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Abstract: Understanding the drivers of macroinvertebrate community structure is fundamental for
adequately controlling pollutants and managing ecosystems under global change. In this study,
the abundance and diversity of benthic macroinvertebrates, as well as their chemical parameters,
were investigated quarterly from August 2014 to April 2015 in four reaches of the Huai River basin
(HRB). The self-organizing map (SOM) algorithm and canonical correspondence analysis (CCA) were
simultaneously applied to identify the main factors structuring the benthic community. The results
showed that the benthic community structure was always dominated by gastropoda and insecta over
seasons and presented obvious spatial and temporal heterogeneity along different pollution levels.
The insects were always the top contributors to number density of the benthic community, except for
the summer, and the biomass was mainly characterized by mollusca in all seasons. Statistical analysis
indicated that TN and NH3-N in water, as well as Hg, As, Cd, and Zn in sediments, were the dominant
factors structuring the community, which determined the importance of sediment heavy metal
concentrations in explaining the benthic community composition in comparison with other factors.
These major factors should be given priority in the process of river pollutant control, which might be
rated as a promising way to scientifically improve river health management and ecological restoration.

Keywords: macroinvertebrate; metal levels; water quality; sediment; canonical correspondence
analysis; self-organizing map

1. Introduction

Rivers are the most essential component of natural ecosystems, which are often seen as the
ecological channel of material circulation and energy flow between terrestrial ecosystems and aquatic
ecosystems [1,2]. They provide some irreplaceable functions in sustaining human beings, such as
water supply, irrigation, food production, and transportation [3,4]. However, in recent decades,
most rivers have been gradually affected by different anthropogenic disturbances, such as pollution,
habitat deterioration, channelization, and spatial isolation [5,6]. All these pressures have imposed
severe threats to human water security and biodiversity loss [7]. Since well-balanced and adaptive
communities can only be maintained by a healthy aquatic ecosystem, the biological community
structure is the best indicator of the health of aquatic ecosystems. Therefore, an in-depth understanding
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of community–environment relationships is of great concern for the ecological management of rivers,
especially for chemical pollutants in water and sediments.

Up to now, rapid industrialization and urbanization have caused increasing pollution in rivers,
through the discharge of runoff, urban sewage, and industrial wastewater [8,9]. A large number of
sluices and dams have been built across rivers for flood management and water resource utilization,
which have adversely altered the hydrological regimes and indirectly interfere with both the migration
and transformation of pollutants [10,11]. The nutrients (N, P) and organic matter in water directly lead
to the environmental problems of eutrophication and make water black and smelly. Consequently, rivers
are undergoing a perennial challenge linking the aquatic organisms to water environment degradation,
due to a high level of pollutant accumulation.

It is well known that sediments act as sinks, and may in turn act as sources of pollution [12].
A large quantity of hazardous chemicals (e.g., heavy metals and persistent organic pollutants) can be
absorbed by suspended solids and then accumulate in sediments. In particular, heavy metals may
be transformed into persistent metallic compounds with high toxicity, that first bioaccumulate in
organisms, subsequently magnify in the food chain, and ultimately threaten human health [13,14].
However, they are easily released into water columns worldwide under altered pH and redox potential,
hydrodynamic disturbances, and movement of benthic biota [11,15], which have posed severe threats
to the aquatic flora and fauna due to their toxicity, ubiquity, and persistence.

In 2000, the European Union passed the Water Framework Directive (WFD, European Parliament
Council, 2000), mandating the use of different organismal groups to monitor the ecological status of
surface waters [16]. Therefore, comprehensive evaluations, including the aquatic community structure
and the chemicals in water or sediments, have been widely conducted [9,17]. In the aquatic food webs,
benthic macroinvertebrates—sediment-dwelling organisms—are ubiquitous in freshwater ecosystems,
which are regarded as the primary material exchangers across the sediment–water interface [18,19].
In addition, they also play important roles in trophic dynamics by cycling nutrients and providing food
for higher trophic levels [20]. They are among the most diverse and abundant organisms in freshwater
ecosystems that are vital for ecological functions. At present, the integrity of their community structure
is successfully used to detect the evolution of water ecology on the temporal and spatial scale [7,21,22].
Thus, there is an increasing trend to use benthic macroinvertebrate communities in rivers as indicators
for the environmental quality or diagnosing which pollutants should be controlled preferentially,
according to the response of organisms.

Here, the objectives of this study were to: (1) analyze the characteristics of the environment and
macroinvertebrate community from the time scale in a river basin; (2) establish an approach to reveal
community–environment relationships and identify priority pollutants for control from the perspective
of water ecological health protection. The study was also expected to provide new knowledge on
biomonitoring and river basin management.

2. Material and Methods

2.1. Study Area

The study was conducted in the Huai River basin (HRB, 30◦55′–36◦36′ N, 111◦55′–121◦25′ E),
China (Figure 1), which is located between the Yangtze River and the Yellow River, with a drainage
area of 270,000 km2, and provides some services, including water supply, agricultural irrigation, flood
control, shipping, and aquaculture. The mainstream originates from Tongbai Mountain in Henan
Province and flows eastward for approximately 1000 km through four provinces (Henan, Hubei, Anhui,
and Jiangsu), before joining the Yangtze River in Sanjiangying in Jiangsu Province. The Shaying River
is the largest tributary, which is 557 km long, and Hongze Lake is the largest lake of the HRB.
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Figure 1. Location of study area, distribution of the sampling sites for the benthic community 
and environmental variables in the mainstream and other three important tributaries of the 
Huai River basin (HRB). 

The HRB is an important agriculture production area and the most crowded region in 
terms of population and water projects. By 2005, the population had accounted for 13.1% of the 
national total [23]. There were about 11,000 dams and sluices built by the end of 2010, 
accounting for approximately half of those in China [24]. Furthermore, severe channelization, 
sand mining, and excessive pollutant discharge have directly disturbed the river ecosystem 
[25], and the HRB is facing serious risks of water quality deterioration and ecosystem 
degradation.  

Previous studies have shown that approximately 80% of the reaches of the Huai River 
were contaminated by high concentrations of chemical oxygen demand (CODMn) and ammonia 
nitrogen (NH3-N) [26,27], and the water quality ranked between Class IV and V of the 
Environmental Quality Standard for Surface Water (GB 3838-2002). Meanwhile, the middle 
parts of the Shaying River and Guo River were highly polluted by organic pollutants [26]. In 
addition, 98.15% of the sediments in the Huai River, particularly the reaches within Anhui 
Province, were highly enriched with heavy metals due to anthropogenic activities [27].  

2.2. Field Sampling and Data Collection 

To better diagnose the riverine ecosystem health of key regions and identify main 
pollutant structuring communities, water, sediments, and benthic macroinvertebrates were 
sampled at 27 sites (Figure 1). Four field surveys were conducted in summer (August), autumn 
(November), winter (January), and spring (April) from 2014 to 2015.  

Water samples for chemical analysis were collected at about 50 cm below the river surface, 
and were conserved in 500 mL polyethylene bottle with the addition of 1 mL concentrated 
sulfuric acid (analytical reagent) to inhibit microbial activity. All water samples were placed in 
an ice chest at 4 °C, and were analyzed immediately after the samples arrived at the laboratory. 
Water variables such as the suspended solids (SS), chemical oxygen demand (CODMn), total 
nitrogen (TN), ammonia nitrogen (NH3-N), nitrate nitrogen (NO3−-N), nitrite nitrogen (NO2−-

S1 S23 S2 S3
S10

S9
S8

S7
S6

S5
S4

S24
S14

S26
S17

S18 S19

S25
S11
S12 S13

S15
S20

S16

S21
S27

S22

Figure 1. Location of study area, distribution of the sampling sites for the benthic community and
environmental variables in the mainstream and other three important tributaries of the Huai River
basin (HRB).

The HRB is an important agriculture production area and the most crowded region in terms of
population and water projects. By 2005, the population had accounted for 13.1% of the national total [23].
There were about 11,000 dams and sluices built by the end of 2010, accounting for approximately
half of those in China [24]. Furthermore, severe channelization, sand mining, and excessive pollutant
discharge have directly disturbed the river ecosystem [25], and the HRB is facing serious risks of water
quality deterioration and ecosystem degradation.

Previous studies have shown that approximately 80% of the reaches of the Huai River were
contaminated by high concentrations of chemical oxygen demand (CODMn) and ammonia nitrogen
(NH3-N) [26,27], and the water quality ranked between Class IV and V of the Environmental Quality
Standard for Surface Water (GB 3838-2002). Meanwhile, the middle parts of the Shaying River and
Guo River were highly polluted by organic pollutants [26]. In addition, 98.15% of the sediments in the
Huai River, particularly the reaches within Anhui Province, were highly enriched with heavy metals
due to anthropogenic activities [27].

2.2. Field Sampling and Data Collection

To better diagnose the riverine ecosystem health of key regions and identify main pollutant
structuring communities, water, sediments, and benthic macroinvertebrates were sampled at 27 sites
(Figure 1). Four field surveys were conducted in summer (August), autumn (November), winter
(January), and spring (April) from 2014 to 2015.

Water samples for chemical analysis were collected at about 50 cm below the river surface,
and were conserved in 500 mL polyethylene bottle with the addition of 1 mL concentrated sulfuric
acid (analytical reagent) to inhibit microbial activity. All water samples were placed in an ice chest
at 4 ◦C, and were analyzed immediately after the samples arrived at the laboratory. Water variables
such as the suspended solids (SS), chemical oxygen demand (CODMn), total nitrogen (TN), ammonia
nitrogen (NH3-N), nitrate nitrogen (NO3

−-N), nitrite nitrogen (NO2
−-N), and total phosphorus (TP)

were measured based on procedures from the National Environment Protection Agency (NEPA, 2012).
Besides this, dissolved oxygen (DO) was measured in situ at all sampling sites with multiparameter
water quality sonde (YSI EXO2, SonTech, OH, USA). For the measurement of NH3-N, NO2

—N,
and NO3

−-N, water samples were filtrated using 0.45 µm nitrocellulose filters. Heavy metals, including
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nickel (Ni), zinc (Zn), copper (Cu), chromium (Cr), cadmium (Cd), lead (Pb), arsenic (As), and mercury
(Hg), were measured via inductively coupled plasma mass spectrometry (ICP-MS, XSERIES 2).

Sediments were collected using grabs at a depth of 0–10 cm and were sealed immediately in
polyethylene airtight bags for heavy metal analysis. Sediment samples were first dried at room temperature.
Subsequently, they were all ground with a mortar and sieved through a 100-mesh nylon, prior to analysis.
Sediment samples (0.2000 g each) were digested with an HCl-HNO3-HF-HClO4 mixture and then measured
by instruments three times. Heavy metals, including Ni, Zn, Cu, Cr, Cd, and Pb were also analyzed by
ICP-MS (XSERIES 2), except for As and Hg, which were digested using HCl-HNO3 and measured by the
reduction gasification-atomic fluorescence spectrophotometer (AFS-230E) method.

Benthic macroinvertebrates were collected simultaneously with water and sediment samples.
Different replicates of samples were collected with a 30 cm wide D-frame kick net of 500µm mesh at each
site, according to the occurrence of different habitats. All samples from the randomly selected sampling
sites were field rinsed on a sieve (500 µm mesh size) to remove silt and detritus. Then, the D-net was
inspected for macroinvertebrates adhering to the mesh. The macroinvertebrates were put into sealed
plastic bags and preserved with 75% ethanol for later classification in the laboratory. Organisms were
mainly identified to the species or genus level with a stereoscopic dissection microscope (LEICA MZ
95). Some groups were only identified to the higher taxonomic level, limited by their identification
ability. For instance, Ephemeroptera, Plecoptera, and Trichoptera larvae were identified to the lowest
taxonomic level, mostly to the genus level, while Odonata, Hemiptera, and Diptera were only identified
to the family level, and the non-insect taxa to the order level. Identification of macroinvertebrates
followed the key of Kawai (1985), Kang (1993), Morse et al. (1994), and Merritt et al. (2008) [28–31].

2.3. Data Analysis

The self-organizing map (SOM) is an adaptive unsupervised learning algorithm [32] and is often
used to visualize and explore linear and non-linear relationships in high-dimensional datasets [33]. Up to
now, this method has been widely used to find out which environmental variables had major influences
on the presence of organisms [34]. SOM consists of two layers of input and output connected with
computational weights [35]. The input layer acquires information from a data matrix (environmental
variables or taxa abundance), whereas the output layer consists of a two-dimensional network of nodes
arranged in a hexagonal lattice. The number of output neurons in an SOM can be selected using the
heuristic rule suggested by Vesanto et al. (2000) [36] and applied in Park et al. (2006) [37]. The optimal
number of map units is close to 5

√
n, where n is the number of training samples. An alternative to

the calculation of eigenvalues is to consider quantization error (QE) and topographic error (TE) [38].
Here, the SOM is trained with different map sizes, and the optimum size is selected based on minimum
values for QE and TE. In general, the more complex the structure of the neural network, the stronger the
ability to deal with non-linear problems, but the training time will be prolonged [39]. This calculation
procedure was realized in the SOM toolbox package (Ver. 2.0, Laboratory of Information and Computer
Science, Espoo, Helsinki, Finland) for Matlab R 2013b.

Detrended correspondence analysis (DCA) was applied using CANOCO (4.5, Centre for Biometry,
Wageningen, Gelderland, the Netherlands) to examine whether redundancy analysis (RDA) or canonical
correspondence analysis (CCA) would be appropriate to analyze the data [40]. If the gradient lengths
analyzed by DCA were higher than three standard deviations, CCA was used to analyze the relationships
between organisms and environmental variables. Prior to the multivariate statistical analysis,
macroinvertebrate abundances were log (x + 1) transformed to obtain homogeneity of variances [41].
After the forward selection and Monte-Carlo permutation test (p < 0.05), ten environmental variables
were selected as independent factors. All data were used together to construct the plots. The nonmetric
multi-dimensional scale (NMDS) was applied to perform the benthic community structure, using
PC-ORD for Windows 4.0 (MjM Software Design, Gleneden Beach, OR, USA) based on the Bray–Curtis
distance measure.
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3. Results

3.1. Environmental Variables

Variations of environmental variables, including DO, SS, CODMn, TN, NH3-N, NO2
−-N, NO3

−-N,
and TP in water columns and Ni, Zn, Cu, Cr, Cd, Pb, As, and Hg in sediments in all seasons across
the HRB are summarized in Figure 2. As a whole, HRB was suffering from a severe contamination in
comparison to other sub-basins, especially for the pollution of TN, Cd, and Pb.

 
Figure 2. The temporal variations of environmental variables, including water quality and 
heavy metals pollution, in sediments at 27 monitoring stations of Huai River basin in the year 
2014–2015. 

3.2. Macroinvertebrate Community Structure 

A total of 10,722 individuals belonging to 3 phyla, 6 classes, 18 orders, 42 families, and 61 
genera were collected from the 103 samples distributed in the typical reaches of HRB in the 
year 2014–2015. Nonparametric multidimensional scaling (NMDS) ordination was performed 
and is shown in Figure 3. The benthic community structure changed with the seasons, and its 
community in summer and winter presented obvious differences, whereas a certain degree of 
similarity was observed in autumn and spring. As shown in Figure 4, in particular, the 
composition of the benthic community based on the number of taxa showed a similar trend 
over seasons, including Gastropoda, Lamellibranchia, Hirudinea, Oligochaeta, Crustacea, and 
Insecta. Among these, Insecta and Gastropoda were the main components of the genera 
collected in the basin, ranging from 51.11% to 59.46% and 18.18% to 31.11%, respectively. 

Figure 2. The temporal variations of environmental variables, including water quality and heavy
metals pollution, in sediments at 27 monitoring stations of Huai River basin in the year 2014–2015.

In water, the DO in winter, with an average value of 9.94 mg/L, was significantly higher than that
in the other seasons (ANOVA: Dunnett T3, p < 0.001). The SS concentrations were lower in summer
and winter, whereas relatively high concentrations occurred in autumn and spring. The mean CODMn

concentration varied between seasons, with the high mean value in spring (13.86 mg/L). The most
severe pollutant was TN, with a water quality level worse than Grade V through the year, and a
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concentration in summer significantly lower than that in the other seasons (ANOVA: Dunnett T3, p <

0.001). NO3
−-N had similar trends to TN, with the lowest concentration in summer, but the highest

concentration of NO3
−-N occurred in winter, which was slightly different to the change in TN. NH3-N

also varied seasonally, with the highest concentration occurring in winter. NO2
−-N and TP levels

had no significant difference among the four periods. Concentrations of heavy metals in water were
relatively low, all of which were detected at the microgram level. In particular, Hg was not detected at
any sampling sites over the seasons.

In sediments, the concentrations of Ni, Zn, Cu, Cr, and Cd had similar trends, with the high
concentrations occurring in autumn. As and Hg levels were relatively stable during the four seasons.
In particular, the average concentration of Cd was highest in autumn and achieved approximately
400 times the background concentration (0.079 mg/kg). The average concentration of Pb was higher in
summer and winter than that in the other two seasons, which were about 4.5 times the background
concentration (23.50 mg/kg) on the whole.

3.2. Macroinvertebrate Community Structure

A total of 10,722 individuals belonging to 3 phyla, 6 classes, 18 orders, 42 families, and 61 genera
were collected from the 103 samples distributed in the typical reaches of HRB in the year 2014–2015.
Nonparametric multidimensional scaling (NMDS) ordination was performed and is shown in Figure 3.
The benthic community structure changed with the seasons, and its community in summer and winter
presented obvious differences, whereas a certain degree of similarity was observed in autumn and
spring. As shown in Figure 4, in particular, the composition of the benthic community based on
the number of taxa showed a similar trend over seasons, including Gastropoda, Lamellibranchia,
Hirudinea, Oligochaeta, Crustacea, and Insecta. Among these, Insecta and Gastropoda were the
main components of the genera collected in the basin, ranging from 51.11% to 59.46% and 18.18% to
31.11%, respectively.

With regard to relative abundance, the five most-abundant taxa of genera also varied 
between seasons (Figure 4). In summer (Figure 4a), the most abundant species was in the genus 
Caridina, representing 46.72% of total abundance, and the other four dominant species were 
within the genera Ceratopsyche, P. striatulus, B. aeruginosa, and Cheumatopsyche sp1. In autumn 
(Figure 4b), the most abundant species was still in the genus Caridina, representing 18.96% of 
total abundance, and the other four dominant species were within the genera Orthocladius, 
Baetis, Cricotopus, and Heptagenia. In winter (Figure 4c), the most abundant species was in the 
genus Cricotopus, representing 48.90% of total abundance, and the other four dominant species 
were within the genera Baetis, Eukierfferiella, Tanypus, and Orthocladius. In spring (Figure 4d), 
the most abundant species in the genus Orthocladius, representing 32.36% of total abundance, 
and the other four dominant species were within the genera Baetis, Caenis, Simuliidae, and 
Caridina.  

 
Figure 3. Nonparametric multidimensional scaling (NMDS) ordination of sampling sites based 
on the relative abundance data of benthic macroinvertebrates across different seasons. 

Figure 3. Nonparametric multidimensional scaling (NMDS) ordination of sampling sites based on the
relative abundance data of benthic macroinvertebrates across different seasons.
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Figure 4. Macroinvertebrate communities of the Huai River basin sampled on summer (a), 
autumn (b), winter (c), and spring (d) in the year 2014–2015. Vertical bars represent relative 
abundances of each taxon from all sites in the study region, with the five most abundant taxa 
labeled. Solid lines depict the asymptotic nature of cumulative relative abundance in these 
communities (right-hand axis). Pie graphs show the composition of macroinvertebrates among 
classes based on the number of taxa. The small pie graphs show the detailed composition of 
Insecta among orders. 

The density and biomass of macroinvertebrates fluctuated sharply throughout seasons 
(Figure 5a). The highest density was recorded in winter (85.20 ind./m2) and the lowest value 
was observed in autumn (27.48 ind./m2). Insecta was an important contributor, which 
accounted for more than 60% of the total number density, except that crustacea exhibited a 
relatively higher percentage than other species in summer (Figure 5b). In contrast, the biomass 
decreased from summer to winter, and then increased over time, showing a maximum value 
of 7.86 g/m2 in summer and a minimum value of 0.57 g/m2 in winter (Figure 5a). The biomass 
of mollusca was remarkably higher than other species, whereas annelida accounted for less 
than 1% of the total biomass in all seasons (Figure 5c). 

 
Figure 5. Seasonal changes of macroinvertebrate density and biomass (a), the percentage of 
different components in density (b), and biomass (c) in the typical reaches of the Huai River 
basin. The ind. represents individuals. 
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Figure 4. Macroinvertebrate communities of the Huai River basin sampled on summer (a), autumn (b),
winter (c), and spring (d) in the year 2014–2015. Vertical bars represent relative abundances of each
taxon from all sites in the study region, with the five most abundant taxa labeled. Solid lines depict the
asymptotic nature of cumulative relative abundance in these communities (right-hand axis). Pie graphs
show the composition of macroinvertebrates among classes based on the number of taxa. The small pie
graphs show the detailed composition of Insecta among orders.

With regard to relative abundance, the five most-abundant taxa of genera also varied between
seasons (Figure 4). In summer (Figure 4a), the most abundant species was in the genus Caridina,
representing 46.72% of total abundance, and the other four dominant species were within the genera
Ceratopsyche, P. striatulus, B. aeruginosa, and Cheumatopsyche sp1. In autumn (Figure 4b), the most
abundant species was still in the genus Caridina, representing 18.96% of total abundance, and the
other four dominant species were within the genera Orthocladius, Baetis, Cricotopus, and Heptagenia.
In winter (Figure 4c), the most abundant species was in the genus Cricotopus, representing 48.90% of
total abundance, and the other four dominant species were within the genera Baetis, Eukierfferiella,
Tanypus, and Orthocladius. In spring (Figure 4d), the most abundant species in the genus Orthocladius,
representing 32.36% of total abundance, and the other four dominant species were within the genera
Baetis, Caenis, Simuliidae, and Caridina.

The density and biomass of macroinvertebrates fluctuated sharply throughout seasons (Figure 5a).
The highest density was recorded in winter (85.20 ind./m2) and the lowest value was observed in
autumn (27.48 ind./m2). Insecta was an important contributor, which accounted for more than 60%
of the total number density, except that crustacea exhibited a relatively higher percentage than other
species in summer (Figure 5b). In contrast, the biomass decreased from summer to winter, and then
increased over time, showing a maximum value of 7.86 g/m2 in summer and a minimum value of
0.57 g/m2 in winter (Figure 5a). The biomass of mollusca was remarkably higher than other species,
whereas annelida accounted for less than 1% of the total biomass in all seasons (Figure 5c).
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Figure 5. Seasonal changes of macroinvertebrate density and biomass (a), the percentage of different
components in density (b), and biomass (c) in the typical reaches of the Huai River basin. The ind.
represents individuals.

3.3. Macroinvertebrate Community Structure in Relation to Environmental Variables

The macroinvertebrate communities were patterned according to the similarity of community
compositions through training the SOM (54 = 9 × 6) (Figure 6). The sampling sites were reasonably well
distributed in the SOM (Figure 6a), and the final values of QE and TE were 1.1499 and 0, respectively,
indicating a good fit for the SOM training. According to the cluster analysis of k-means, seven main
clusters were formed under the minimum principle of the Davies–Bouldin index (DBI) (Figure 6a).
Six dominant species were associated with different clusters under a variety of pollution gradients
(Figure 6b). Clusters V and VI were two larger groups located on the left of the SOM map, which
were dominated by Bellamya aeruginosa. Clusters I, II and III were located in the bottom fourth of
the SOM map, and were dominated by Caridina, Orthocladius, Cricotopus, and Baetis. Among them,
the sampling sites in Cluster I were distributed in the upstream of the Huai river mainstream and
Shaying River. The sampling sites in Cluster II were only distributed in the headwater region of
Shaying River, and the sampling sites in Cluster III were only distributed in the headwater region
of Huai river mainstream. Clusters IV and VII were located on the right of the SOM map, and were
dominated by Eukiefferiella thienemann.

Twenty-four environmental variables involving water and sediments were observed at the sites and
clustered in the SOM (Figure 7). Through the comparison and analysis of Figures 6 and 7, the qualitative
influence of each pollutant on the benthic community structure can be clearly seen. In particular, none
of the six dominant species adapted to the high concentration of SS. However, the influence of TN on
the benthic community structure was not an absolutely negative effect. For example, E. thienemann
could largely survive under a high concentration of TN, whereas the abundance of B. aeruginosa could
be highly affected by TN. Meanwhile, E. thienemann was still positive with the high concentration of
NH3-N, and the influence caused by NO3

−-N presented a similar trend with TN. The concentrations of
CODMn, NO2

—N, and TP had no significant influence on the benthic community. As for the heavy
metals in water with relatively low concentrations, they posed no regular influence on the benthic
community, and even some positive effects were observed, like Cd on Cricotopus and Baetis, and As
on Caridina. However, for the heavy metals in sediments, the abundance of E. thienemann showed a
negative effect on the Hg concentration, and the pollution of Cu, Cd, and As generally posed negative
effects on the benthic community.
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Figure 6. (a): distribution and clustering of samples on the self-organizing map (SOM) according to the abundance of 72 macroinvertebrate taxa. Codes within each
hexagon correspond to individual samples (S: summer, A: autumn, W: winter, P: spring, 01–27 sampling stations) which were derived from the k-means algorithm
applied to the weights of the 72 taxa in the 60 output neurons of the SOM; (b): profile of abundance of the prevalent taxa matched to clusters based on the trained SOM.
The values in the vertical bar indicate densities (individuals/m2).
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Figure 7. Visualization of environmental variables in waters and sediments. The mean value
for each variable was calculated in each output neuron of the SOM previously trained with
macroinvertebrate data.

Results obtained from CCA showed strong relationships between the macroinvertebrate
community and environmental variables (Figure 8). After the forward selection and Monte Carlo
permutation test (p < 0.05), 11 environmental variables, mainly including TN, TP, NH3-N, and Cd
in water and Ni, Zn, Cu, Cr, Cd, Hg, and As in sediments, were selected and could interpret 69.60%
of data variability in the first two axes. The species–environment correlations of CCA axes 1 and
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2 were 0.908 and 0.892, respectively, and the first two axes accounted for 41.40% of the variance of
species–environment relationship.

Of these, Hg, As, Cd, and Zn were the most important representative factors in sediments, and TN
and NH3-N were the most significant representative factors in water. Hg pollution was the first
important factor, and most of the species, such as R. swinhoei, Orthocladius, Oligochaeta, and E. thienemann,
showed a negative correlation with Hg level, whereas P. striatulus, Caenis, and Baetis presented their
preferences to the relatively higher level of Hg. In addition, E. thienemann and Oligochaeta were
strongly positive with TN. Orthocladius and R. swinhoei showed preferences to As and B. aeruginosa.
Moreover, Caridina was positive to the levels of Cu and Ni, but negatively related to the levels of Cd
and Zn.
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4. Discussion

With the rapid development of the economy, water quality deterioration has become a prominent
issue threatening river ecological health and water security throughout the world [42]. HRB, as the
sixth largest basin in China, is faced with the most severe pollution, both in water and sediments,
which is closely related to the industrial structure, environmental management, and the surrounding
land use. Due to the construction of wastewater treatment plants and pipeline networks, point source
pollution has been effectively controlled, and urban domestic sewage for COD has decreased by 44.57%
from 1993 to 2005 [26]. Of course, some wastewater randomly discharged by small enterprises with
no permission could be another important factor for water quality degradation in the HRB, which is
usually accompanied by the occurrence of sudden pollution events. Additionally, non-point source
pollution arising from the daily lives of village residents and framing might be an underlying and
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increasing driving factor for the deterioration of water quality. Besides this, various types of land use
also have significant influences on the degradation of water quality. In the HRB, as the first leading
industry and the contribution of agricultural non-point source pollution, agriculture could account for
almost 70% of the total pollutants during the flood season, especially for the SS and nutrients [5,43].
In this study, the high concentrations of nutrients (N, P) observed in the typical reaches of the HRB were
probably due to the use of too much fertilizer in agricultural activities. Water quality improvement
during the flood season could be further attributed to the dilution function of rivers. However, a large
number of tannery and electroplating factories distributed in the HRB might be the main point source
contributing to the heavy metal pollution. For instance, Shaying River flows through an area of
paper mills and tanneries, where high concentrations of metals were observed. With regard to the
spatio–temporal variation in pollutants in surface sediments, this may be attributed to the highly
regulated sluices closed for water supply in the non-flood season and opened for flood control in the
flood season [26,44].

So far, in addition to a focus on how to reduce the concentration of pollutants, we are more
concerned with their ecological effects under the proposal of water ecological civilization construction.
Benthic macroinvertebrates, as the middle ecological niche in the aquatic food chains, have a lot of
advantages in evaluating the water ecological health when compared to other aquatic organisms [15,20].
They survive perennially in the water–sediment interface and are highly sensitive to the pollutants both
in the water and sediment. In recent years, many studies have demonstrated that the benthic community
structure is highly correlated with environmental variables, including physical and chemical factors,
which have therefore been considered as outstanding indicators for environmental conditions [7,45].

Understanding the drivers of community structure is a fundamental work for adequately
controlling pollutants and managing ecosystems. In this study, community–environment relationships
were established by SOM and CCA and received reliable results by complementing and verifying
each other. The SOM approach can complete the site clustering, based on the similarity of community
structure and present visualization effects. Our study suggested that several chemical parameters,
such as TN and NH3-N in water, as well as some heavy metals in sediment, such as Hg, As, Cd, and Zn,
had the largest contribution to the macroinvertebrate taxonomic variation. Due to the sensitivity
difference of species to different environmental pollutants, the influential mechanisms of environmental
factors on organisms are various. Some of these factors, particularly nutrient concentrations, have
a direct influence on primary production characteristics and food availability, as well as on the
dispersal and reproduction of benthic macroinvertebrates [46]. Previous studies showed that nutrients
(N, P) can cause eutrophication with a change of benthic algal composition [47], and further affect
macroinvertebrate assemblages by bottom-up regulation [48]. On the other hand, they can also easily
change the DO concentration and the transparency of water [16]. These two aspects may be the main
reasons for the influence of nutrients on the structure of benthic communities.

This study found that heavy metals in water and sediment can have an impact on benthic
fauna to different degrees, but the effects of heavy metals in sediments explained a larger part of
the variation in the benthic community structure. Zhang et al. (2014) fund that Cu, Zn, and Pb in
sediment were the main elements affecting the benthic community structure in the Baiyang, especially
for insects [49]. Iwasaki and Ormerod (2012) showed that the total abundance and richness of
Trichoptera had strong negative correlations with heavy metals [50]. Thus, we can conclude from the
above results that different heavy metals have different effects on the benthic community in different
water periods, and the influence of heavy metals on macroinvertebrates is mainly attributed to their
genotoxic and neurotoxic effects, which can further affect many physiological and cellular processes in
different macroinvertebrates [51,52]. However, the response difference of benthic communities to heavy
metals can be modified by chemical conditions, tolerance values, biomass, community composition,
and species interactions [53]. For example, it has been found that some Ephemeroptera and Trichoptera
taxa were highly tolerant of metals [54]. Thus, facing the community–environment relationships,
the more factors are considered, the more accurate the results are.
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However, it is also worth mentioning that some limitations still exist in this study. For example,
the effects of physical factors, including hydrological conditions, habitat type, and riparian vegetation
on the benthic community structure are currently not considered. Secondly, we only focused on the
effects of conventional water quality parameters and heavy metals on macroinvertebrates, ignoring the
other toxic organic matters, such as pesticides. Additionally, the data analysis method applied in this
study generally still stays on the qualitative level. However, omitting these effects at the current stage
did not represent an oversimplification. In the next work, more factors will be focused on during the
field study and the specific quantitative study on environmental variables on the individual of benthos
under controlled laboratory will be soon addressed. In a possible situation, we can further study the
toxic-mode-of-action of different chemical classes to macroinvertebrates by molecular biotechnology.

5. Conclusions

The abundance and diversity of benthic macroinvertebrates, as well as chemical parameters, were
investigated quarterly in the HRB, and the impacts of environmental variables on macroinvertebrate
assemblages were determined clearly. Our results showed that the benthic community structure showed
significant spatial and temporal heterogeneity along the different pollutant levels, but it was always
dominated by gastropoda and insecta throughout the year. Dominant species in the studied area were
B. aeruginosa, Caridina, Cricotopus, E. thienemann, Orthocladius, and Baetis. Community–environment
relationships were analyzed by a combination of SOM and CCA, indicating that TN and NH3-N
in water and Hg, As, Cd, and Zn in sediments were the main factors structuring the community.
Meanwhile, results also revealed that heavy metals in sediments explained a larger part of the variation
in the benthic community structure as compared to other water parameters. Hence, these main factors
could be listed as priority pollutants for river ecological management in the HRB, and macroinvertebrate
assemblages could also be used as a biomonitoring tool to better assess water quality in the river system.
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