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A B S T R A C T

To elucidate the effects of environmental factors on the richness and diversity of benthic species, this study
investigates the hydrology, water quality and physicochemical conditions of the soil around a coastal wetland in
Central Taiwan. Samples were extracted monthly from 20 sites around the coastal wetland for one year and
analyzed by redundancy analysis (RDA). The outcomes of this study reveal that the environmental parameters of
the habitat govern different patterns of benthic species in wetlands. The properties of soil influence the pattern of
benthic species, which has been changing in the study area owing to human activities, such as land reclamation,
the building of bulwarks and the emission of pollution. The results reveal that heavy pollution loading near the
local area with animal husbandry also reduced the richness and diversity of benthos. Principal Component
Analysis (PCA) is used to identify all relevant environmental factors to explain the impact of economic and
environmental behaviors on the distribution of benthic species. The PCA results demonstrate that short-term and
long-term pollution differently influence patterns of benthic species.

1. Introduction

Various energy and material interchanges occur in coastal wetlands,
which are located at the interchanges among rivers, land, the atmo-
sphere and the ocean. Rivers periodically carry abundant nutrients into
coastal wetlands, establishing a highly productive ecosystem. Coastal
wetlands not only support productive ecosystems, but also perform
functions that support cultural, societal, and economic activities, in-
cluding water purification, flood regulation, germplasm conservation,
recreation, and education (Benyamine et al., 2004; Copeland, 2010;
Mitsch, 2005; Pereira and Cooper, 2006). Abundant nurseries for
aquatic organisms in wetlands provide foraging and breeding habitats
for waterbirds (Beck et al., 2001; Granadeiro et al., 2007) and support
stable and diverse ecosystems. However, urbanization and in-
dustrialization have in recent decades caused the rapid disappearance
of coastal wetlands owing to the great demand for land and the un-
dervaluing of wetlands (Bateman et al., 2011; Halpern et al., 2008).
Coastal wetland losses and heavy pollution loading from inland areas
have severely damaged the ecosystem of the coastal wetlands and dis-
turbed the material and energy flows in them (Yen and Chen, 2001).
The ultimate result is outright loss of wetland habitat (Coleman et al.,

2008) and chain reactions that detrimentally affect wetland protection
and coastal sustainability (Zedler and Kercher, 2005).

Sustainable wetland management is interdisciplinary and an en-
ormous challenge for decision-makers. For conservation purposes, the
natural and man-made factors that influence species diversity within a
wetland must be urgently understood (Pechmann et al., 1989). Nu-
merous studies have addressed habitat status, species diversity and
their relationships (Aung and Koike, 2015; Goutte et al., 2015; Guisan
and Zimmermann, 2000; Redhead et al., 2016; Thomas et al., 2016),
and discussed the effects of environmental factors, external pressures
and their dynamics on wetlands. Large-scale climatic patterns, land-
scape changes, and pollution loading are believed to be critical in de-
termining the potential distributions of species in wetlands (Hamza
et al., 2015; Hartmann et al., 2015; Margiotta et al., 2016; Sullivan
et al., 2015). In fact, a decision-maker must identify the factors that
affect the patterns of species in a wetland for the purpose of sustainable
development in a wetland system, and the ways in which both habitat
and human factors affect local species diversity must be elucidated.

Understanding the spatial features of a habitat, human factors,
communities of species and their interactions within a wetland is par-
ticularly important in planning conservation strategies (Brambilla et al.,
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2012). However, facing a complex environmental system, decision-
makers have a serious challenge in extracting useful information or/and
knowledge from large bodies of monitoring data (Finlayson and
Mitchell, 1999). Therefore, the use of various mathematical methods,
such as multivariate analysis and geostatistics, have been proposed to
characterize habitats, reveal environmental changes, and establish re-
lationships among environmental factors (Bhattacharya et al., 2015;
Carreno et al., 2008; Lopez-Flores et al., 2014; Wingard and Lorenz,
2014).

Redundancy analysis (RDA) has been successfully used in TRY many
environmental studies (Lv et al., 2015; Shangguan et al., 2016; Song
et al., 2016). Gabarron et al. (2018) studied the impact of tailing ponds
as a source of metals and arsenic on urban soils and road dust in towns
and identified the physicochemical properties that are associated with
the potential mobility of metals in each type of sampled material. Song
et al. (2016) focus on combining the temporal variations of heavy
metals in soil and rice grain between 2006 and 2011 with socio-en-
vironmental parameters, meanwhile, providing an interpretation of the
variations in heavy metal concentrations in rice paddy soils. The RDA
results indicated that close relationship between economic and social
development and the accumulation of Zn in paddy soils by RDA.

RDA can identify correlations among sampling sites (Afifi and Clark,
2003; McArdle and Anderson, 2001), environmental conditions and
outcomes, this method is extensively used to analyze environmental
and biological systems (Badgley and Fox, 2000; Legorburu et al., 2013;
Yergeau et al., 2009; Zhao et al., 2010). In this study, an integrated and
systematic method is utilized to investigate wetland resource manage-
ment. Principal Component Analysis (PCA) is used to elucidate the re-
gional environmental characteristics (Dong et al., 2007). With technical
concerns, engineers and scientists will try to understand the relation-
ships between the patterns of benthic species and environmental factors
in detail. From the viewpoints of the public and policy makers, a
comprehensive and conceptual expression may be more important for
communicating with them. PCA can not only able to reduce the di-
mensions of data, but also identify the latent environmental factors to
meet the need of the public and policy makers. Therefore, to assess
wetland status and its implications for conservation and management,
PCA and RDA approaches are combined to identify the direction and
strength of the relationship between species richness and the intensity
of human activities. The proposed combined analysis enables the effects
of environmental factors on habitat features in a wetland to be quan-
titatively analyzed, and supports a relational analysis of factors that
dominate the pattern of benthic species. Using the results of the pro-
posed approach, decision makers can understand not only the re-
lationships between habitat status and the pattern of benthic species,
but also the effect of external environmental pressures, such as pollu-
tion loading, on the habitats and the distribution of benthic species in a
wetland.

2. Material and methods

2.1. Background and data collection

The study area (Fig. 1) is located at the coastal area of Changhua
County in central Taiwan. The study area of 21,152 ha consists of all
wetlands and Chang bin industrial park; it includes 26 km of coastline.
The long coastal strip is a typical mudflat wetland, which provides an
important habitat for crabs, benthos and migratory shorebirds. The
great biodiversity has attracted the attention of the tourism industry,
environmental educators and ecologists. Agriculture and aquaculture
have for a long time been the main industries that support the local
economy. However, the habitat in the study area has been severely
threatened by pollution coastal engineering, drifting sand, river hy-
drology and the landization of tidal flats. (Wang et al., 2012).

To assess the effects of river pollution on the habitats and the dis-
tribution of benthic species within a wetland, a total of 26

environmental parameters were measured by following the national
standards such as NIEA W455.51C, NIEA W510.54B, NIEA W210.58A,
NIEA W420.50B, NIEA W417.50T, NIEA W417.50T, NIEA W448.51B,
NIEA W427.53B, NIEA W320.52A, NIEA W320.52A from December
2013 to December 2014 at 20 sampling sites close to the estuaries of
rivers and drains, as displayed in Fig. 1. Table 1 and Table 2 present the
mean and variation of measured data. As shown in Table 1, three sets of
parameters concerning the physico-chemical properties of the water-
body, soil features, and the concentrations of heavy metals in soil, were
evaluated. The physio-chemical properties were hydrological and water
quality parameters, and revealed tidal changes in the wetlands, pollu-
tion loading and river flow from the upstream catchments. The soil
feature describe the environment of the habitat of the benthic species.
The heavy metal parameters are used to quantify the threats of these
metals to benthic species. Table 3 presents the surveyed benthic species
within the study area. Changes in physio-chemical variables can be
considered as causing a short-term disturbance to benthic species.
Therefore, in the data analysis herein, the means of physio-chemical
variables are used as independent variables and the sum of the quantity
of all observed benthic species is taken as the dependent variable.

2.2. Richness and diversity of benthic species calculation

To understand the diversity and richness of benthic species in this
study area, formula of diversity was shown in (1) (Shannon and Wiener,
1963) and formula of richness was shown in (2) (Margalef, 1951)

∑= ND ((n / )ln(n /N))i i (1)

= −R (S 1)/ln(N) (2)

where,

D: diversity of benthic species
ni: ratio of population of ith benthic species to total population of all
species
N: total population across all species
R: richness of species
S: number of species

2.3. Data and correlation analysis

To achieve the planning goals, there are three multivariate statis-
tical methods including correlation analysis (CA), principal component
analysis (PCA) and redundancy analysis (RDA) are utilized in this study.
Firstly, correlation analysis was performed to explore the correlations
among dependent and independent variables. The values of correlation
coefficient in this study are used to define the collinearity of variables.
The variables will be screen out if there are highly correlative to others.
In this study, the exclusion criterion is set as correlation coefficient is
larger than 0.9. In order to recognize the comprehensive impact of
environmental variables to benthic species, PCA is utilized to define the
latent factors (Jolliffe, 2002) in order to characterize the special fea-
tures of the wetland system of interest (Chen et al., 2007). Finally, RDA
is used to identify relationships among individual variables in different
categories, in which RDA is a widely used multivariate analytical
method that consisted of iterative correspondence analysis ordination
and multiple regressions (Afifi and Clark, 2003; McArdle and Anderson,
2001). Before implementing the PCA and RDA processes, analyzed data
are normalized based on Euclidean distance (Legendre and Gallagher,
2001; Warton et al., 2012).

RDA yields directional indices of the shared variance between two
data sets, which can be regarded as predictive of the other
(Vandenwollenberg, 1977). The advantages and disadvantages of re-
dundancy analysis relative to other related multivariate analytical
techniques such as canonical correlations and multivariate multiple
regression, have been discussed extensively in the literature. (Lambert
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et al., 1988). Since the method can identify relationships among sam-
pling sites, environmental conditions and outcomes, it has been widely
applied in relation to environmental and ecological issues (Badgley and
Fox, 2000; Boucher and Debroas, 2009; Lami et al., 2009; Legorburu
et al., 2013; Obolewski et al., 2010; Sole et al., 2008; Straskrabova
et al., 2009; Yergeau et al., 2009; Zhao et al., 2010). To identify the key
environmental factors that affect the distribution of benthic species
within the study region, grouped parameters, including the physio-
chemical properties of the waterbody, soil features and the concentra-
tions of heavy metals, are used as the independent variables in the RDA,
whereas the quantity of benthic species are considered to the dependent
variables. All RDA tests were conducted using Canoco® software for
Windows 4.5, and the graphics were generated in CanoDraw for Win-
dows 4.1® (ter Braak and Smilauer, 2002).

3. Result

3.1. Environmental characteristics of study area

Tables 1–3 present the monitoring results. A total of 26 environ-
mental parameters were measured at each sampling site. At some sites,
such as CH1, CH16, CH17 and CH20, high concentrations of suspension
solid (SS) suggest severe solid erosion and pollution emission upstream.
High pollution loadings are observed in estuaries around drainage
outlets, especially at sites CH14 and CH15, where a number of Mac ban
are present. Tables 1 and 2 also reveal that the oxidation-reduction
potential of soil environment at sites CH7, CH13 and CH20 is lower
than at other sites, favoring the motion of heavy metals and changing
the pattern of pollutants in the soil. Notably, high concentrations of Zn
were detected close to Changbin industrial park. Table 3 demonstrates
that the diversity of benthic species at site CH14, CH15 and CH19 is less
than at other sites. The speciesMac ban dominates sites CH14 and CH15

Fig. 1. The distribution of environmental monitoring sites.
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Table 3
Sum of benthos species (2013.11–2014.11).

Parameters (unit) Sites

CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12 CH13 CH14 CH15 CH16 CH17 CH18 CH19 CH20

Benthos Laternula anatine(N) 89 14 0 90 0 36 232 159 55 114 74 0 4 0 0 1 113 19 0 1
Uca borealis(N) 1 12 5 5 0 0 0 0 5 5 4 5 0 0 0 0 0 0 0 5
Uca formosensis(N) 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 4 14 0 0
Helice formosensis(N) 1 3 11 1 4 0 0 1 1 0 1 1 0 0 0 0 3 19 0 0
Sanguinolaria diphos
(N)

3 0 20 2 0 1 85 92 0 0 13 1 0 0 0 0 1 0 0 1

Nereis(N) 27 1 3 3 6 3 15 3 3 2 0 0 0 2 0 8 1 2 0 1
Metaplax elegans(N) 59 0 0 3 0 4 0 19 0 0 3 0 2 0 0 25 0 4 0 0
Exopalaemon orientis
(N)

36 43 10 38 9 10 1 13 4 17 62 3 2 136 38 22 615 696 0 0

Scopimera longidactyla
(N)

0 0 0 0 184 0 0 0 0 5 0 22 0 0 0 0 0 0 7 0

Ilyoplax tansuiensis(N) 1 0 1 0 0 0 102 47 0 0 2 0 0 0 1 0 30 0 0 0
Uca lacteal(N) 291 123 28 127 130 0 43 66 47 103 263 102 228 3 0 0 160 17 0 22
Mictyris brevidactylus
(N)

0 0 25 0 0 0 0 0 66 1 1 35 0 0 0 0 0 0 17 0

Mac ban(N) 74 83 79 162 116 453 38 68 25 146 75 95 25 319 546 577 41 130 0 549
Amphio(N) 0 15 0 1 1 2 447 67 3 0 0 0 0 0 0 0 0 0 0 0
Uca arc(N) 20 27 234 105 24 13 69 40 1 3 6 10 10 0 0 0 30 90 0 1
Rae pul(N) 0 0 0 2 0 3 3 13 0 8 8 0 0 0 0 10 1 0 0 0
Aus edu(N) 0 0 0 0 0 0 0 0 0 0 1 7 0 0 0 0 1 0 0 3
Sco bit(N) 0 30 0 0 1 0 0 0 25 0 4 0 0 0 0 0 0 0 320 0

Table 4
Correlation coefficient of environmental parameters.

Temp pHw EC DO BOD SS NH3-N KN NO2-N NO3-N TP pHs Eh Sand Clay Silt TR TIT FV FR

aTemp 1
pHw .112 1
bEC .211 -.030 1
cDO .088 .408∗∗ -.010 1
dBOD -.047 .233 -.253 .003 1
eSS -.125 .112 .132 .046 -.048 1
NH3-N .004 .005 -.313∗ -.364∗∗ .225 .261 1
fKN -.143 -.160 -.574∗∗ -.363∗∗ .301∗ -.071 .669∗∗ 1
NO2-N -.195 -.069 -.395∗∗ -.030 .048 -.202 .134 .257 1
NO3-N -.335∗ -.390∗∗ -.313∗ .023 -.104 -.202 -.084 .127 .315∗ 1
gTP -.220 .341∗ -.420∗∗ .201 .489∗∗ .171 .473∗∗ .425∗∗ .182 -.075 1
lpHs .111 .329∗ .159 .394∗∗ -.023 .012 -.108 -.291∗ .055 -.287∗ .218 1
mEh -.047 -.016 -.047 .146 .059 -.005 -.235 -.080 -.024 .101 .043 .138 1
nSand .189 -.016 .258 .307∗ -.291∗ -.384∗∗ -.362∗∗ -.388∗∗ .103 .168 -.244 .216 .308∗ 1
pClay -.011 -.011 .004 -.262 .188 .246 .310∗ .208 .039 -.148 .115 -.071 -.155 -.615∗∗ 1
oSilt -.197 .065 -.308∗ -.290∗ .272 .335∗ .335∗ .387∗∗ -.100 -.157 .227 -.256 -.326∗ -.969∗∗ .480∗∗ 1
hTR .281∗ .004 .345∗ -.330∗ -.114 .190 .177 -.079 -.310∗ -.421∗∗ -.299∗ -.054 -.279∗ -.162 .155 .123 1
iTIT .382∗∗ .004 .374∗∗ -.268 -.179 .134 .096 -.147 -.364∗∗ -.371∗∗ -.359∗ -.056 -.126 -.166 .234 .124 .881∗∗ 1
jFV -.054 -.035 -.026 .038 .071 .141 .021 -.065 -.037 .020 .110 .085 -.341∗ -.091 .006 .048 .249 .074 1
kFR -.109 -.055 -.258 .028 .144 -.012 .053 .163 .040 .052 .107 -.085 -.155 -.195 -.052 .253 -.180 -.211 .015 1

Notes: *: significant level = 0.05 (Two-tailed), **: significant level = 0.01 (Two-tailed).
a Temp.: Temperature.
b EC: Conductivity.
c DO: Dissolved oxygen.
d BOD: Biochemical oxygen demand.
e SS: Suspension Solid.
f KN: Kjeldahl nitrogen.
g TP: Total phosphorus.
h TR: Tidal range.
i TIT: Tidal inundation time.
j FV: Velocity of flow.
k FR: Flow rate.
l pHs: soil pH.
m Eh: Redox potential.
n Sand: The percentage of sand.
o Silt: The percentage of silt.
p Clay: The percentage of clay.
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where high concentrations of Kjeldahl nitrogen were measured,
whereas Sco bit dominates site CH19 in which is a high proportion of
sandy soil with high conductivity, as shown in Table 1.

Table 4 shows the level of significance for each correlation coeffi-
cient. When significance is not strong (< 0.01), the variables are as-
sumed not to be correlated so the correlation coefficient is considered to
be zero. The variable screened out from CA must have high correlation
coefficient and strong significance. To understand the correlation
among variables, Table 4 demonstrate that the sand has high colli-
nearity with silt. Since the silt is also high correlative with clay, silt is
removed from CA and sand is retained. Thus, the sand is used herein as
representative. Because of insufficient budget, some environmental
variables were not measured (shown in Table 1). To elucidate the im-
pact of all environmental variables to the patterns of benthic species,
data for CH2, CH5, CH7, CH11, CH12, CH13, CH16, CH18, CH19 and
CH20 are used in a database using which the PCA procedure is carried
out. To identify the latent environmental features in the study area,
Table 5 presents six environmental factors that were identified by PCA,
which together explain 68.19% of the total variance in the data set. The
first factor (F1), comprising the concentrations of Kjeldahl nitrogen
(KN), NH3-N, conductivity, the concentration of total phosphorus (TP)
and biochemical oxygen demand (BOD), explains 15.63% of the total
variance. Factor 1 depends strongly on the concentrations of reduced
organic compounds such as KN and NH3-N and is believed to be cor-
related significantly with short-term human activities like farming and
discharging pollutants. The second factor (F2) comprises tidal

inundation time, temperature, tidal range, and the concentrations of
NO2-N and NO3-N, and it explains about 15.26% of the total variance.
The environmental variables that are related to factor F2 capture the
hydraulic conditions of wetlands and long-term pollution. With regard
to the nitrogen cycle, organic nitrogen is converted to NH3N via re-
mineralization and NH3N is converted to NO2-N and NO3-N by ni-
trification under aerobic conditions (Brandes et al., 2007). For this
reason, F1 and F2 as called “short-term pollution” and “long-term pol-
lution”, respectively, on account of the pollutant components of factor 1
and factor 2 in Table 4 and the required reaction time of nitrogen
compounds. Factor F3 comprises the concentration of dissolved oxygen
(DO), soil pH (pHs) and pH of the water in the wetlands, which dom-
inate the chemical environment therein. DO is an important and widely
used index of water quality. It can be used not only to study the
emission loading of a pollution source, but also to determine the water
quality of a water body. Based on the PCA results in this study, DO is
used to represent the water quality of the water body in the wetland
system.

Table 5 also indicates that the concentration of SS in the waterbody
and the sand and clay contents in the mudflats are important en-
vironmental factors combined as factor F4 because they influence the
characteristics of the habitat and the patterns of benthic organisms.
Minor parameters, such as the rate and velocity of river flow close to
local estuaries and the redox potential of the waterbody, are grouped as
factors F5 and F6, which explain 7.71% and 6.75% of the total variance,
respectively. Fig. 2 shows the difference among 10 sites for latent

Table 5
The result of species factors screening by PCA.

Parameter The impact of short-
term pollution (F1)

The impact of long-term
pollution (F2)

Chemical environment of
water (F3)

Physical property of
sediment (F4)

Chemical property of
sediment (F5)

The river's
flow (F6)

fKN .846 -.093 -.265 .054 -.037 -.103
NH3-N .776 .158 -.074 .269 .123 .110
bEC -.636 .420 .016 .114 -.030 .216
gTP .612 -.280 .537 .230 .022 -.067
dBOD .490 .002 .296 .116 -.121 -.378
iTIT -.123 .817 -.201 .173 .119 .190
hTR -.056 .784 -.181 .178 .331 .187
NO3-N -.005 -.675 -.412 -.205 .051 .087
aTemp. -.007 .670 .144 -.379 -.072 -.007
NO2-N .435 -.451 -.033 -.281 .119 .305
pH .078 .187 .756 .058 -.052 -.107
lpHs -.097 .028 .702 -.085 .062 .297
cDO -.317 -.261 .692 -.161 -.001 -.093
eSS -.117 .001 .153 .795 .094 .094
nSand -.366 -.105 .153 -.707 -.128 .332
oClay .298 .184 -.124 .611 -.025 .051
jFV -.040 -.042 .119 .091 .833 .046
mEh -.118 -.206 .132 -.031 -.734 .217
kFR 0.73 -.165 -.051 -.041 .148 -.785
Variance of Explained (%) 15.362 15.258 12.405 10.707 7.708 6.750
Cumulative explained

variance
15.362 30.619 43.024 53.731 61.439 68.189

Notes:
a Temp.: Temperature.
b EC: Conductivity.
c DO: Dissolved oxygen.
d BOD: Biochemical oxygen demand.
e SS: Suspension Solid.
f KN: Kjeldahl nitrogen.
g TP: Total phosphorus.
h TR: Tidal range.
i TIT: Tidal inundation time.
j FV: Velocity of flow.
k FR: Flow rate.
l pHs: soil pH.
m Eh: Redox potential.
n Sand: The percentage of sand.
o Clay: The percentage of clay.

H.W. Chen et al. Ocean and Coastal Management 169 (2019) 37–49

43



environmental variable. CH2 has the highest short-term pollution, as
shown in Fig. 2 (a). Comparing Fig. 2 (a) and 2 (b) indicates that CH19
has the least short-term pollution, but the highest long-term pollution.
CH18, CH19 and CH20 have a high chemical environment of water in
Fig. 2 (c); however, CH18 and CH19 have the lowest (Fig. 2 (d)). Fig. 2
(e) indicates that CH16 has high physical property of sediment. Fig. 2
(f) indicates that CH7 is more static than other sites. According to Fig. 2,
chemical pollution of the environment, river's flow and the impact of
long-term pollution are all highest in CH20, where the environmental
impact is serious and enormously chemical reaction.

3.2. Effects of latent environmental characteristics on benthic species

RDA is performed to elucidate the effects of the above six en-
vironmental factors (F1∼F6) on the patterns of benthic organisms in the
study areas. Species composition and biodiversity indicators, including
richness and diversity, are used as the response variables in RDA and
the individual and comprehensive effects of environmental factors on
these response variables respectively. RDA biplot diagrams explain the
relationships between latent environmental parameters and the

patterns of the benthic organisms. In the diagrams, the monitoring sites
are grouped into homogeneous categories with similar environmental
characteristics, and arrows indicate the correlations among parameters:
a longer arrow indicates that the corresponding parameter is more
important; a small angle between two arrows indicates that the corre-
lation between the two corresponding parameters is strong.

In Fig. 3, three groups of monitoring sites are identified. Group 1 is
driven by hydraulic conditions and sediment composition (factors F1,
F2, and F5) and is rich in the species Uca arc, Laternula anatine, Amphio,
Ilyoplax tansuiensis, Uca lacteal and Sanguinolaria diphos. Group 2, con-
sisting of sites 2, 12 and 19, is driven by factor F6 and is rich in Mictyris
brevidactylus, Sco bit, Aus edu and Uca borealis as the main benthic
species, indicating that a high flow velocity, a low flow rate and a low
redox potential favor these benthic species. Exopalaemon orientis, Mac
ban, Metaplax elegans, Helice formosensis and Uca formosensis are the
dominant species in Group 3, where the habitat conditions are driven
by two latent environmental features, which are the chemical en-
vironment of the waterbody (factor F3) and the physical properties of
the sediment (factor F4). Laternula anatine and Uca borealis are domi-
nated by factors F1 and F6, respectively. Factors F2 and F6 similarly

Fig. 2. Comparison of sites in each component by PCA.
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influence Scopimera longidactyla.

3.3. Effects of environmental parameters on benthic species

To quantify the effects of parameters on the patterns of benthic
species in the study area, advanced RDA is conducted. Fig. 4 plots the
results of advanced RDA, which identifies four groups of sites. Sites 13,
14, 15 and 16 form Group 1, in which high concentrations of BOD, NH3-
N, and TP as well as a high percentage of clay are detected. The benthic
species in this study favor such an environment. These four sites suffer
from high pollution loading from Fangyuan Industrial Park (Urban and
Rural Development Branch, 2014). At these four sites, some benthic
species are significantly scarcer than others. Although site 13 has a high
pollution loading like sites 14, 15 and 16, the high percentage of sand
makes its benthic environment different. Group 2, with a high per-
centage of sand and a low percentage of silt, comprises sites 2, 3, 5, 9,
10, 11, 12, 19 and 20. The property of the benthic environment in
Group 2 is negatively correlated with concentrations of organic pollu-
tants such as BOD, NH3-N, TP and SS, indicating that Sco bit, Scopimera
longidactyla, Mictyris brevidactylus and Uca borealis prefer a cleaner

benthic environment with a higher percentage of sand (Cooper et al.,
2009). Soil characteristics are important in Groups 1, 2 and 4. Unlike
those at sites in Group 1, benthic species such as Metaplax elegans,
Exopalaemon orientis, Uca formosensis and Mac ban at the sites in Group
2 can tolerate light pollution loading. In contrast, chemical properties
of the waterbody, rather than soil characteristics, dominate the habitat
environment of the sites in Group 3. The abundance of most benthic
species in Group 3 is positively correlated with the concentration of DO
and pH, and negatively correlated with the concentrations of oxygen-
consuming substances, such as BOD, NH3-N, TP and KN. The environ-
mental conditions around sites 4, 7 and 8 favor benthic species Lat ana,
Uca are, Uca lac, Amphio, San dip, Ily tan, Neres, Rae pul, Hel for.

4. Discussion

Table 4 and Fig. 2 provide critical insights that can help managers
screen out redundant variables and identify the relative importance of
others. Effective data pre-processing can improve decision quality.
Fig. 5 plots the relationships among the concentrations of heavy metals
and the abundance of benthic species. It indicates that the soils around

Fig. 3. The relationships between latent environmental features and benthic species.
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sites 6, 7, 8 and 19 are rich in various heavy metals, because these sites
are at the outlets of drains in industrial parks or areas that are dense
with factories. The richness and diversity of benthic species are nega-
tively correlated with the concentrations of heavy metals. However,
some benthic species, such as Laternula anatine, Sanguinolaria diphos,
Nereis, Amphio, Ilyoplax tansuiensis and Rae pul, can be found in en-
vironments with high concentrations of Pb, Zn, Cr and Cu. Notably, the
concentration of Ni has a strong negative correlation with the abun-
dance of most benthic species. Equations (1) and (2) below are used to
evaluate the richness and diversity of benthic species at various sam-
pling sites. Fig. 6 indicates that site 3 has a greater biological richness
than other sites, and that the percentage of sand and the concentration
of DO critically influence richness. Biological diversity at sites 2 and 7
exceeds that at other sites, and soil pH (pHs) and NO3-N concentration
are critical environmental parameters. Generally, the percentages of
clay and silt in soil as well as organic pollution are negatively correlated
with biological diversity and richness. The soil environment, including
the percentage of sand and pH, influence biological diversity and
richness.

This investigation classifies benthic species into Polychaete
(Polych), Crustaceans (Crusta) and Shellfish and uses RDA to explain
the effects of latent environmental characteristics on these three spe-
cies. Fig. 7 indicates that the physical properties of sediment (F4) are
the most important factor in determining the abundance of Polych and
Crusta. Short-term pollution and the chemical properties of the

waterbody and the sediment dominate the growth of shellfish. Factors
F2 and F6 are negatively correlated with the growth of benthos. The
combination of RDA and PCA can provide enough information to en-
able decision-makers to identify the latent environmental features that
dominate for a particular benthic species, enabling them to plan an
efficient strategy for conserving targeted benthic species.

Taiwan is an island country with a high population density. More
and more human activities, such as reclamation, industrialization, an-
imal husbandry and coastal engineering, have been flushing to the
coastal area and rapidly changing the coastal environment. Different
species in the same habitat face different stresses in a changing en-
vironment (Chiang and Chang, 2018). In the last few decades, heavy
metals emitted from industrial parks nearby the coastal area has been
spread into marine environment and endanger the benthic species in
the coastal wetland (Lin et al., 2013) and heavy environmental loading
has caused habitat destruction and species extinction (Ju et al., 2017).
Based on the results in Table 5, the environmental factors are divided
into six categories. These six categories are associated with six driving
forces of change of the state of a wetland environment. Factor F1 is
associated with transient or temporary impacts of industry and animal
husbandry. The habitat in the area near the drain of a polluted river,
such as at sites 13 and site 11, is dominated by short-term pollution.

Decision-makers who seek to protect the habitat in these areas
should prioritize the reduction of pollution. Sediment and river flow
from upstream may also change the habitat of a wetland system,

Fig. 4. The relationships between environmental parameters and benthic species.
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Fig. 5. The relationships between heavy metals and benthic species.

Fig. 6. The effects of environmental parameters on the richness and diversity of benthos.
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especially in areas (sites 12 and 19) with large tidal changes. According
to the results in Table 2, the tidal range at site 20 is smaller than at site
12 or site 19. Although the site 20 has a positive relationship with tidal
range, the chemical environment of the water plays a more important
role than tidal range. Therefore, site 20 is categorized into group 3.
Water blocking facilities, such as reservoirs and dams in the upstream
reaches, can influence patterns of benthic species downstream. There-
fore, decision-makers should consider the impact of river flow on
benthic species when designing the ecological basis flow for rivers.
Coastal engineering will change the ocean current and sediment along
the coast. The results in this investigation that the substrate environ-
ment in a coastal wetland has an important role in determining the
patterns of benthic species.

In the past decade, the balance among environmental protection,
public use and socio-economic development has been upset in the case
study area. To the extent reasonably possible, coastal engineering
should avoid damaging the substrate environment (Chiau, 1998). Fi-
nally, pollution has long-term effects on the patterns of benthic species,
and decision-makers consider them when developing a regional water
quality protection plan.

5. Conclusions

Extracting information from monitoring data can help decision-
makers determine the relationships between environmental character-
istics and patterns of benthic species by RDA. The outcomes of this
investigation indicate that the effects of environmental parameters on
the habitat environment of wetlands are significant. The properties of
soil importantly affect the pattern of benthic species, which have been
changing in the study area owing to human activities, such as land
reclamation, the construction of bulwarks and the emission of pollu-
tion. Analytical results indicate that the soil close to the Changbin in-
dustrial park, such as at sites 19 and 6, is rich in heavy metals, reducing

the richness and diversity of benthic species. Heavy pollution loading at
sites 13, 14, 15 and 16 has also reduced the richness and diversity of
benthos there. Therefore, human activity changes the pattern of benthic
species. Various methods such as the elimination of heavy metals and
organic pollutants before emission may be worth developing to protect
benthos in wetlands.
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