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The biodiversity of macrozooplankton and physicochemical indices at eight sites in the Wenyuhe River
Basin were analyzed from April 2010 to March 2011 to assess the water quality following construction
of a wetland (CW). The association between biodiversity and physicochemical parameters was analyzed
using a self-organizing map (SOM). The water quality in the upstream portion of the CW showed no overall
improvement during this period based on biodiversity (H') and physicochemical assessment (Pb/n). Both
assessments indicated that the water quality in upstream of CW was partially improved and showed
an evident time dependent relationship after CW. Although a sample site, which received water from
two streams, showed higher biodiversity in an integrative manner, the physicochemical assessments
were more heavily influenced by treated water from the Qinghe Sewage Treatment Plant, rather than
upstream at the other river basin. This was a noteworthy demonstration that physicochemical and biolog-
ical assessments were not in accord and addressed the separate functioning of river ecosystems under
field conditions. Physicochemical assessment may represent water quality more conservatively with
respect to drinking water maintenance than biodiversity assessment. Nitrogen pollution was the main
cause for the decrease in physicochemical conditions. Overall, the results indicated that the association
between biodiversity and physicochemical assessments determined from the SOM could reveal aquatic
ecosystem quality in a comprehensive manner and therefore be a useful tool for defining water quality
and ecological integrity in aquatic ecosystem management, especially for complex water environments.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

From 1960 to the beginning of the 21st century, global water
pollution has posed a serious threat to human health in devel-
oped countries of Europe, North America, Asia and Australia (Singh
and Sekhon, 1976; Duttweiler and Nicholson, 1983; Agradi et al.,
2000). Due to unprecedented population growth and economic
development, major rivers are increasingly suffering from severe
degradation of water quality, especially in economically emerg-
ing countries (Krishna et al., 2009; Hanh et al., 2010; Bai et al,,
2011). Owing to intensive crop agriculture, aquaculture, livestock
production and various industries, domestic areas discharge large
amounts of untreated wastewater to surface water in excess of the
self-purification capacities of these aquatic systems. Consequently,
water pollution leads to decreased biodiversity, environmental
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degradation, and human health hazards (Jarup, 2003; Treseder,
2008).

River systems play important roles in the sustainable develop-
ment of the entire biophysical environment (Kowalkowski et al.,
2006). Sustainable water quality management at the basin scale
is a worldwide problem (Huang and Xia, 2001; Hartmann et al.,
2006), especially in developing countries, where social and eco-
nomic development has put water resources under extremely high
stress (Zhu et al., 2008). The Wenyuhe River, which is a river in
northern China that is crucial to the overall development strategy
for the ecological health and social sustainability of Beijing, is a
typical example of these problems.

A growing interest in effective low-cost treatment of polluted
water and wastewater has led to many studies of constructed wet-
lands (CWs) (US EPA, 2000; Scholz, 2006; Vymazal, 2007; EI-Sheikh
et al,, 2010). In CWs, treatment performance has been accom-
plished through an integrated combination of biological, physical
and chemical interactions among wetland components (US EPA,
2000). A CW was built in the Wenyuhe River in April 2010 as a
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sustainable method for wastewater treatment to improve the water
quality.

The CW in the Wenyuhe River may play an important role in
water quality improvement and biodiversity maintenance. How-
ever, when assessing the effects of the CW on water quality
improvement, physicochemical analyses alone may not be suf-
ficient to comprehensively describe the complex adverse effects
of chemical mixtures on communities present at contaminated
sites (Cairns and Dickson, 1973; Hellawell, 1986), even though
water pollution agents play a primary role in destruction of ecosys-
tems (Rosenberg and Resh, 1993). Macrozooplankton is essential
to maintain ecosystem stability in river dynamics. Specifically,
they act as grazers that control algal and bacterial populations,
as a food source for higher trophic levels, and as a source of dis-
solved nutrients (Bruce et al., 2006). Thus, understanding their
role in the distribution and flux of nutrients in aquatic systems
is critical to understanding the functional role of communities
and enabling their effective environmental management. Due to
the high complexity, dynamic nature, and non-linearity of both
spatial and temporal pollution patterns (Carafa et al., 2007), only
biological parameters such as measures of abundance (coverage,
density, biomass), diversity (species richness, Shannon index), and
pollution tolerance (biological monitoring working parties and bio-
logical monitoring water quality score systems) (Camargo et al.,
2011) have been reported. However, these parameters alone do not
sufficiently address ecological integrity or changes in water quality.

Alternative methods for presenting community and ecosystem
functioning in the regime of ecological modeling and informatics
have been developed. Jargensen (1994) reviewed the role of eco-
logical models in understanding ecosystems and environmental
management to deal with system response to stressors. In addition,
ecological informatics has been developed to intensify data treat-
ment and management during modeling. Artificial neural networks
(ANNs) have also increasingly been used for complex data evalu-
ation and modeling in various fields of ecology and environment
sciences (Kwak et al., 2002; Park et al., 2003; Ozesmi et al., 2006;
Martin et al., 2008; Carafa et al., 2011), and have been reported
to perform better than classical statistical methods for predic-
tion and assessment (Lek and Guégan, 1999; Samecka-Cymerman
etal.,, 2007). One of the best known ANNs containing unsupervised
training algorithms is the Kohonen self-organizing map (SOM)
(Kohonen, 1982), which allows classification of data without prior
knowledge or assumptions. The SOM helps to visualize and inter-
pret large and high dimensional databases by organizing data on
grids with low dimensions (conventionally two). Another advan-
tage of the SOM when compared to classical statistical methods is
that a small fraction of missing data is allowed and predictions are
inferred automatically by the model (Carafa et al., 2011).

In this study we applied the SOM to community and environ-
mental data collected after construction of a wetland (1) to assess
the effects of the CW on water quality of the Wenyuhe River based
on physicochemical and biological measurements, and (2) to use
the SOM to reveal associations between the biodiversity of macro-
zooplankton and key environmental variables. The SOM training
and visualization could be a useful tool for effective characteriza-
tion of the associative role between biodiversity and environmental
factors in aquatic ecosystems and for generation of comprehensive
information for assessment of changes in water quality.

2. Materials and methods

2.1. The study area

The Wenyuhe River Basin, which is situated in the northeast part
of Beijing, occupies a total area of 4300 km?, representing 26% of the

territory of Beijing (Fig. 1). The area contains a high concentration of
industrial and agricultural activities and urban areas, which results
in a high demand for water.

The river basin, which includes the Wenyuhe River, the Qinghe
River and the Longdaohe River, runs through Beijing, serves as a
natural ecological barrier, and is of critical importance to Beijing’s
overall development strategy for the metropolitan area. However,
population growth, economic development and the associated
intensification of human activities in river catchments that has
occurred in recent years have resulted in the amount of wastewa-
ter discharged into the river basin exceeding its self-purification
capacity, leading to serious pollution (Wang et al., 2010).

The Qinghe River, which is the longest tributary in the Wenyuhe
River Basin, has been heavily impacted by the discharge of treated
water from the Qinghe Sewage Treatment Plant (between S1
and S2). CW for the sustainable of wastewater treatment in the
Wenyuhe River Basin was built in the Longdaohe River in April
2010, which is a tributary of the Wenyuhe River (Fig. 1). Addition-
ally, the direct discharge of sewage and garbage into the Wenyuhe
River Basin has been forbidden since January 2010.

2.2. Sampling design

To assess the effects of the CW on improvement of water qual-
ity, macrozooplankton was sampled monthly (in the middle of the
month) at eight sampling sites in the Wenyuhe River Basin (Fig. 1
and Table 1) from April 2010 to May 2011.

Macrozooplankton was collected from the left and right banks,
as well as from the middle of the river. Specifically, 10 L of water was
filtered through a 45-pm Nytal net at approximately 20 cm below
the surface and then fixed with 4% formalin. Counting was then
carried out in 15 mL sedimentation chambers using an inverted
microscope. Macrozooplankton species were identified based on
Han and Shu (1995), which were defined as “relatively large plank-
ton, visible to the naked eye, and the minimum size is defined in
various sources as from 0.5 mm to 5.0 mm”.

The following water physicochemical factors were measured
at the sample sites: water temperature (T; YSI meter Model 33®),
pH (Beckman Model F8 253®), conductivity (EC; YSI meter Model
33®), and dissolved oxygen (DO; YSI oxygen meter Model 57%). In
addition, the chemical oxygen demand (COD),ammonium nitrogen
(NH3—N), total nitrogen (TN) and total phosphorus (TP) were ana-
lyzed according to the Environmental Quality Standard for Surface
Water of China (GB3838-2002, 2002). The physicochemical param-
eters were determined using a Hach DR 2000® spectrophotometer
at the specified wavelength (GB3838-2002, 2002). Three repli-
cates of the physicochemical parameters were recorded directly
at each sampling site. Additionally, water samples for analysis of
the remaining parameters were collected into polyethylene bottles,
preserved with 2 mL of concentrated hydrochloric acid (pH <2.0)
and then transported back to the laboratory. All water samples were
kept in a refrigerator at 4 °C until analysis.

2.3. Indices

The Shannon-Wiener index (Shannon and Weaver, 1963) was
used to assess the biological water quality and the obtained H’
values are presented in Table 2 (Liu et al., 2010).

The physicochemical parameters at the sample sites were
assessed using the physicochemical index (Shen et al., 1990):

Pb = zn:p,- 1)
=1
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Fig. 1. Wenyuhe River Basin and sampling sites.

Table 1
Location and description of sampling sites.
Sampling sites Longitude Latitude Description
S1: Upstream Qinghe River 116°20'25.99"E 40°1'28.98"N 100 m upstream of the Qinghe Sewage Treatment Plant
S2: Downstream Qinghe River 116°21'38.11"E 40°1'39.73"N 500 m downstream of the Qinghe Sewage Treatment Plant
S3: Sand Bamp 116°29'20.52"E 40°4'44.86"N Cross point of the Qinghe River and the Wenyuhe River
S4: Mafang Bridge 116°24'15.87“E 40°9'2.06“N Upstream of the Wenyuhe River
S5: Roma West Lake 116°30'25.65"E 40°6'10.02"N Water inflow of the CW in the Longdaohe River
S6: Roma East Lake 116°31'10.43"E 40°6'4.29"N Water outflow of the CW in the Longdaohe River
S7: Weigou Bridge 116°33'52.82"E 40°1'52.78"N Downstream of CW, and intake of water from Site 3 and Site 6

S8: Beiguan Brake 116°39'6.77"E

39°55'34.35"N

Downstream of S7

where n is the number of the physicochemical parameters. For EC,
COD, NH3—N, TN and TP, P; was determined by Eq. (2), while Egs.
(3) and (4) were used for DO and pH, respectively.

M;
Py = Mo (2)
Mo
P = M; (3)
P; = M;Mi~Mo (4)

where M; is the value of different physicochemical parameters
of the i-th site and My is the threshold value for COD (e.g.,
COD < 15mg/L, My =15 mg/L), NH3—N, TN, DO, EC and TP. The value
7 was assigned for pH according to the Grade Il Surface Water
Standards of GB3838-2002 (2002). The obtained Pb/n values were

Table 2
Estimation of water quality according to H'.

categorized to indicate water quality as shown in Table 3 (Shen
et al.,, 1990).

2.4. Self-organizing map (SOM)

To assess the changes in water quality and ecosystem func-
tioning at the sampled sites, the data for biodiversity and
physicochemical parameters were patterned by training using the
SOM. The SOM performs a non-linear projection of data onto a space
in two dimensions and provides a patterned map of input data
trained with unsupervised learning (Kohonen, 1982). The size of
the SOM was determined heuristically in such a way that could be
comprehensible to the reader in a smaller number of dimensions.
The highest variance in the input data will be projected along the
vertical axis (longer usually), while the following variance would
be presented on the horizontal axis (shorter usually). The optimal

Diversity H =0

O<H <1

1<H' <2 2<H <3 H >3

Water quality No macrozooplankton or only one species

Serious pollution

a-Type pollution B-Type pollution Clean
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Table 3
Relationship between water quality and Pb/n.
Pb/n Pb/n<1 1<Pb/n<2 2<Pb/n<3 3<Pb/n<4 Pb/n>4
Water quality Clean Light pollution Medium pollution Serious pollution Very serious pollution

size of the computational modes was adjusted based on the degree
of discrimination among the grouped nodes after training. About
two thirds of the total nodes were occupied by the nodes with
the samples, while one third consisted of empty nodes that served
as delimiters between the occupied nodes. Through a preliminary
investigation, the size of 12 x 9 nodes was selected to train the com-
munity data (variables, species; cases, sample units) in this study.
For visualization of the environmental profiles, 4 x 3 nodes were
used to train the input data (variables, water quality parameters
plus biodiversity; cases, sample units). The Euclidian distance (d;
(t))at the j-th node on the SOM between the weight at iteration time
t and the input vector was calculated through learning processes:

P-1
di(t) =[x — wy (O (5)

i=0

where x; is the value of the i-th parameter, wj(t) is the weight
between the i-th parameter and the j-th node on the SOM, and P is
the number of the parameter.

The best matching neuron, which has the minimum distance,
was selected as the winner. For the best matching neuron and its
neighboring neurons, the new weight vectors were updated as fol-
lows:

wii(t + 1) = wy(t) + a(t)[x(t) — wy(t)] (6)

where tis the iteration time and «(t) is the learning rate. The learn-
ing process of the SOM was conducted using the SOM Toolbox
developed by the Laboratory of Information and Computer Sci-
ence, Helsinki University of Technology, in the Matlab environment
(Vesanto et al., 2000). The initialization and training processes fol-
lowed suggestions by the SOM Toolbox by allowing optimization
in the algorithm. Detailed descriptions of application of the SOM
to behavioral data are available elsewhere (Park et al., 2005; Chon,
2011; Liu et al,, 2011).

As the input data were provided to the SOM for training, the
weights of the best matching unit and computation nodes close to it
were adjusted toward the input vector through interactive calcula-
tion. To reveal the degree of association between SOM units, Ward’s
linkage method was used to cluster the movement data based on
the dendrogram according to the Euclidean distance (Ward, 1963).
The linkage distances were rescaled at 0-100%.

3. Results and discussion
3.1. Patterns of macrozooplankton in the Wenyuhe River Basin

There was more than 42 species in the survey area during the
assessment period. The patterns of the species of macrozooplank-
ton in the Wenyuhe River Basin were shown on the SOM (Fig. 2).
Cluster analysis identified six groups based on the abundance of
macrozooplankton (Fig. 2a and b). The cluster distances according
to the Ward’s linkage indirectly indicated the closeness between
clustered groups. Vertical grouping was primarily observed accord-
ing to season. The upper group consisting of clusters 1, 6 and 3
represented samples collected mainly in winter, while the bottom
group, including clusters 2, 4 and 5, were obtained broadly from
spring to autumn.

Within each upper and bottom group, the clusters were further
divided according to sample sites. Samples collected from various

sites during winter were grouped in cluster 1 in the upper group
(Fig.2a). Clusters 3 and 6 placed within the upper group were closer
to each other than to cluster 1. Cluster 6 was characterized by the
samples collected at S6, S7 and S8, where low winter temperatures
were observed. Samples comprising cluster 3 were somewhat sim-
ilar to those of cluster 1, but samples from S7 and S8 were mainly
excluded from this cluster.

Within the bottom group, cluster 2 broadly represented samples
collected from S1, S2, S3, S5, S7 and S8 during summer (Fig. 2a and
b), while clusters 4 and 5 were more closely associated with each
other. It should be noted that cluster 4 was specifically grouped
by the samples collected in S6. Communities grouped in cluster 5
represented samples collected from S1 to S5.

Profiles of species distribution were presented on the SOM
through visualization (Fig. 2d). Some species were broadly
observed separately in the upper area (e.g., Brachionus calyciflorus)
and in the upper area (Daphnia pulex). However, no species was
found to occur broadly across the entire SOM. In contrast, numer-
ous species occurred specifically in different clusters in narrow
ranges. For instance, species observed in winter such as Syn-
chaeta sp. and Amoeba sp. were only collected from a few sites
(e.g., S2 and S3) that had higher temperatures in winter (Fig. 2d).
The SOM patterning was suitable for identifying the scope of
species on spatial and temporal scales. Further results character-
izing the distribution patterns in detail for each species according
to sample sites, season and environmental factors will be reported
elsewhere.

3.2. Assessment of the water quality

The assessment of water quality from April 2010 to March 2011
based on H' is shown in Fig. 3. H' changed ranging from 0.25 to
2.47 during the survey period. Immediately after CW in April-May,
2010, the biodiversity values decreased, but they then increased
as time progressed (Fig. 3). The trends in biodiversity also varied
among sample sites. It is worth noting that the sample sites located
in the Qinghe River showed lower values in H' than those of sam-
ples collected from sites located in other rivers. Diversity values at
S2 and S3 were mostly lower than 1.0 and close to the state of seri-
ous pollution (Table 2) during the assessment period. It should also
be noted that the values remained at lower levels without seasona-
lity, especially in S2 (Fig. 3). The upstream site, S1, showed slightly
higher diversity than S2 or S3.

Biodiversity values in the Wenyuhe River were relatively higher
than those observed at sample sites in the Qinghe River. The
upstream site, S4, showed lower H’' values that were similar to
those observed at S3 in the Qinghe River. H' values in the down-
stream site S6 were higher than the H' values in S4 and S5. These
findings indicated that ecological integrity increased with longitu-
dinal axis in the Wenyuhe and Longdaohe River (Fig. 1). Seasonality
was observed at sites S4, S5 and S6, where biodiversity decreased
substantially during winter (Fig. 3).

Interesting biodiversity trends were also observed in S6 and S7.
From the beginning of CW construction in April 2010, H' increased
from about 0.9 to greater than 2.2 in October 2010 for both sites.
Seasonality in biodiversity was also observed at these sites. In win-
ter, the biodiversity decreased to about 1.5 due to the lower water
temperature. However, as the temperature increased during spring,
the biodiversity increased to about 2.47 at these sites in March 2011
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Fig. 4. Changes in water body temperature at different sample sites during the
assessment period.

(Fig. 3). These findings illustrate the relationship between water
temperature and biodiversity of zooplankton (Dumont, 1983).

The biodiversity also increased in March 2011, being higher at
most sites (around 1.5-2.5 except for severely polluted sites) than
in April 2010 (less than 1). Construction of the CW contributed to
improvement in water quality as demonstrated by the biodiversity
measured at S6. The biodiversity at S7 showed a similar trend to
that at S6, even though S7 received water from the Wenyuhe (S6)
and Qinghe (S3) rivers. These findings indicated that the biodiver-
sity of S7 more closely reflected that at S6 with higher biodiversity
compared with S3 with lower biodiversity. Since the biodiversity
from the Qinghe River (S3) was lower (Fig. 3), the increase in bio-
diversity was mainly due to communities existing in inflow from
the Wenyuhe River (S6). Although the biodiversity of S8 was lower
than that of S6 and S7, all three sites showed similar trends (Fig. 3).

Changes in temperature also differed across sample sites, espe-
cially in winter (Fig. 4). As stated above, the overall biodiversity was
higher in summer and lower in winter (Fig. 3). Temperature differ-
ences among sample sites were observed in winter from November,
2010 to March, 2011 (Fig. 4). Due to the discharge of treated water
from the Qinghe Sewage Treatment Plant, the temperature at S2
and S3 was about 10°C higher during winter. The warm water
also influenced the downstream sites. At S7 and S8, which received
water from the Qinghe River, the temperature was around 5 °C dur-
ing winter. This temperature was higher than that at sites that did
not receive water from the sewage treatment plant via S2 (i.e., S1,
S4, S5 and S6), where the temperature ranged from 2 to 3 °C. Since
the temperature at S2 and S3 was higher than in S1 in the Qinghe
River, the discharge of treated water affected the macrozooplank-
ton communities, inducing a decrease of biodiversity (Fig. 4). The
minimum H’ values at S2 were around 0.5 during winter. At S6, the
temperature decreased to about 2°C, and H' was around 1.5. The
temperature at S3, which was downstream of S2, was around 10°C,
and H' increased to 1.0 at this site. During winter, the biodiversity
at S2 and S3 remained similar to that observed in previous months.
In addition, H' at S7 changed similarly to that at S6. These findings
suggested that the biodiversity at S7, which receives water from
both S3 and S6 (Fig. 1), was mainly influenced by macrozooplankton
residing in inflows from S6.

In summary, changes in the macrozooplankton biodiversity at
the survey area suggested that the CW in the Longdaohe River con-
tributed somewhat to improvement of the water quality, that the
discharge of treated water from the Qinghe Sewage Treatment Plant
in Qinghe River affected H' at S2 and S3, and that the biodiversity of
S7 was influenced by S6, even though the site receives water from
both S3 and S6.

Fig. 5 shows the water quality assessment based on the physi-
cochemical parameters at different sites according to Egs. (4)-(6).

Pb/n at most sites was higher than 10, and even reached more
than 20 at some sites (such as S1). The physicochemical param-
eters suggested that the overall water quality was severely poor
(serious pollution), except at S6. Similar to the assessments based
on biodiversity, the Pb/n in S2 and S3 was almost at the minimal
range of water quality throughout the sampling period (around 20).
The minimal biodiversity values were also observed at these sites
(Fig. 3). The physicochemical assessments at other sites including
S1, S4, S5 and S8 were also generally similar to the biodiversity
values (Fig. 3).

At S6, the Pb/n decreased from 6.32 in April to 2.65 in June
(Fig. 5), supporting the improvement of water quality after con-
struction of the CW. However, during the rainy season (July to
September), the Pb/n increased from 2.85 in July to 10.94 in
September. After the rainy season, Pb/n decreased to less than 2
(less than 1 from January to March 2011). The overall lower values
in Pb/n during the assessment period suggested that the water body
in S6 was improved to slight pollution due to construction of the
CW (Table 3). The biodiversity at S6 indicated slight pollution (a or
[3-Type pollution, around 2) from January to March 2011 (Table 2).
In contrast, the Pb/n at this site showed a greater improvement of
water quality during this period.

It is worth noting that biodiversity and physicochemical values
were not in accord in some cases. In the biodiversity assessment,
the trends of S7 and S8 were almost the same as at S6. While
biodiversity presented better water quality (slight pollution; [3-
Type Pollution according to Table 2) with values higher than 2.0
except during winter, Pb/n indicated severely polluted state with
values around 15-20 (i.e., severely polluted higher than 4 accord-
ing to Table 3). These findings indicated that, although ecological
integrity appeared to be better when biodiversity was higher, phys-
icochemical water quality was still in the severely polluted state.
This difference was primarily due to the separate functioning of
environmental and biological factors in river ecosystems, although
the water bodies from S3 and S6 were mixed at S7 (Fig. 1). Physico-
chemical indices presented the limited state due to contamination
by pollutants from S3. In contrast, biodiversity did not reflect the
chemical constraints. Instead, diverse macrozooplankton commu-
nities were separately established due to macro invertebrates being
carried from upstream. These findings indicate that there would be
a separate species allowing high biodiversity in river ecosystems,
although the physicochemical stress is severe. Overall, these find-
ings indicate that physicochemical and biological indicators may
indicate conflicting conditions at the same sample site under field
conditions.

Pb/n may be more reliable for evaluation of water quality for
conventional drinking since it indicated lower water quality (Fig. 5)
when compared with biodiversity (Fig. 3). In addition, biodiver-
sity varied seasonally, while Pb/n values were more consistent with
respect to water quality. Biodiversity and Pb/n at S8 showed a sim-
ilar trend as those at S7. Although the degree was lower, water
quality based on biodiversity was higher, while physicochemical
indices indicated lower water quality (Figs. 3 and 5).

Due to the different evaluations based on biodiversity and
physicochemical assessments comprehensive estimation of water
quality should not be based on only one aspect. Although
physicochemical assessments showed low similarity, biological
functioning may be different based on community compositions.
Specifically, ecosystem recovery may be enhanced at sites with
high biodiversity, and various ecosystem management policies will
be differently selected based on community compositions pertain-
ing to the sample sites. Accordingly, it is necessary to investigate
both biological and physicochemical factors in an integrative man-
ner.

In summary, both biodiversity and physicochemical assess-
ments suggested that water quality assessment based on both
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Fig. 5. Changes in Pb/n at different sample sites during the assessment period.

measurements might be the same or similar where there was no
evident improvement in quality, such as at S1, S2, S3, S4 and S5,
although partial improvement was observed at some sites. Addi-
tionally, the physicochemical assessment based on Pb/n should be
more acceptable owing to the effects of water temperature from
January to March 2011 on the biodiversity assessment H'. Finally,
the water quality at some sites (e.g., S7 and S8) that received water
from various rivers revealed two types of biological and physico-
chemical functioning in ecosystems.

3.3. Patterning of water quality indicators

Grouping of water quality indicators including biodiversity and
other physicochemical factors was also conducted by SOM train-
ing at sites S6 and S7 (Figs. 6 and 7). These two sites were selected
because they could reflect the effects of mixing water bodies and
showed higher levels of biodiversity relative to other physicochem-
ical factors.

For S6, clustering was primarily observed due to season. Win-
ter and summer samples were grouped in clusters I and IIl on the
left side of the SOM, respectively (Fig. 6a and b). Samples col-
lected in the early period of spring, 2010 were located in cluster
IV on the right side of the map. In this case, cluster Il accommo-
dated no sample site, since we fixed 4 clusters for training the data
for S6.

Profiles of biodiversity and physicochemical factors efficiently
characterized the clustered samples in S6 (Fig. 6a). While biodi-
versity (H') showed a horizontal gradient, most physicochemical
factors, including NH3—N and TN, showed vertical gradients
(Fig. 6¢). These findings indicated that the effects of biodiversity are
somewhat orthogonal (i.e., independent) of the physicochemical
factors pertaining to sample site S6 under field conditions, sup-
porting the separate functioning in ecosystems as stated above. It
is worth noting that pH was strongly associated with cluster IV,
which represented early sampling in spring of 2010. According to a
previous study (Yuan et al., 2005; Vohla et al., 2011), even though
CWs with steel slag based filter media have good ability for phos-
phorus removal, they might induce an increase in pH in the first few
months of operation. When the pH of water in an aquatic system is
greater than 9, it can affect the survival, growth and reproduction
of aquatic organisms (Zhuang, 1994)

The physicochemical assessment based on Pb/n suggested that
the water quality during the rainy season in summer was worse
than in other seasons. The main reason for this might be the nitro-
gen content in water body, which mainly included NH3—N and TN
(Fig. 6¢). During the rainy season, the NH3—N and TN increased
from 0.06 mg/L and 0.05 mg/L to 0.75 mg/L and 25.28 mg/L, respec-
tively, due to source pollution from farms around the Wenyuhe
River Basin. EC might be another factor that led to the increase of
Pb/n in these months, as it increased from about 500 j.S/cm to more
than 1000 pS/cm.

Fig. 7 shows the association between the biodiversity assess-
ment and physicochemical assessment of S7 based on the SOM
(Fig. 7a and b). At S7, the sampled communities were all grouped
into four clusters (Fig. 7a). Grouping occurred according to the ver-
tical gradient, but differences according to season and sample sites
were not clearly observed. Clustering appeared to be mainly based
on biological and physicochemical indices.

Fig. 7c shows profiles of indices on the SOM in a fashion similar
to those shown in Fig. 6¢. Similar to the case of S6, biodiversity (H')
showed a horizontal gradient, and most of the physicochemical fac-
tors including NH3;—N and TN showed vertical gradients (Fig. 7c).
These findings also confirmed that the effects of biodiversity
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Fig. 6. Profiles of physicochemical factors matching the biodiversity assessment
based on the SOM at site S6. (a) The group data analysis of different months with
six clusters classified by the SOM; (b) cluster distances according to Ward'’s linkage
method; (c) profiles of H' values visualized on the SOM of different water samples.
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based on the SOM at site S7. (a) Group data analysis of different months with six
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are independent of physicochemical factors under field conditions.
However, other physicochemical factors such as COD and TP pro-
duced a horizontal gradient, the direction of which was opposite
to that produced by biodiversity (Fig. 7c).

4. Conclusions

The water quality in the upstream portion of the CW showed no
overall improvement during the study period based on the biodi-
versity and physicochemical assessment. However, the association
between biodiversity and physicochemical assessments suggested
that the water quality in some sites (e.g., S6) was partially improved
with a significant relationship between operation of the CW and
improved conditions being observed in the Longdaohe River. In
the Qinghe River, the discharge of treated water from the Qinghe
Sewage Treatment Plant not only affected the water quality at
S2 and S3, but also at S7 and S8. The water imported from both
the Longdaohe River (S6) and the Qinghe River (S3) resulted in
increased complexity of the water quality at S7 and S8. Nitrogen
pollution appeared to be the main reason for the results of the
physicochemical assessment based on Pb/n. The physicochemical
factors might reflect the water quality more suitably in a conser-
vative sense than the biodiversity assessment results, which were
somewhat overestimated and showed greater seasonal variability.

The SOM was shown to be a useful tool for effective water
quality assessment and for investigating ecosystem functioning by
revealing the association between physicochemical and biological
assessments through clustering and visualization. However, water

quality should not be evaluated based only on biological or envi-
ronmental factors, but rather an integrative approach should be
adopted to enable sustainable management of water resources.

Acknowledgments

This study was financially supported by the National Key Pro-
gram for Water Pollution Control (2009ZX07209-005) and the 2011
Post-Doc. Development Program of Pusan National University.

References

Agradi, E., Baga, R, Cillo, F., Ceradini, S., Heltai, D., 2000. Environmental contaminants
and biochemical response in eel exposed to Po river water. Chemosphere 41,
1555-1562.

Bai,]., Xiao, R., Cui, B., Zhang, K., Wang, Q., Liu, X., Gao, H., Huang, L., 2011. Assessment
of heavy metal pollution in wetland soils from the young and old reclaimed
regions in the Pearl River Estuary, South China. Environmental Pollution 159,
817-824.

Bruce, L.C., Hamilton, D., Imberger, ]., Gal, G., Gophen, M., Zohary, T., Hambright, K.D.,
2006. A numerical simulation of the role of zooplankton in C, N and P cycling in
Lake Kinneret, Israel. Ecological Modelling 193, 412-436.

Cairns Jr., J., Dickson, K.L., 1973. Biological Methods for the Assessment of Water
Quality. American Society for Testing and Materials, Philadelphia.

Camargo, J.A., Gonzalo, C., Alonso, A., 2011. Assessing trout farm pollution by
biological metrics and indices based on aquatic macrophytes and benthic
macroinvertebrates: a case study. Ecological Indicators 11,911-917.

Carafa, R., Wollgast, J., Canuti, E., Ligthart, J., Dueri, S., Hanke, G., 2007. Occurrence
and accumulation of selected herbicides and related metabolites in water, sedi-
ment, seaweed and clams from Sacca di Goro coastal lagoon (Northern Adriatic).
Chemosphere 69, 1625-1637.

Carafa, R, Faggiano, L., Real, M., Munné, A., Ginebreda, A., Guasch, H., Flo, M., Tirapu,
L.,Ohe, P.C.,2011. Water toxicity assessment and spatial pollution patterns iden-
tification in a Mediterranean River Basin District. Tools for water management
and risk analysis. Science of the Total Environment 409, 4269-4279.

Chon, T., 2011. Self-organizing maps applied to ecological sciences. Ecological Infor-
matics 6, 50-61.

Dumont, HJ., 1983. Discovery of groundwater-inhabiting Chydoridae (Crustacea:
Cladocera), with the description of two new species. Hydrobiologia 106, 97-106.

Duttweiler, D.W., Nicholson, H.P., 1983. Environmental problems and issues of
agricultural nonpoint source pollution. In: Schaller, F.W., Bailey, G.W. (Eds.),
Agricultural Management and Water Quality. lowa State University Press, Ames,
IA, pp. 3-16.

El-Sheikh, M.A., Saleh, H.I,, EI-Quosy, D.E., Mahmoud, A.A., 2010. Improving water
quality in polluted drains with free water surface constructed wetlands. Ecolog-
ical Engineering 36, 1478-1484.

GB3838-2002 of China P.R., 2002. Environmental quality standard for surface water.
Environmental Science, China.

Han, M.S., Shu, W.F., 1995. Chinese Freshwater Biological Mapping. China Ocean
Press, Beijing.

Hanh, P.T.M,, Sthiannopkao, S., Kim, K.-W, Ba, D.T., Hung, N.Q., 2010. Anthropogenic
influence on surface water quality of the Nhue and Day sub-river systems in
Vietnam. Environmental Geochemistry and Health 32, 227-236.

Hartmann, J., Levy, J.K., Okada, N., 2006. Managing surface water contamination
of Nagoya, Japan: an integrated water basin management decision framework.
Water Resources Management 20 (3), 411-430.

Hellawell, J.M., 1986. Biological Indicators of Freshwater Pollution and Environmen-
tal Management. Elsevier Applied Science, London.

Huang, G.H., Xia,]., 2001. Barriers to sustainable water-quality management. Journal
of Environmental Management ASCE 61 (1), 1-23.

Jarup, L., 2003. Hazards of heavy metal contamination. British Medical Bulletin 68,
167-182.

Jorgensen, S.E., 1994. Models as instruments for combination of ecological theory
and environmental practice. Ecological Modelling 75 (76), 5-20.

Kohonen, T., 1982. Self-organized formation of topologically correct feature maps.
Biological Cybernetics 43, 59-69.

Kowalkowski, T., Zbytniewski, R., Szpejna, J., Buszewski, B., 2006. Application of
chemometrics in river water classification. Water Research 40 (4), 744-752.

Krishna, A.K,, Satyanarayanan, M., Govil, P.K., 2009. Assessment of heavy metal pol-
lution in water using multivariate statistical techniques in an industrial area: a
case study from Patancheru, Medak District, Andhra Pradesh, India. Journal of
Hazardous Materials 167, 366-373.

Kwak, I.-S., Chon, T.-S., Kang, H.-M., Chung, N.-I,, Kim, ].-S., Koh, S.C., 2002. Pattern
recognition of the movement tracks of medaka (Oryzias latipes) in response
to sub-lethal treatments of an insecticide by using artificial neural networks.
Environmental Pollution 120, 671-681.

Lek, S., Guégan, ].F., 1999. Artificial neural networks as a tool in ecological modelling,
an introduction. Ecological Modelling 120, 65-73.

Liu, C, Xing, X., Wang, J., Zhang, Y., 2010. Characteristics of rotifera community
structure in the Baiyangdian Lake. Acta Ecologica Sinica 30, 4948-4959.



Z. Ren et al. / Ecological Modelling 252 (2013) 97-105 105

Liu, Y., Lee, S.,Chon, T.,2011. Analysis of behavioral changes of zebrafish (Danio rerio)
in response to formaldehyde using self-organizing map and a hidden Markov
model. Ecological Modelling 222 (14), 2191-2201.

Martin, M.L,, Turias, L.]., Gonzdlez, F.J., Galindo, P.L., Trujillo, F.J., Puntonet, C.G., 2008.
Prediction of CO maximum ground level concentrations in the Bay of Algeciras,
Spain using artificial neural networks. Chemosphere 70 (7), 1190-1195.

Ozesmi, S.L., Tan, C.0., Ozesmi, U., 2006. Methodological issues in building, train-
ing, and testing artificial neural networks in ecological applications. Ecological
Modelling 195 (1-2), 83-93.

Park, Y.-S., Céréghino, R., Compin, A., Lek, S., 2003. Applications of artificial neu-
ral networks for patterning and predicting aquatic insect species richness in
running waters. Ecological Modelling 160 (3), 265-280.

Park,Y.-S.,Chung, N., Choi, K., Cha,E., Lee,S.,Chon, T.,2005. Computational character-
ization of behavioral response of medaka (Oryzias latipes) treated with diazinon.
Aquatic Toxicology 71, 215-228.

Rosenberg, D.M., Resh, V.H., 1993. Freshwater Biomonitoring and Benthic Macroin-
vertebrates. Chapman and Hall, London.

Samecka-Cymerman, A., Stankiewicz, A., Kolon, K. Kempers, AJ., 2007. Self-
organizing feature map (neural networks) as a tool in classification of the
relations between chemical composition of aquatic bryophytes and types of
streambeds in the Tatra National Park in Poland. Chemosphere 67 (5), 954-960.

Scholz, M., 2006. Wetland Systems to Control Urban Runoff. Elsevier, Amsterdam,
The Netherlands.

Shannon, C.E., Weaver, W., 1963. The Mathematical Theory of Communication. Uni-
versity of Illinois Press, Urbana, Urbana, IL, p. 117.

Shen, Y.F,, Zhang, Z.S., Gong, X.G., 1990. Modern Biomonitoring Techniques using
Fresh water Microbiota. China Architecture & Building Press, Beijing (in Chinese).

Singh, B., Sekhon, G.S., 1976. Nitrate pollution of groundwater from nitrogen fer-
tilizers and animal wastes in the Punjab. Agriculture and Environment 3,
57-67.

Treseder, K.K., 2008. Nitrogen additions and microbial biomass: a meta-analysis of
ecosystem studies. Ecology Letters 11, 1111-1120.

US EPA, 2000. Constructed Wetlands Treatment of Municipal Wastewater.
United States (US) Environmental Protection Agency (EPA), Cincinnati, OH,
USA.

Vesanto, J., Himberg, J., Alhoniemi, E., Parhankangas, ]., Team, S., Oy, L., 2000. Som
toolbox for matlab. Techn. Ber., Helsinki University of Technology.

Vohla, C., Kdiv, M., Bavor, H.J., Chazarenc, F.M., 2011. Filter materials for phosphorus
removal from wastewater in treatment wetlands. Ecological Engineering 37,
70-89.

Vymazal, J., 2007. Removal of nutrients in various types of constructed wetlands.
Science of the Total Environment 380, 48-65.

Wang, Y.L, Liu, Z]., Liy, Y., 2010. The water environment and ecological construction
of Wenyu River Beijing. Water 2, 10-11.

Ward Jr., J., 1963. Hierarchical grouping to optimize an objective function. Journal
of the American Statistical Association 58, 236-244.

Yuan, D,, Jing, L., Gao, S., Yin, D., Wang, L., 2005. Analysis on the removal efficiency
of phosphorus in some substrates used in constructed wetland systems, China.
Environmental Science 26 (1), 51-55.

Zhu, Y.P., Zhang, H.P., Chen, L., Zhao, ].F., 2008. Influence of the South-North Water
Diversion Project and the mitigation projects on the water quality of Han River.
Science of the Total Environment 406, 57-68.

Zhuang, D., 1994. The effects of low pH value on survival, growth and reproduction
of Daphnia magna, China. Environmental Science 14 (2), 107-111.



	Modeling macrozooplankton and water quality relationships after wetland construction in the Wenyuhe River Basin, China
	1 Introduction
	2 Materials and methods
	2.1 The study area
	2.2 Sampling design
	2.3 Indices
	2.4 Self-organizing map (SOM)

	3 Results and discussion
	3.1 Patterns of macrozooplankton in the Wenyuhe River Basin
	3.2 Assessment of the water quality
	3.3 Patterning of water quality indicators

	4 Conclusions
	Acknowledgments
	References


