2004; Henriques et al., 2008; Pérez-Dominguez et al.,
2012). Based on such scientific and technological knowledge, comprehensive
frameworks for estuarine conservation have been developed. In the European Union (EU),
an integrative assessment including physicochemical and biological features
(phytoplankton, zooplankton, benthos, algae, phanerogams, and fishes) was conducted
(Rogers et al., 2007) based on the EU Water Framework Directive focusing on
understanding and integrating all aspects of the water environment to promote
sustainability (Teodosiu et al., 2003; Borja et al., 2008a; Voulvoulis et al., 2017).
Conversely, United States Environmental Protection Agency conducted the National
Coastal Assessment to evaluate ecological conditions and human use impacts using five
primary indices: Water Quality Index (WQI), Sediment Quality Index (SQI), Benthic
Index (BI), Coastal Habitat Index (CHI), and Fish Tissue Contaminants Index (FTCI)
(Borja et al., 2008b; Hyland et al., 2003; Macauley et al., 2007).

Among the taxonomic groups used for estuarine environmental evaluation, benthic
animals including molluscan fauna, are used on because of their high index performance
should be defined in the present context. Molluscan species are one of the major
macroinvertebrates that play major ecological roles in nutrient dynamics in the ecosystem
because they form critical links within the food web as predators, herbivores, detritivores,
and filter feeders (Pawar, 2012; Premcharoen et al., 2016). In addition, molluscan fauna
are sensitive to changes in water quality or bottom sediments, and represent species that
inhabit a unique environment or have low capacity to thrive in different habitats
(Itsukushima et al., 2017). Molluscan species at specific locations directly reflect the

environmental conditions of those locations (Sato, 2011). Consequently, molluscan
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species are ideal for evaluating environmental conditions or for determining the impact
of human activities (Zenetos, 1996; Koutsoubas et al., 2000). Distribution patterns of
molluscan fauna or relationships with physical environment have been studied in various
geomorphic environments, such as sandy beaches (lagoon) (Pérés and Picard, 1964;
Sheppard, 1984; Quintino et al., 1987), tidal marshes (Kneib, 1984; Thiet et al., 2014),
tidal flats (Barnes and Barnes, 2012; Liu et al., 2014), seagrass meadows (Chemello and
Milazzo, 2002), and continental shelves (Freitas et al., 2011; Martins et al., 2014). In such
cases, molluscan fauna were associated with sediment composition, beach slope, wave
action, salinity concentration, sea grass, species of algae, and hydrodynamic regimes.
Because molluscan fauna demonstrate high sensitivity to local environments, revealing
and understanding relationships between them and the physical environment could
facilitate conservation or restoration of estuarine environments (Elliott and Quintino,
2007).

Most of the studies introduced above were conducted on the sea side from the river
mouth, for example, on coastlines, offshore tidal flats, or continental shelves. Conversely,
research results from river estuaries are limited. River estuaries located upstream of river
mouths are high environmental gradient habitats. Such environments are under the great
influence of fresh water and changing water quality, sediment materials, and
microtopography in the longitudinal and transverse direction (Kusuda, 2008). River
estuaries are unique habitats where specific organisms adapted to the brackish water live
and grow in addition to organisms that inhabit both freshwater and seawater. However,
molluscan fauna in river estuaries have rarely been studied, particularly in medium and
small sized rivers. Furthermore, in countries belonging to the Asian monsoon region,
including Japan, understanding the relationships between molluscan fauna and physical

environment is challenging. This is because such countries have very complex
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topographies (i.e., numerous peninsulas and islands) and geographical fluctuation of
waves or tides are extensive. In contrast, river estuary ecosystems are under stress from
anthropogenic impacts such as riverbed excavation to improve flood flow capacity or
embankment construction for the prevention of tsunami propagation along rivers.

The purpose of the present study is to investigate the relationship between molluscan
fauna and multiple hierarchical physical factors. Moreover, we developed a prediction
model for molluscan species. Our findings could contribute to the conservation of
molluscan fauna and the formulation of river estuary conservation strategies or goals for

restoration projects.

2. Materials and Methods
2.1. Description of study area

We investigated 68 river estuaries in Kyushu region in Japan (Fig. 1). The watershed
area in investigated rivers ranged from 1 km? to 60 km?. We selected river estuaries for
investigation based on environmental diversity such as the Ariake Sea and Buzen Sea
(where the tide ranges are large) and rivers flowing into the Sea of Japan (where high

energy waves are dominant.)

2.2. Field Surveys and data collection

We defined the research area as one reach (approximately ten times the river width)
upstream from the river mouth in each estuary. Field surveys were conducted at low tide
of the middle and spring tide. The survey was conducted from April 28, 2015 to
November 23, 2017. In the dried out land habitats, molluscan species (Bivalvia,
Gastropoda, and Polyplacophora) were collected and identified in surface layers and 10

cm depth within a 50 cm quadrat at each habitat. Depending on the surface area of the



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

habitat, one to three quadrats were sampled in each habitat.

Seven types of habitats were classified including silt (D50 [median particle diameter] <
0.075 mm), sand (0.075 mm = D50 < 2 mm), gravel (2 mm = D50 < 75 mm), rock (D50
= 75 mm), bedrock, artificial structures (revetment, foot protection rubble, mounds, or
riprap), and vegetation. In the silt and sand habitats, bottom sediment was sampled and
particle size distribution was determined using a laser diffraction-type particle size
measuring device (SALD3100) when the particles were not larger than 3.0 mm. In case
the bottom sediment contained particles larger than 3.0 mm, a sieve analysis test was
conducted after drying the samples in a constant temperature drier. In the gravel habitat,
the major and minor axes of 50 gravels randomly selected were measured, and particle
size distribution was obtained by calculating geometric mean diameter of two axes using
the following formula (Sakashita, 2005) (Equation 1):

d = (a+ b))% (Eq.1)
Where d: geometric mean diameter of two axes (mm), a: major axis (mm), b: minor axis

(mm).

2.3. Physical factors and calculation methods

To investigate the relationship between molluscan fauna and physical factors, two levels
(habitat and watershed scale) were selected. Habitat scale factors included (1) D50, (2)
distance from the river mouth (L), and (3) presence of vegetation (V). Watershed scale
factors included the following: (4) tidal range (T, factors of tide energy), (5) wave
exposure (W, factors of wave energy), (6) direct fetch (F, factors of wave energy), (7)
slope of the investigation section (S, factors of river energy), and (8) friction velocity at
the river mouth (t, factors of river energy).

Calculation methods for physical factors T, W, and F are reported by Itsukushima et al
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(2017). Calculation of S was performed by calculating the bed slope of the investigation
section from the survey data. For 1, first, we calculated flow discharge of occurrence
probability 1/5 of each river using rational runoff formula based on the rainfall intensity
equation published by river administrator (Fukuoka prefecture, 2006; Saga prefecture,
2012; Nagasaki prefecture, 2010; Kumamoto prefecture, 2008; Oita prefecture, 1997;
Miyazaki prefecture, 2017; Kagoshima prefecture, 2008). Coefficient of discharge was
set at 0.8 for the three rivers (Saigo river, Tounobaru river, and Juro river) flowing down
densely populated areas, and 0.7 for other rivers (Water and disaster management Bureau
of Ministry of Land, Infrastructure, Transport and Tourism, Japan et al., 2013). In addition,
flow time was calculated using the Kraven equation (Iguchi, 1957). Finally, friction
velocity was calculated using the following formula (Equation 2):
u, =g n" 0" 1B (Eq.2)

Where g: gravitational acceleration (m/s?), n: roughness factor, Q: flow discharge (m?/s),
I: bed slope of the section under investigation, B: width of the river mouth (m). According
to Institute of Country-ology and Engineering (2003), the roughness factor was defined
as 0.015 for mud dominated river, 0.020 for sand dominated river, and 0.023 for gravel

dominated river.

2.4. Statistical Analysis
2.4.1. Relationship between molluscan fauna and physical factors

Non-Metric Multidimensional Scaling (NMDS) (Minchin, 1987) was conducted to
identify the potential groupings of similar molluscan fauna between quadrats in river
estuaries and relationships between classification results of the molluscan fauna and
physical factors. The Bray—Curtis similarity index was used to summarize the

composition of molluscan fauna in all the habitats studied. NMDS was conducted in 418
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quadrats in 68 river estuaries where presence of molluscan species was confirmed. To
ensure a normal distribution, the number of individuals was used after logarithmic
conversion [log (e + 1)]. As a result of the permutation test, physical factors (p < 0.05)
were presented as vectors. Additionally, indicator species in each group were determined
using the indicator value method (IndVaL) (Dufréne and Legendre, 1997). To investigate
the statistical significance in a physical factor among groups classified by NMDS, the
average values of physical factors in each group were analyzed using the Kruskal-Wallis
test and Steel-Dwass test. The analyses were conducted using the statistical analysis

software R.

2.4.2. Modelling method for appearance prediction model using physical factors

To investigate the relationship between number of molluscan individuals and physical
factors for each of the molluscan species, three different techniques were applied to
develop predictive models for the number of molluscan species: Generalized Linear
Model (GLM), Generalized Additive Models (GAM), and Classification and Regression
Trees (CART). We analyzed 25 molluscan species whose appearance was confirmed in
more than 15 quadrats.

Generalized Linear Model (GLM)

GLM is an extended model of the linear model, which allows the incorporation of non-
normal distributions of the response variables and transformations of the dependent
variables linearly (McCullagh and Nelder, 1989). To model the population of each
molluscan species in the quadrats, we used Poisson distribution with a log link function.
We compared the Akaike Information Criteria (AIC: Burnham and Anderson, 2002) of
each model obtained from the method by increasing and decreasing the variables. Finally,

we adopted the lowest AIC model as the best model for each of the species. GLM was
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conducted with the MASS (Version 7.3-50) package.
Generalized Additive Models (GAM)

Generalized Additive Models (GAM) using logistic regression replace the linear
prediction part of GLM with the sum of the smoothing function, which make them useful
in modelling non-linear responses of data into environmental parameters (Wood and
Augustin, 2002). All possible combinations of the predictor variable were analyzed and
the best models were selected by AIC. A Poisson distribution with a log link function was
applied. We conducted GAM using R software and “mgcv” library (Wood, 2000).
Classification and Regression Trees (CART)

CARTs (Breiman et al., 1984) were developed for the prediction of the number of
molluscan individuals in each quadrat and were resolved using the Gini Index. Resulting
CARTSs were pruned via test sample cross validation (Fielding and Bell, 1997). Across the
nine tests, the smallest tree with a CV (Cross-Validation cost) cost within one standard

error of the minimum CV cost was selected.

3. Results
3.1. Overview of molluscan fauna in quadrats

A total of 81 species and 18,204 individuals were collected in the 529 quadrats of 68
river estuaries. Among the targeted 529 quadrats, molluscan species were confirmed in
418 quadrats. The species with the largest number of individuals was B. multiformis, with
4,798 individuals in 169 quadrats, followed by L. brevicula with 1,036 individuals in 93
quadrats. There were 735 C. retropictum individuals in 93 quadrats. In addition, the

characteristics of molluscan fauna in each river estuary were described (Itsukushima et

al., 2018).
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3.2. Assemblage composition and physical factors

418 quadrats were classified into three groups (group A, B, and C) surrounded by curves
of NMDS grade level (Fig. 2). In addition, seven physical factors were selected as
significant factors for classification by the permutation test (p < 0.05). The selected
physical factors were placed in the positive direction of the first axis with L and V, which
are habitat scale factors. River energy factors (t and S) and wave energy factors (W and
F) were placed in the positive direction of the second axis. D50 was placed in the negative
direction of the first axis (Fig. 2, Table 1).

Group A (N = 216) was centrally located in the first quadrat, composed of habitats with
small grain sizes and dominated by vegetation. Species with high IndVaL value were
confirmed in group A, indicating a high diversity in molluscan fauna (Table 2). The
IndVaL values for B. multiformis, B. cumingii, and P. conulus were particularly high. B.
multiformis and B. cumingii prefer inhabiting the inland bay whereas P. conulus primarily
inhabits shells of B. Snails (Table 2. Conversely, group B (N = 115) was centrally located
in the second and third quadrat, composed of habitats with large grain sizes and influenced
by large waves and high river energy. IndVaL values for M. galloprovincialis, L. brevicula,
L. intermedia, R. claviger, and N. japonica were high (Table 2). The species inhabit the
rocky area attached to the large gravel or bedrock. In addition, group C (N = 87) was
centrally located in the fourth quadrat, composed of habitats with great distance from
river mouth and influenced by low wave energy. IndVaL values for molluscan species
were the highest in C. retropictum (Table 2). However, the value was lower than that of
indicator species of other groups. C. retropictum is an amphidromous species that inhabits

both freshwater and brackish water.

3.3. Characteristic of physical factors
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A boxplot of seven quantitative physical variables is presented in Fig. 3. Average value
for D50 was highest in group B (90.65 + 23.34 cm), followed by group C (10.52 £ 13.72
cm), and group A (3.82 + 6.89). Results of the Kruskal-Wallis test revealed significant
differences among groups (p < 0.01). In addition, Steel-Dwass test revealed that the D50
of group B was significantly higher than that of group A (»p <0.01) and group C (p <0.01),
whereas that of group C was higher than that of group B. Group B exhibited the lowest
value for distance from the river mouth (53.9 m), followed by group C (101.8 m), and
group A (102.0 m). The results of the Kruskal-Wallis test indicated significant differences
in distance from the river mouth among the three groups (p < 0.01). The Steel-Dwass
multiple comparison test also showed a significant difference between group B and the
other two groups (p < 0.01).

Wave energy factors, F and W showed similar results. The highest values for
both factors were observed in group B, followed by group C, and group A. The Kruskal—
Wallis test showed a significant difference among the three groups (p < 0.01). The Steel—
Dwass multiple comparison test also showed a significant difference between group A
and the other two groups (p < 0.01) in the wave energy factors. River energy factors, S
and t showed similar results. The highest values for both factors were observed in group
C, followed by group B, and group A. The Kruskal-Wallis test revealed significant
differences among the three groups (p < 0.01). The Steel-Dwass multiple comparison test

also revealed a significant difference between group A and the other two groups (p <0.01).

3.4. Prediction model for molluscan species
Analysis of the relationship between the number of molluscan species and physical
factors revealed that the value of R-squared was high in the order of CART, GAM, and

CART for most of the targeted species. (Table 3). Degree of conformance of models
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varied greatly depending on the species. Relatively high prediction accuracy was
confirmed in B. multiformis, Assiminea sp., and P. alata. Conversely, the R-squared
values in R. clavigera, P. pygmaea, N. japonica, and C. chinensis were relatively low. In
addition, the physical factors selected as explanatory variables for predicting number of
molluscan species exhibited similar trends in GLM and GAM. However, in CART,
number of physical factors selected as explanatory variables was smaller than the other

two methods.

4. Discussion
4.1. Classification result of molluscan fauna and physical factors

As a result of the NMDS, physical factors related to wave energy (W and F) and river
energy (T and S) were selected as factors of watershed scale affecting the classification of
molluscan fauna in each quadrat. However, tide energy was not selected as a key factor
influencing molluscan fauna. Moreover, Cerithidea such as B. multiformis or B. cumingii
are indicator species in group A and are known to inhabit inner bays with high tidal
variation. There were significant differences in D50 between group A and B.
Consequently, the classification of molluscan fauna was largely determined by
differences in habitat particle size rather than tidal variation. In addition, group A was
largely composed of quadrats that were far from the river mouth compared to group B.
This is because rivers inhabited by B. multiformis generally have high tidal variation.
Therefore, seawater invades the upper reaches and B. multiformis can inhabit the upper
reaches of the river estuaries. In contrast, indicator species in group B, such as R.
clavigera, N. japonica, and M. confuse, which inhabit sea spray area do not invade the
upper reaches of river estuaries. Consequently, L is an appropriate physical factor for

distinguishing groups A and B.
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In group C, prominent indicator species were few, and the IndVaL values for C.
retropictum and Assiminea sp. were slightly higher than in the other species. Group C was
mainly composed of quadrats that had a long distance from the river mouth and low wave
energy. Because C. retropictum inhabits regions from the upper reach of brackish water
to freshwater areas, it is an appropriate indicator species in group C.

Studies on estuary classification using geography, physical environment, and biota
have been conducted for a relatively long period. From a perspective of topography and
physical environment, classification magnitude of tidal variability (Davies, 1964),
geomorphological history and processes (Fairbridge, 1980; Boyd et al., 1992; Heap et al.,
2001) were used to classify the estuarine types. Whereas, classification in the present
study was done using molluscan fauna, and wave and river energy were selected as
controlling factors. Tide energy, which is a key factor for topographic classification
(Fairbridge, 1980; Boyd et al., 1992) was not selected. This is because there was no
significant difference in the tide levels in the river estuary area investigated in this study,
and it was not significant enough to affect the structure of the molluscan community.
However, for prediction models for each of the molluscan species, tidal range was
selected as a key variable influencing the number of individuals in B. multiformis, L.
brevicula, or R. philippinarum (Table 3). In the present study, we investigated the
relationship between watershed scale factors and molluscan fauna. Conversely, because
the habitat structures in the river estuaries have a strong relationship with watershed scale
factors, it is necessary to evaluate the biota as well as to understand the relationship

between habitat structure and the watershed index.

4.2. Relationship between physical factors and molluscan species

The application of different techniques generally results in models differing in their
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responses. Some explanatory factors were identified by the three methods for each of the
species. The most prominent example was D50, which was identified as an explanatory
factor in 13 species, including L. brevicula or C. retropictum, by all three models. Among
the watershed scale factors, T was identified in the all three models for five species,
including B. multiformis and Assiminea sp. In addition, T was identified in the all three
models for six species, including B. cumingii and C. rhizophorarum. Conversely, among
the habitat scale factors, few species had vegetation as an explanatory variable.
Nevertheless, vegetation was identified as a key factor in all three models for Assiminea
sp. and C. rhizophorarum. Among the physical factors, D50 was selected for many
species, suggesting that the number of molluscan species was highly dependent on
particle size. Although vegetation was a factor in few species, in Assiminea sp, the R-
squared value was high, suggesting the importance of vegetation or some habitat scale
factors for specific species.

Three major types of physical factors were commonly identified in all models for B.
multiformis, L. brevicula, N. radula, and C. nigrolineata. Conversely, no physical factors
were commonly identified by all three models for N. nigrans, C. sinensis, and P. alata. In
addition, watershed scale factors were selected for predicting B. multiformis, B. cumingii,
and R. philippinarum, whereas habitat scale factors were selected for predicting M.
confusa, L. japonica, and B. virescens. However, both watershed scale and habitat scale

factors were chosen for predicting L. brevicula, N. radula, and C. nigrolineata.

4.3. Past knowledge of molluscan habitat and prediction model of molluscan species
According to the results, B. multiformis favors gravel, sandy gravel, and sand
sediments (Maki et al., 2002), which is contrary to the research results that report that it

prefers the sand mud of inner bays (Abe, 1934; Adachi and Wada 1998). The reason for
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the difference in sedimentary preference could be specificity of location or interspecific
relationships. In the CART model for B. multiformis, habitat scale factors were not
selected as physical factors influencing the number of individuals, whereas watershed
scale factors, including tide, wave, and river energy were selected. Matsuo et al (2011)
observed that B. multiformis inhabited various bottom sediments from the low tide zone
to high tide zone in the Sea of Ariake. Therefore, B. multiformis habitats were influenced
by the watershed scale factors, for example inner bays with high tidal variation rather
than habitat scale factors such as bottom sediment.

For C. rhizophorarum, vegetation was the factor influencing the number of individuals
in all three models (Table 3). Climbing vegetation was observed in the C. rhizophorarum
habitat (Wakamatsu and Tomiyama, 2000). The number of P. australis in the C.
rhizophorarum habitat was significantly higher than in the habitats of other species
(P.cingulate and P. alata) (Otani et al., 2011). In addition, C. rhizophorarum is only found
in the reed bed located in the upper part of the intertidal area following tsunami activity
(Kanaya et al., 2012). Because the presence of C. rhizophorarum depends on the
vegetation in the reed field, a strong relationship between the presence or absence of
vegetation and number of C. rhizophorarum individuals was confirmed in the present
study. In addition, L was identified as a key factor influencing the number of C.
rhizophorarum individuals in GLM and GAM procedures (Table 3). C. rhizophorarum is
found in the upper part of the intertidal zone with little influence from seawater (Wells
1983) and have higher freshwater and desiccation tolerance compared to other Pirenella
species (Yamamoto and Wada 1999; Wakamatsu and Tomiyama 2000). These research
findings introduced above support the results of this study.

In addition, D50 and L were identified as key factors influencing the number of P

pvegmaea, N. radula and C. nigrolineata individuals, belonging to Gasteropoda, and L.
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Jjaponica belonging to Polyplacophora. W was selected for N. radula, and S was selected
for C. nigrolineata. The two species inhabit the reef or boulder stone area, attaching to
bedrock or pebbles (Iwasaki, 1994; Sogame et al., 2009). The number of C. nigrolineata
individuals was positively correlated with the volumes of boulder stones (Inadome and
Yamamoto, 2005). In addition, C. nigrolineata prefer saltwater splash and tend to inhabit
areas around the river mouth rather than the upper reaches of the river estuary (Ortega,
1987). Our modelling results also revealed a strong relationship between the number of
individuals and L. In the pebble shore area, which is a major habitat for the species, the
number of species and individuals increased with increase in size of bottom sediments
(McGuinness, 1987a; b), and the diversity of biological communities increases with
increase in geomorphological complexity (Raffaelli and Hawkins, 1996). The results of
the present study indicated that the molluscan species inhabits attaching to gravels are
indicator species of river estuaries where river and wave energy are dominant.
Consequently, knowledge of habitat conditions and how they influence molluscan species

in river estuaries is also critical for river estuary conservation activities.

4.4. River estuarine conservation

Results of the prediction models for appearance of molluscan species revealed that
factors associated with the physical environment that influenced molluscan species were
spatially varied across species. Restoration of river estuaries requires the prediction of
appearance species after restoration. Our findings suggested that some species that
strongly were influenced by watershed scale physical factors could not appear even
following an increase in habitat diversity in cases where watershed scale factors were not
suitable for colonization by the species. Consequently, restoration of river estuaries

requires before-after analyses based on the prediction of species after restoration and
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consideration of the conditions of watershed scale physical variables. Furthermore, the
research results may also be applied in the conservation of river estuaries. For example,
when conducting river improvement work that degraded a molluscan habitat, for instance,
a riverbed excavation, the results of the present study can inform stakeholders on how to

preserve habitat structure and maintain the integrity of molluscan fauna.

5. Conclusion

This study was conducted to investigate the relationship between molluscan fauna and
multiple hierarchical physical factors in the river estuaries, and help develop prediction
models for each of the molluscan species observed. The study focused on molluscan fauna
in estuaries of medium and small size rivers, where knowledge on the relationship
between molluscan fauna and physical factors is limited. The major conclusions and
recommendations of the present study are as follows:

* Prediction models for molluscan species indicated that physical factors influenced
different species at different scales. Some species were mainly influenced by watershed
scale factors, other by habitat scale factors, whereas others were influenced by both
watershed and habitat scale factors.

* Because the physical factors influenced species at different scales, the ability to predict
potential appearance species in a site is critical, in addition to the conservation or

restoration of habitats.
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Table 1 Results of the permutation test for physical factors

Physical factors R? p value
\'% 0.0526 0.001
D50 0.6004 0.001
L 0.094 0.001
T 0.0015 0.739
F 0.224 0.001
w 0.3256 0.001
T 0.0389 0.001
S 0.0304 0.002
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Table 2 IndVaL indices of molluscan species in each group

IndVAL

Species A B C
B. multiformis 78 3 2
L. brevicula 2 26 4
M. galloprovincialis 3 31 1
C. retropictum 1 7 15
L. intermedia 0 26

B. cumingii 54 3

M. confusa 1 20 2
Assiminea sp. 4 12
C. rhizophorarum 14 4
R. clavigera 0 23 0
P conulus 31 1 0
N. japonica 1 21 0
N. radula 1 10 0
N. nigrans 13 4 0
B. virescens 0 13 0
P. cingulata 18 0 1
L. japonica 12 0
B. mutabilis 13 0
C. nigrolineata 14 0
C. sinensis 12 0
P alata 16 0
L. gracilis 10 0
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Table 3 Selected variables (X) for generalized linear models (GLM), generalized additive models (GAM) and classification and regression
trees (CART). D50 = median particle diameter, L = distance from the river mouth, V = presence of vegetation, T = tidal range, W = wave

exposure, F = direct fetch, S = slope of the investigation section, T = friction velocity at the river mouth.

Species B. multiformis L. brevicula M. galloprovincialis C. retropictum
Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.22 0.38 0.46 0.14 0.32 0.11 0.14 0.25 0.12 0.10 0.30 0.32
Deviance Explained 11.5 21.5 22.4 7.4 17.4 20.7 7.2 13.1 6.0 5.2 16.1 17.6
Variables

Habitat scale

D50 X X X X X X X X X X
L X X X X X
\ X X

Watershed scale

T X X X X X X X X X X X
F X X X X X X X

W X X X X X X X X

T X X X X X

S X X X X X X




Species L. intermedia B. cumingii M. confusa Assiminea sp.

Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.18 0.24 0.41 0.12 0.27 0.32 0.09 0.18 0.23 0.40 0.47 0.52
Deviance Explained 9.3 12.6 23.2 6.4 14.8 17.6 5.1 9.7 12.0 22.3 27.4 31.0
Variables
Habitat scale
D50 X X X X X X X
L X X X X X X
\Y X X X X
Watershed scale
T X X X X X X X
F X X X X X X X X
\\ X X X X X X
T X X X X
S X
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Species C. rhizophorarum R. clavig P. conulus P. pygmaea
Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.18 0.29 0.36 0.12 0.16 0.11 0.09 0.17 0.29 0.05 0.09 0.08
Deviance Explained 9.6 16.0 19.9 6.0 11.6 5.5 4.8 8.8 15.9 24 4.8 4.2
Variables
Habitat scale
D50 X X X X X
L X X X X X X X X
\ X X X
Watershed scale
T X X
F X X X
W X X X X X X X X
T X X X X X X X X
S X X X X
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Species N. japonica N. radula N. nigrans C. chinensis
Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.09 0.22 0.09 0.06 0.11 0.28 0.02 0.14 0.24 0.04 0.05 0.15
Deviance Explained 3.5 11.5 4.8 2.8 5.9 15.3 1.0 7.4 12.9 2.1 2.7 7.7
Variables

Habitat scale

D50 X X X X X X X X

L X X X X X X
\Y X

Watershed scale

T X X X X

F X X X X X X

W X X X X X X

T X X X X
S

Species B. virescens L. correensis R. philippinarum P. cingulata
Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.06 0.07 0.06 0.04 0.08 0.33 0.04 0.06 0.28 0.05 0.18 0.29
Deviance Explained 33 3.7 33 2.0 3.9 17.9 2.0 2.8 15.0 2.7 9.2 15.6
Variables

Habitat scale

D50 X X X X X X X X X X
L X X X X

\ X X X
Watershed scale

T X X X X X

F X X X X
W X X X X

T X X X X X

S
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Species L. japonica B. mutabilis C. nigrolineata C. sinensis
Modelling technique GLM GAM CART GLM GAM CART GLM GAM CART GLM GAM CART
R? 0.07 0.11 0.29 0.10 0.16 0.41 0.11 0.11 0.46 0.04 0.11 0.28
Deviance Explained 34 6.0 15.6 54 8.5 23.1 5.8 10.4 26.5 1.9 5.9 15.4
Variables

Habitat scale

D50 X X X X X X X X X X X

L X X X X X X X X X

\Y%

Watershed scale

T X X X

F X X X X X X
W X X X X

T X X X X

S X X X X

Species P. alata

Modelling technique GLM GAM CART

R? 0.07 0.23 0.50

Deviance Explained

3.5 12.4 29.5

Variables
Habitat scale

D50 X

L X X

v

Watershed scale

T X

F X
W X X

T X

S




