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The habitat type and trophic state determine benthic macroinvertebrate
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ABSTRACT

Benthic macroinvertebrates play important roles in shallow lake ecosystems. Several studies based on qualitative comparisons of
the amount of macrophytes were carried out to relate benthic macroinvertebrate assemblages to habitat conditions in shallow lakes.
Our main aim was to analyze the effects of habitat type and trophic state on taxonomic composition and abundance of benthic macroin-
vertebrates in lowland shallow lakes based on quantitative classification of habitat types. The benthic macroinvertebrate assemblages
were investigated in eight shallow lakes of eastern China in four seasons. A total of 33 species was collected from these lakes, including
Jfour Oligochaeta, eight Chironomidae, eight Gastropoda, four Bivalvia and nine other miscellaneous species. According to the ratio of
the dry weight of macrophytes to the dry weight of phytoplankton, the study lakes were separated into three lake types; macrophyte-
dominated, transitional, and algae-dominated regions. The total abundance of macroinvertebrates was significantly higher in the group
of algae-dominated regions than in the macrophyte-dominated regions. Scrapers had the highest abundance in the macrophyte-domi-
nated regions. Univariate and multivariate analyses results showed that abundance, biomass and characteristic species of benthic
macroinvertebrates were affected by their habitat types. The abundance and biomass of macroinvertebrates showed significant positive
correlations with the trophic state index (TSI). TSI and turbidity were significantly correlated with DC1 (Axis 1 of detrended corre-
spondence analysis), while Chlorophyll a and the ratio of the dry weight of macrophytes to the dry weight of phytoplankton were sig-
nificantly correlated with DC2. The findings indicated that the habitat type and trophic state were the key factors determining the
structure of macroinvertebrate assemblages in lowland shallow lakes. Our study was one of the few studies that had demonstrated the
distinct influence of habitat type on macroinvertebrate assemblages in shallow lakes according to the ratio of the dry weight of macro-
phytes to the dry weight of phytoplankton.
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INTRODUCTION al.,2001). Bachmann ef al. (2002) devised an operational
definition for the lake habitat types of the macrophyte-
dominated, transitional, and algaec-dominated lakes. Un-
fortunately, only few studies were carried out in shallow
lakes on quantitative classification of habitat types (Bach-
mann ef al., 2002; Hu et al., 2014).

Benthic macroinvertebrates are an important factor in-
fluencing the function of shallow lakes (Lindegaard, 1994).
They consume detritus and algae and provide food to other
aquatic animals (Palmer et al., 2000; Al-Shami et al., 2010).
They also change the physical-chemical parameters of

Lakes are globally recognized as being particularly
important for plankton, macroinvertebrate, aquatic plant
and fish conservation, contributing highly to freshwater
biodiversity at a regional scale (Bazzanti ef al., 2010).
Shallow lakes differ from deep ones by the lack of per-
manent water stratification, which increases the impact of
water-sediment interface processes upon a lake ecosystem
(Schefter, 1998). Furthermore, shallow lakes are often lo-
cated in lowland regions that are significantly affected by

anthropogenic disturbances (Havens et al. 2007). Eu-
trophication has been considered a major threat to shallow
lakes in lowland areas of the world (Havens et al. 2007,
Heisler et al., 2008). The most common effects of eu-
trophication in shallow lakes are excessive increases in
the productivity and biomass of algae or macrophytes. Ac-
cording to the theory of alternative stable states, there is
the shift from a macrophyte-dominated clear water state
to a turbid state dominated by phytoplankton (Scheffer et

press

N

water and sediments (Covich et al., 1999; Vaughn and Hak-
enkamp, 2001; Longhi et al., 2013) and facilitate energy
flows and nutrient cycling in shallow lake ecosystems
(Covich et al., 1999; Vanni, 2002). Therefore, it’s necessary
to reveal factors determining the taxonomic composition
and structure of macroinvertebrates in the open water zone
of shallow lakes (Zbikowski and Kobak, 2007). It has been
shown that benthic macroinvertebrate distribution is af-
fected by sediment quality, contaminants, biotic factors,
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oxygen conditions and macrophytes (Mackay, 1992; Phipps
et al., 1995; Dinsmore and Prepas, 1997; Weatherhead and
James, 2001; Cai ef al., 2011). In addition, macroinverte-
brate indices have been used frequently for evaluating
aquatic ecosystem health combined with water quality
monitoring (Song et al., 2007; Gabriels et al., 2010; Keizer-
Viek et al., 2012; Clews et al., 2014; Traversetti et al.,
2015). Therefore, understanding the strucuture of macroin-
vertebrate assemblages and the relationship with habitat
type and environmental variables is essential to conserva-
tion of shallow lake ecosystems (Principe and Corigliano,
2006; Wang et al., 2007; Chen et al., 2013).
Microdistribution of macroinvertebrates is well known
in rivers and lakes where most results indicate that envi-
ronmental aspects, including the heterogeneity of habitats,
are generally mainly responsible for the spatial distribu-
tion of taxa in these freshwater ecosystems (Statzner and
Higler, 1986; Lloyd et al., 2006; Bazzanti et al., 2010).
Several studies have attempted to relate the benthic as-
semblage to habitat conditions in shallow lakes (Hargeby
et al., 1994; Zbikowski and Kobak, 2007; Cai et al., 2011;
Caiet al.,2012; Pan et al., 2012). However, these studies
were conducted based on qualitative comparisons of the
amount of macrophytes (Zbikowski and Kobak, 2007; Cai
et al., 2011; Pan et al., 2012). Thus, further studies are

still needed on the benthic macroinvertebrate assemblage
structure and the possibility of regulating factors in shal-
low lakes. The aim of our research was to elucidate the
effects of habitat type and trophic state on taxonomic
composition and abundance of benthic macroinvertebrates
in some shallow lakes of China based on quantitative clas-
sification of habitat types.

METHODS
Study area

This study focuses on eight shallow lakes in eastern
China (Fig. 1). These lakes are located in a subtropical to
temperate humid monsoon climate zone with an annual av-
erage temperature of 13.5-16.0°C and an annual average
precipitation of 779-1431 mm (Wang and Dou, 1998). They
are also a prominent feature in the landscape of the lowlands
of eastern China, with water levels ranging from 3.14 to
23.00 m and lake surface areas ranging from 3.7 to 2338
km?(Wang and Dou, 1998). Lake Taihu and Lake Hongze
were the third and fourth largest freshwater lakes in China,
respectively. A total of 42 sites were collected as follows:
fifteen, eight, and four sampling sites were selected in Lakes
Taihu, Hongze and Gucheng, respectively, and three sam-
pling sites were arranged in the other five lakes (Fig. 1).

Fig. 1. Map of eight lakes in Jiangsu province. Solid circles represent the sampling sites in these lakes. LM, Lake Luoma; HZ, Lake
Hongze; BM, Lake Baima; GY, Lake Gaoyou; XW, Lake Xuanwu; SJ, Lake Shijiu; GC, Lake Gucheng; TH, Lake Taihu. Ta included
the seven sampling sites located in the algae-dominated regions of Lake Taihu, Tm included the four sampling sites located in the
macrophyte-dominated regions of Lake Taihu, Tt included the remaining four sampling sites located in the transitional regions between

these two types of habitat of Lake Taihu.
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Macroinvertebrate sampling and laboratory
processing

Benthic samples were collected quarterly at these sta-
tions in July and October of 2011 and February and April
of 2012. Samples were collected using a 0.0625 m? modi-
fied Peterson grab, with two replicate grabs comprising a
sample, and were washed in situ through a 250-um sieve.
The animals were preserved in 5% buffered formalin solu-
tion and the samples were led to the laboratory for identi-
fication. Organisms were identified to the lowest feasible
taxonomic level, counted, blotted dry and weighed on an
electronic balance to determine wet weight.

Measurement of environmental parameters

Water samples were collected simultaneously from 0.5
m below the water surface using a synthetic glass water sam-
pler in the shallow lakes. Samples were taken in PVC flasks
for analysis of chlorophyll a (Chl-a) and nutrient contents.
Water depth was estimated with a portable ultrasonic water
depth sensor. A 30-cm Secchi disk was used to detect trans-
parency (Trans) in situ. Electrical conductivity, oxidation-re-
duction potential (ORP), pH, turbidity and dissolved oxygen
(DO) were measured at each station with a Multi-Parameter
Water Quality Instrument YSI6600V2. Total nitrogen (TN),
total phosphorus (TP) and chemical oxygen demand (COD)
in the water column were measured in the laboratory accord-
ing to standard methods (Jin and Tu, 1990). Chlorophyll a
(Chl-a) content was calculated according to Lorenzen (1967)
from spectrophotometric measurements after extraction in
90% hot ethanol. Meanwhile, the dissolved organic carbon
(DOC) content was analyzed by SHIMADZU TOC-5000A
in State Key Laboratory of Pollution Control and Resource
Reuse, China. The error estimates were calculated as the dif-
ferences compared to the detected measurements with the
average value of the triplicates.

Based on macrophyte coverage, 5-10 quadrats were se-
lected around the sampling sites in the lakes when macro-
phytes were present. A single 0.25 m? sample of
macrophytes was taken in each quadrat and each species
was recorded. The sampled macrophytes were placed into
nylon mesh bags, which were spun to remove excess water,
and weighed using an electronic balance. The sampled
macrophytes were taken back to the laboratory as soon as
possible after sampling. Dry weights of macrophytes were
measured after at least 6 h drying at 105°C. The average
dry weights of emergent, floating-leaved, and submersed
plants (g m™2) were determined for each sampling site.
Areal average content of macrophytes was converted to dry
weight per unit volume divided by the mean water depth.

Data analysis

According to the operational definition for lake types
devised by Bachmann et al. (2002), the lakes were con-

sidered as macrophyte-dominated lakes when the dry
weight ratio of macrophytes to phytoplankton (Rmp) was
more than 100. The lakes were considered as algae-dom-
inated lakes when the dry weight ratio of macrophytes to
phytoplankton was less than 1. The remaining lakes were
considered as transitional type. Dry weights of phyto-
plankton were estimated with the chlorophyll a values
multiplied by 70 (Bachmann et al., 2002).

The classical Carlson trophic state index (Carlson,
1977) developed by Jin and Tu (1990) was taken to assess
the trophic status of these shallow lakes. The trophic state
index (TSI) was calculated using five limnological param-
eters including Chl-a (ug L), TN (mg L™!), TP (mg L),
Transparency (m) and COD (mg L!). The comprehensive
TSI was calculated according to the following equation:

TSI(S) = Evng X TSI(j) (eq. 1)

where 7SI(j) is the j-th trophic state index for the j-th in-
dicator, W, is the weighting factor for the j-th indicator,
and n is the total number of assessment indicators. For
Chinese lakes, the W, values of Chl-a, TP, TN, Trans-
parency and COD could be calculated as 0.2663, 0.1879,
0.1790, 0.1834 and 0.1834, respectively (Jin, 1995).

The equations for single parameters are (Jin, 1995):

TSI(Chl-a)=10%(2.500+1.086xInChl-a) (eq.2)
TSI(TP)=10%(9.436+1.624XInTP) (eq. 3)
TSI(TN)=10x%(5.453+1.694xInTN) (eq. 4)
TSI(Trans)=10x%(5.118-1.940xInTrans) (eq. 5)
TSI(COD)=10%(0.109+2.661xInCOD) (eq. 6)

Prior to analysis, the abundance and biomass data were
converted to individual m and wet weight g m™2, respec-
tively. We averaged the biological and environmental data
across the sampling sites in each lake. The biological and
environmental data were also averaged across the four times
when we focused on the effects of habitat type and trophic
state on benthic macroinvertebrate assemblages. Simple de-
scriptors of assemblage structure were calculated, including
the abundance and biomass of total macroinvertebrates and
the four common taxonomic groups (Oligochaeta, Bivalvia,
Gastropoda and Chironomidae). Species were also divided
into five functional feeding groups (gatherers, filterers,
predators, scrapers and shredders) according to their food
source and feeding mechanism. The relative contribution
of the five functional feeding groups was evaluated in terms
of abundance. Variations of these descriptors among various
lake types were tested by one-way ANOVA following a post
hoc Tukey test, which was performed with the SPSS 13.0
statistical package.
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midae, eight Gastropoda, four Bivalvia and nine other
miscellaneous species (Supplementary Tab. 1). In general,
Oligochacta, Gastropoda and Bivalvia were the dominant
taxa in the three habitats (Fig. 2). Concerning the abun-
dance of the four common taxonomic groups, the algae-
dominated regions and transitional regions were
dominated by Oligochaeta and Bivalvia. In contrast, a sig-
nificantly higher abundance of Gastropoda was observed
in the macrophyte-dominated regions compared with the
algae-dominated regions and transitional regions (Fig. 2).
In contrast to abundance, the total biomass was dominated
by Bivalvia and Gastropoda, due to their relatively large
body sizes and the total biomass of macroinvertebrates
did not exhibit significant differences among habitats
(Fig. 2). By assigning individuals to their feeding groups,
gatherers represented a relatively high proportion of the
total abundance in most of the study lakes (Fig. 3). In con-
trast, scrapers showed the highest abundance in the
macrophyte-dominated regions and accounted for 82.22%
and 63.23% of the total abundance in Lake Baima (BM)
and the macrophyte-dominated regions of Lake Taihu
(Tm), respectively (Fig. 3). Predators and shredders ac-
counted for small percentages of the total abundance in
all habitats (Fig. 3).

The total abundance of macroinvertebrates was signif-
icantly higher in the algae-dominated regions (mean,
356.77 ind. m2) than in the macrophyte-dominated regions
(124.21 ind. m) (P<0.05 by one-way ANOVA). In con-
trast to abundance, the total biomass of macroinvertebrates
was not significantly different among the three habitats
(Fig. 4). Correlation analysis revealed that the abundance
of macroinvertebrates had significant negative correlation
with the dry weight ratio of macrophytes to phytoplankton
(P<0.01). There was no significant correlation between the
biomass of macroinvertebrates and the dry weight ratio of
macrophytes to phytoplankton (Fig. 5a). In contrast, the
abundance and biomass of macroinvertebrates had signifi-
cant positive correlations with the trophic state index of
lake water body (P<0.01) (Fig. 5b).

Multivariate analyses

One-way ANOSIM analyses also indicated that the
benthic assemblage differed significantly between the
algae-dominated regions and macrophyte-dominated re-
gions (Tab. 2). The SIMPER procedures indicated that the
algae-dominated regions were mainly characterized by
species of Oligochaeta (Branchiura sowerbyi and
Limnodrilus hoffmeisteri), Gastropoda (Bellamya aerug-
inosa) and Bivalvia (Corbicula fluminea) (Tab. 3).
Nephtys oligobranchia and Notomastus latericeus were
also important species in the algae-dominated regions.
Benthic assemblages characterized in the transitional re-
gions were species of Oligochaeta (B. sowerbyi and L.
hoffmeisteri), Chironomidae (Chironomus semireductus),

Gastropoda (B. aeruginosa) and Bivalvia (C. fluminea)
(Tab. 3). In contrast, the macrophyte-dominated regions
were mainly characterized by gastropods (Tab. 3). No-
tably, some species (e.g., B. sowerbyi, L. hoffmeisteri, B.
aeruginosa and C. fluminea) characterized two or three
habitats. However, the abundance of these species varied
greatly among habitats (Tab. 3). The DCA analysis
showed that a clear distinction was obtained between
macrophyte-dominated regions and algae-dominated re-
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Fig. 2. The relative abundance and biomass of the four common
taxonomic groups in the studied lakes. A, algae-dominated re-
gions; T, transitional regions; M, macrophyte-dominated regions.
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gions (Fig. 6). The first two axes had eigenvalues of 0.612
and 0.306, respectively. TSI and turbidity were signifi-
cantly correlated with DC1, while Chl-a and Rmp were
significantly correlated with DC2 (Tab. 4).

DISCUSSION

Relationship between benthic macroinvertebrate
assemblages and habitats

Our findings showed that abundance and characteristic
species of macroinvertebrates differed significantly among
the three habitats. The total abundance of macroinverte-
brates was significantly higher in the algae-dominated re-
gions than in the macrophyte-dominated regions (Fig. 4).
In fact, macrophyte-dominated lake regions were covered
by dense aquatic macrophytes in our study. The dry weight
ratio of macrophytes to phytoplankton is an operational def-
inition for lake habitats devised by Bachmann et al. (2002),
and showed significant negative correlation with the abun-
dance of macroinvertebrates (Fig. 5). Notably, the abun-
dance of some species (e.g., B. sowerbyi, L. hoffineisteri, B.
aeruginosa and C. fluminea) varied greatly among habitats
(Tab. 3), suggesting that the differences in the benthic as-
semblage between habitats mainly resulted from differences
in the abundance of the taxa among various lake types.

Some previous studies have shown that there was a
positive effect of macrophytes on benthic macroinverte-
brate assemblages (Hargeby et al., 1994; Zbikowski and
Kobak, 2007; Cai et al., 2011). Generally, macrophytes
can provide habitats and foods for aquatic animals, which
can increase spatial heterogeneity and allow more species
of various ecological niches to coexist in a macrophyte-
dominated lake (Padial et al., 2009; Bazzanti et al., 2010;
Robinson and Doering, 2013). In addition, macrophytes
provide more surface area for attachment by periphytons,
which are a major component in the diet of macroinver-
tebrates (Jones et al., 1999; Cai et al., 2011). Our findings
showed that scrapers had the highest abundance in the
macrophyte-dominated regions (Fig. 3). Moreover, the ac-
tivities of gastropods could effectively remove the organ-
ism layer on the surface of macrophytes, which benefitted
the growth of aquatic plants. The macrophyte-dominated
regions were mainly characterized by gastropods (Pan et
al., 2012) and very few individuals were collected in the
other habitats. Our findings are in accordance with the
snail-macrophyte-epiphyte mutualistic hypothesis, which

proposes that gastropods, macrophytes and periphytons
could form a structure of mutualistic (Thomas, 1990; Un-
derwood ef al., 1992). In contrast, there is no such space
structure in the algae-dominated regions, which could not
provide the diversity of food conditions and restrict the
species diversity, but some adaptive macroinvertebrates
could increase to large numbers. For example, L.
hoffmeisteri was one of characteristic species with the
high mean abundance (156.97 ind. m) in the algae-dom-
inated regions (Tab. 3).
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Fig. 4. Box-plots of benthic macroinvertebrate abundance and
biomass in different habitats. The black and white dashed lines,
lower and upper edges and bars of the boxes represent median
and mean values, 25" and 75" percentiles and 10" and 90" per-
centiles, respectively. Different letters (a and b) indicate a sig-
nificant difference between values, and ab indicates no
significant difference between the values with those given a
same letter (a or b), P<0.05 by one-way ANOVA.

Tab. 2. One-way analysis of similarities (ANOSIM) of macroinvertebrate assemblage in different habitats.

Algae-dominated regions vs transitional regions 67.79 0.042 0.43
Algae-dominated regions vs macrophyte-dominated regions 82.07 0.521 0.03
Transitional regions vs macrophyte-dominated regions 74.15 0.458 0.03
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Influence of eutrophication on benthic
macroinvertebrate assemblages

Benthic macroinvertebrates are used as indicators of
pollution because of their sensitive to changes in physic-
ochemical factors (Keizer-Vlek et al., 2012). Macroinver-

tebrates form an important component of an aquatic
ecosystem and have functional importance in assessing
the trophic status of that ecosystem (Traversetti et al.,
2014). Since the abundance of benthic fauna depends on
the physical and chemical properties of the substratum,
changes of the benthic assemblage are indicative of
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Fig. 5. Relationships between abundance, biomass of benthic macroinvertebrates and (a) dry weight ratio of macrophytes to phyto-
plankton (Rmp) and (b) trophic state index (TSI). Zero values of Rmp were plotted as 0.01.

Tab. 3. Mean abundance (ind. m) of characteristic species for different habitats and their contributions (%) to within-group similarity.
The mean abundance of characteristic species and their contribution were calculated until the cumulative percentage reached 80%.

Oligochaeta
Branchiura sowerbyi 20.08 18.76 26.89 21.02 2.01 8.34
Limnodrilus hoffineisteri 156.97 31.72 15.76 10.80
Chironomidae
Chironomus semireductus 19.73 20.01
Gastropoda
Bellamya aeruginosa 22.66 6.75 7.69 20.33 16.06 31.33
Alocinma longicornis 10.62 25.36
Parafossarulus striatulus 9.30 20.99
Bivalvia
Corbicula fluminea 67.54 14.51 19.35 9.85
Others
Nephtys oligobranchia 9.10 4.68
Notomastus latericeus 17.39 4.98
Total 293.74 81.40 89.42 82.01 37.99 86.02
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changes in the quality of water and habitat (Rashid and
Pandit, 2014). Trophic state index is certainly an impor-
tant aspect of lake water quality assessment (Yang ef al.,
2012; Hu et al., 2014). Correlation analysis revealed that
the abundance and biomass of macroinvertebrates had sig-
nificant positive correlations with the trophic state index.
In addition, TSI was significantly correlated with DC1 in
the DCA analysis, which indicated that eutrophication
could be one of the main forces structuring the benthic
macroinvertebrate communities.

Macroinvertebrate assemblages were characterized by
a lower abundance of Gastropoda and a higher abundance
of Oligochaeta and Bivalvia in the algae-dominated re-
gions and transitional regions (Tab. 3). In fact, most lakes
have endured a long period of eutrophication in the
Jiangsu province since the 1980s (Wang and Dou, 1998).
In the algae-dominated regions, the major impact of eu-
trophication is the occurrence of algal blooms in summer,
and the decomposition of algae can significantly decrease
or deplete the oxygen content at the water-sediment inter-
face (Caiet al.,2011; Duan et al., 2015). The low oxygen
content will strongly influence the survival of some ben-
thic fauna (e.g., reducing the anti-predation behaviors and
survivorship of C. fluminea) (Saloom and Duncan, 2005).
Furthermore, a large population of toxin-producing
cyanobacteria can produce a high concentration of Cyan-
otoxin (mainly Microcystins in the study lakes). B. aeru-
gionsa was observed to accumulate a concentration of
Microcystins that was several times higher than the WHO
guideline value (Song et al., 2007). Gérard et al. (2009)
found that the relative abundance of prosobranchs, pul-
monates and bivalves decreased significantly after
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cyanobacteria blooms. As a result, the frequent cyanobac-
terial blooms may have a seriously negative effect on
some Gastropoda while having little adverse impact on
Chironomidae and Tubificidae (Cai et al., 2011). There-
fore, the severe environment may favor the Chironomidae
and Tubidicidae but inhibit the Gastropoda in the algae-
dominated regions and transitional regions (Tab. 3).
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Fig. 6. Scatter plot of the two first detrended correspondence
axis obtained by using the environmental parameters.

Tab. 4. Values of correlation coefficients between considered parameters and the first two components of the detrended correspondence

analysis (significant correlations at P<0.05 are underlined).

Transparency (m) -0.222 0.168
Depth (m) 0.239 0.101
Conductivity (mS m™) 0.185 0.102
ORP (mV) -0.106 0.169
pH -0.111 -0.180
Turbidity (NTU) 0.385 -0.188
DO (mg L) -0.145 0.173
TN (mg L) 0.216 0.035
TP (mg L) 0.161 -0.306
DOC (mgL™) 0.056 0.031
COD (mg L) -0.117 0.095
Chl-a (ug L™ -0.159 -0.353
Rmp -0.046 0.335
TSI 0.402 -0.308

ORP, oxidation-reduction potential;, DO, dissolved oxygen; Rmp, ratio of the dry weight of macrophytes to the dry weight of phytoplankton; TSI, tropic

state index.
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CONCLUSIONS

Eight lowland shallow lakes of China were studied to
examine the effects of habitat type and trophic state on
benthic macroinvertebrate assemblages. Our findings
showed that the macroinvertebrate assemblage structure
can be highly variable among the three habitats in shallow
lakes. Furthermore, there were clear relationships between
assemblage structure and trophic state in shallow lakes.
Our study is one of the few that has demonstrated the dis-
tinct influence of habitat type on macroinvertebrate as-
semblages in shallow lakes according to the ratio of the
dry weight of macrophytes to the dry weight of phyto-
plankton. These findings will assist lake management by
providing a better understanding of the potential impacts
of increased nutrient loadings and regime shifts on
macroinvertebrate assemblages in shallow lakes.
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