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ABSTRACT: Lake Chaohu, the fifth largest freshwater lake in China, has been subjected to severe
eutrophication and cyanobacterial blooms over the past few decades. However, little is known
about the macrozoobenthic assemblages in this lake. To characterize the community structure and
spatiotemporal patterns of macrozoobenthos in Lake Chaohu and to elucidate the environmental
factors that regulate the benthic community, a bimonthly investigation was conducted at 9 stations
from September 2002 to July 2003. Principal component analysis suggested that there was a
decrease in trophic status from west to east in this lake. A total of 19 taxa were recorded, and the
most abundant organisms were members of Oligochaeta and Chironomidae. Two-way ANOSIM
indicated significant differences in community structure among stations (R = 0.417, p < 0.001) but
not among months (R = 0.058, p = 0.128). Mantel tests showed that spatial changes in macrozoobenthic assemblages were similar across most sampling occasions. A BIO-ENV analysis
showed that the concentrations of total nitrogen, total phosphorus, ammonium and dissolved oxygen in the benthic layer were strongly correlated to the community structure of macrozoobenthos
in Lake Chaohu. Compared with a study conducted in 1980 to 1981, benthic assemblages shifted
from dominance by Corbicula fluminea and gastropods to dominance by oligochaetes and chironomids in the present study. Our results have implications for benthic biodiversity conservation
in shallow lakes along the Yangtze River undergoing eutrophication.
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There is a clear relationship between the eutrophication of fresh water, and human sources of nutrients such as fish culture, urban and agricultural
runoff, industrial wastes and domestic sewage effluents (Heisler et al. 2008). Under certain conditions,
an excess of nutrients can fuel excessive growth of
phytoplankton, which can reduce light penetration,
limit macrophyte growth, and create oxygen depletion through algal decomposition (Smith et al. 2006).
Such conditions threaten the abundance and diversity of commercially and scientifically important bio-

logical resources. Moreover, increased nutrient loading may confer competitive advantages to harmful
algal blooms (HABs) over other algal species (Anderson et al. 2002). HABs exert great pressure on freshwater ecosystems, either due to production of toxins
or to the manner in which high biomass alters food
web dynamics.
In the middle and lower Yangtze River drainage
basin, there are ~108 freshwater lakes with a surface
area >10 km2 that account for 51.3% of the total
freshwater lake area in China (Wang & Dou 1998).
These lakes are all shallow lakes and are subject to
disturbances by natural and human activities (Liu
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et al. 2010). In the past decades, human activities
have caused serious ecological and environmental
damage (e.g. loss of biodiversity, over-exploitation,
water pollution and eutrophication) in this region.
Eutrophication has become one of the most prominent problems confronting these lakes. Several studies have revealed specific biotic and abiotic changes
attributed to eutrophication in these lake ecosystems
(Fang et al. 2006, Yang et al. 2008). However, current understanding of the effects of high levels of
eutrophication on macrozoobenthic assemblages in
lakes in this region remains poor. Large shallow
lakes often possess significant environmental gradients (e.g. trophic status) and different habitats
(Scheffer 1998), which provide good opportunities for
revealing the effects of eutrophication on benthic
community structure.
We studied the macrozoobenthic assemblages in
a large shallow lake in this region. Lake Chaohu, the
fifth largest freshwater lake in China, is located in
the middle of Anhui Province and downstream of the
Yangtze River. The lake is important for agriculture,
aquaculture, tourism and recreation, flood control
and shipping and is also a drinking water source
for Chaohu city. In the past decades, the lake has
undergone a serious detorioration in water quality
with increasing development and urbanization, and
coverage and duration cyanobacterial blooms have
increased (Xie 2009). However, the macrozoobenthic
community structure and its possible regulating factors have been poorly studied. The main objectives of
the present study were to characterize the community structure and spatiotemporal patterns of macrozoobenthos in Lake Chaohu to
identify environmental factors
associated with significant differences in the composition and
patterns of macrozoobenthos. Additionally, we examined possible
long-term changes in macrozoobenthic assemblages in this
lake by comparing our results
with those of a study from 1980 to
1981 (Hu & Yao 1981).

depth of 3.0 m. Freshwater input is dominated by the
south-eastern watersheds, which discharge via the
Yuxi River, whereas nutrient inputs are mainly from
the north-eastern rivers (Fig. 1). The principal pollutant inflow to the lake is from Nanfei River, which discharges a total 1.8 × 108 m3 per year of untreated domestic and industrial wastewater from Hefei City into
the west region of the lake (Xu et al. 2005). The discharge from city wastewater contains 18 368 t of total
nitrogen (TN) and 1050 t of total phosphorus (TP)
every year (Xie et al. 2005). The hydrology of the late
and nutrient inputs result in a trophic gradient from
west to east. Eutrophication of the lake water has increased steadily over the past decades; the trophic
state index (TSI) has increased gradually from 1984 to
2004 (Shang & Shang 2007). The excess of nutrients
fuels excessive growth of phytoplankton and causes
cyanobacterial blooms (Xie 2009). Cyanobacterial
blooms (Microcystis spp. and Anabaena spp.) first appeared at the beginning of the 1950s, with no distribution in Lake Chaohu in the pelagic and southern
zones until the 1960s (Deng et al. 2007). Since the
1980s, cyanobacterial blooms have occurred from
May to November each year and have extended their
coverage. In August 2003, a whole-lake cyanobacterial bloom was observed which reached a maximum
thickness of 1.0 m (Xie 2009).

Macrozoobenthos sampling and water chemistry
Benthic samples were collected bimonthly at 9 stations from September 2002 to July 2003 (Fig. 1). Sta-

MATERIALS AND METHODS
Study area
Lake Chaohu (31° 25’to 31°43’ N,
117° 70’ to 117° 52’ E) has a surface area of 770 km2 and a mean

Fig. 1. Locations of the macrozoobenthos sampling stations in Lake Chaohu, China
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tions CH1, CH2 and CH8 were located near 3 main
input rivers, the other stations were relatively equally
distributed in the open water from west to east. Samples were collected with a 0.025 m2 modified Peterson grab; 3 replicate samples were taken at each site
on each sampling date and were pre-sieved in situ at
a smaller size fraction (250 µm) to collect more of the
fauna than is typical of many studies that use sieve
sizes ≥ 500 µm. In the laboratory, the samples were
sorted on a white tray, and the animals were preserved in 7% buffered formalin solution. Specimens
were identified to the lowest level possible, blotted
dry and weighed with an electronic balance (Sartorius BS-124, precision: 0.1 mg). Mollusca were
weighed with their shells. The identification and
classification of macrozoobenthos were mainly based
on Liu et al. (1979), Morse et al. (1994) and Wang
(2002).
Water depth and Secchi depth were measured in
the field on all sampling dates. Water temperature,
pH, conductivity and dissolved oxygen (DO) were
measured in near-bottom water (~0.5 m above the
bottom sediments) using portable meters (Horiba D50). Integrated water samples were collected from
the surface, mid-depth and bottom at each station
and analyzed for water chemistry. The TN, total dissolved nitrogen (TDN), ammonium (NH4+-N), nitrate
(NO3−-N), TP, total dissolved phosphorus (TDP),
orthophosphate (PO43−-P) and chlorophyll a (chl a)
levels were measured in the laboratory according to
standard methods (Jin & Tu 1990).

Data analysis
A principal component analysis (PCA), based on a
correlation matrix among samples, was used to analyze the physicochemical data. Data were logarithmically transformed (except pH) to approximate normality.
Prior to analysis, the abundance data were converted to individuals m−2. Simple descriptors of community structure were calculated, including Margalef, Simpson and Shannon-Wiener indices. Multivariate statistical analyses, to examine variation in
community composition at the temporal and spatial
scales, were performed using PAST (Paleontological
Statistics v2.14) (Hammer et al. 2001) and PRIMER
(Clarke & Warwick 2001). Macrozoobenthic community structure was compared among stations and
months using analysis of similarities (ANOSIM) and
non-metric multidimensional scaling (NMDS) based
on a Bray-Curtis similarity matrix obtained from
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abundance data (Clarke 1993). ANOSIM is a nonparametric test of significant difference between 2 or
more groups, and the difference between the withingroup and between-group rank similarities is expressed as the global R value, with a score of 1 indicating complete separation and 0 indicating no separation (Clarke 1993). Similarity percentage (SIMPER) procedures were also applied to determine the
characteristic species that were primarily responsible
for the ordination pattern if the global test statistic R
was significant at p < 0.05 (Clarke 1993).
We used the BIO-ENV procedure to identify
any water quality (abiotic) variables that may influence macrozoobenthic assemblages (Clarke 1993).
This procedure was used to identify the most potentially influential water-quality variables. Abiotic
variables were added in a stepwise fashion to nonparametric Spearman correlations between the mean
macrozoobenthos abundance (biotic) Bray-Curtis
similarity matrices and the abiotic Euclidean distance
similarity matrices (Clarke & Warwick 2001).
Comparative studies of macrozoobenthos community structure over extended time intervals can provide insight into the responses of aquatic biota to
long-term eutrophication and cyanobacterial blooms
(Jackson & Füreder 2006). In 1980 and 1981, benthic
samples were collected at 22 sites in Lake Chaohu
(autumn 1980, spring and autumn 1981) with a
0.0625 m2 modified Peterson grab and washed
through a 250 µm mesh size sieve; 9 of these sites
were identical to our sampling sites (Hu & Yao 1981).
Thus, macrozoobenthos data from these 9 sites were
used in a comparative analysis. Due to the lack of
environmental data from 1980 to 1981 for Lake
Chaohu, we used data from August 1987, which
were obtained through a survey of 9 stations adjacent to those in our study (Tu et al. 1990). NMDS,
ANOSIM and SIMPER analyses were used to examine benthic assemblages over the long term. Prior to
all multivariate analyses, biological abundance data
were square-root transformed.

RESULTS
Environmental characterization
Table 1 summarizes the physical and chemical
measurements taken at the 9 study sites. In general,
measurements related to trophic status varied
greatly among sites. For example, TN concentration
ranged from1.95 mg l−1 at CH8 to 5.81 mg l−1 at CH1,
and TP concentration also increased from 0.055 mg l−1

(CH8) to 0.196 mg l−1 (CH1). Concentrations of TN,
TP and chl a and the studied nutrients in the lake
water column showed a consistent spatial pattern
decreasing from west to east, indicating the gradient
of trophic status in Lake Chaohu. Spearman correlation analyses showed that many variables were
correlated with each other (see supplement at
www.int-res.com/articles/suppl/m017p035_supp.pdf).
When PCA was performed, the first 2 components
accounted for 69.38 and 12.18% of the total variance
of environmental variables, respectively (Fig. 2). The
PC1 had a strong positive relationship with TN, TP,
chl a and nutrients and a negative relationship with
DO, Secchi depth and water depth. The PC2 was
most strongly related to pH and conductivity (positive relationships). Overall, the PCA suggested that
there was a trophic gradient from west to east in
Lake Chaohu.

Community composition,
spatiotemporal patterns and diversity

In total, 19 macrozoobenthic taxa were identified
between 2002 and 2003, including 5 Oligochaeta, 7
Chironomidae, 3 Bivalvia, 1 Gastropoda and 3 other
miscellaneous species (Table 2). The oligochaete Aulodrilus sp. (26.7% of the total macrozoobenthos abundance) and chironomid Glyptotendipes lobiferus (Say,

Fig. 2. PCA plots of the first 2 principal components of 13 environmental factors (except water temperature). Values on the
axes indicate the percentages of total variation accounted for
by each axis. See Table 1 for abbreviations
CH2

Water temperature (°C) 15.3 ± 9
14.9 ± 8.7
Water depth (m)
2.7 ± 1.0
3.0 ± 0.9
Secchi depth (cm)
39.8 ± 16.1
40.5 ± 10.8
pH
7.4 ± 0.5
7.3 ± 0.5
DO (mg l−1)
11.3 ± 2.7
11.4 ± 2.5
Conductivity (µs cm−1) 257.7 ± 107.1 257.7 ± 70.5
NO3−-N (mg l−1)
2.32 ± 0.77
2.09 ± 0.81
NH4+-N (mg l−1)
1.23 ± 0.89
1.26 ± 0.2
TDN (mg l−1)
4.79 ± 1.21
4.08 ± 1.29
TN (mg l−1)
5.81 ± 0.98
4.84 ± 1.73
PO43−-P (mg l−1)
0.044 ± 0.024 0.032 ± 0.016
TDP (mg l−1)
0.058 ± 0.019 0.05 ± 0.006
TP (mg l−1)
0.196 ± 0.027 0.176 ± 0.037
Chl a (µg l−1)
29.8 ± 17.8
21.4 ± 13.7

CH1
15.1 ± 8.8
3.5 ± 1.5
31.8 ± 14.5
7.6 ± 0.5
10.9 ± 2.6
257.7 ± 111.3
2.27 ± 0.69
0.36 ± 0.08
3.66 ± 1.12
4.78 ± 0.6
0.018 ± 0.012
0.034 ± 0.013
0.149 ± 0.031
17.9 ± 14.7

CH3
16.1 ± 9.9
2.7 ± 0.7
30.8 ± 14
7.7 ± 1.9
12.4 ± 2.2
257.7 ± 68.3
1.58 ± 0.88
0.27 ± 0.11
2.77 ± 0.8
3.8 ± 0.88
0.018 ± 0.021
0.032 ± 0.022
0.136 ± 0.056
24.2 ± 26

CH4

17.9 ± 9.7
3.8 ± 1.2
40.2 ± 15.5
7 ± 1.3
12.2 ± 3.2
256.6 ± 55.9
1.36 ± 0.93
0.19 ± 0.1
1.95 ± 0.64
2.89 ± 0.65
0.014 ± 0.007
0.022 ± 0.006
0.111 ± 0.042
13.7 ± 9.2

CH5

18.1 ± 10.2
3.9 ± 1.1
50.5 ± 25.1
7.5 ± 1.5
12.9 ± 4.9
256.6 ± 88.5
1.11 ± 0.89
0.15 ± 0.04
1.88 ± 0.71
2.47 ± 0.63
0.005 ± 0.004
0.013 ± 0.010
0.082 ± 0.023
17.4 ± 5.6

CH6

17.1 ± 9.2
4 ± 1.3
67.2 ± 13.1
7.4 ± 1.7
13.8 ± 3.3
258.4 ± 92.6
1.04 ± 0.86
0.08 ± 0.09
1.55 ± 0.86
2.14 ± 0.53
0.006 ± 0.002
0.019 ± 0.005
0.062 ± 0.013
17.6 ± 9.7

CH7

16.5 ± 9
3.6 ± 1.2
66.3 ± 37
7.3 ± 1.7
12.8 ± 1.6
258.4 ± 103.3
1.04 ± 0.84
0.16 ± 0.04
1.47 ± 0.97
1.95 ± 0.67
0.005 ± 0.006
0.014 ± 0.014
0.055 ± 0.015
15.4 ± 7.4

CH8

CV (%)
16.4 ± 3.6
7.17
3.2 ± 0.9
14.96
75 ± 13.5
33.50
7.2 ± 0.2
2.67
11.6 ± 0.9
7.67
250.4 ± 46.5
0.97
1.04 ± 0.63
35.61
0.1 ± 0.47 112.45
1.61 ± 1.37
47.19
2.03 ± 1.5
42.33
0.005 ± 0.014 82.89
0.018 ± 0.016 55.40
0.059 ± 0.05
46.36
15.9 ± 7.2
26.33

CH9

Table 1. Mean value of physical and chemical measurements at each site from September 2002 to July 2003, showing the coefficient of variation (CV) of each parameter
across 9 sites. Values are mean ± SD. DO: dissolved oxygen; NO3–-N: nitrate; NH4+-N: ammonium; TDN: total dissolved nitrogen; TN: total nitrogen; PO43–-P: orthophosphate; TDP: total dissolved phosphorus; TP: total phosphorus
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1823) (30.3%) were the most abundant
taxa in Lake Chaohu. The species
Limnodrilus hoffmeisteri Claperède,
1862, Branchiura sowerbyi Beddard,
1892, Clinotanyus sp., Tanypus chinensis
Wang, 1774, Corbicula fluminea (Müller,
1775) and Bellamya aeruginosa (Reeve,
1863) also commonly occurred in Lake
Chaohu (each occurring in > 23 of the
samples) and accounted for 1.37% to
13.21% of the total abundance. Seven
species showed extremely low occurrence (< 5 samples) in our study. Generally, macrozoobenthic assemblages were
exclusively dominated by Oligochaeta
and Chironomidae, which together accounted for 77.8 to 99.9% of the total
abundance in the 9 sampling stations
(Fig. 3).
The most dominant taxa, Oligochaeta
and Chironomidae, presented the highest abundance in 2 river mouth stations
(CH1 and CH2), which were several
times higher than that in other stations
(Table 2). In general, a trend of decreasing abundance was observed from west
to east for these 2 dominant taxa. In
contrast, bivalves (mainly Corbicula fluminea) and Bellamya aeruginosa showed
relatively low abundance in all stations,
with almost no individuals collected in
CH1 and CH2 (Table 2). The 3 diversity
indices indicated low biodiversity of
benthic fauna in Lake Chaohu (Table 3),
with relatively high values in 2 open
water stations (CH4 and CH5).

Multivariate analyses

The ‘interaction’ of station and time,
understood as the differing spatial pattern on the 6 sampling occasions, can be
usefully depicted and tested in a fully
nonparametric way using the method
of Clarke et al. (2006). NDMS ordinations of the 9 stations were performed
with arrows connecting adjacent station
numbers for each sampling time. The
test for seriation indicated that samples
in nearby stations were more similar
than distant ones at all sampling dates,
with the exception of May 2003 (Fig. 4).

Oligochaeta
Aulodrilus sp.
Branchiura sowerbyi
Dero digitata
Limnodrilus grandisetosus
Limnodrilus hoffmeisteri
Chironomidae
Chaetocladius sp.
Chironomus plumosus
Clinotanypus sp.
Cryptochironomus digitatus
Glyptotendipes lobiferus
Procladius choreus
Tanypus chinensis
Bivalvia
Arconaia lanceolata
Corbicula fluminea
Limnoperna fortunei
Gastropoda
Bellamya aeruginosa
Miscellaneous others
Micronecta quadriseta
Nephtys oligobranchia
Nereis japonica

Taxon
184 ± 228
33 ± 14
0
4.4 ± 11
24 ± 24

CH3

0
0
0
0
0
0
0

2.2 ± 5.4
0
0
0

0
0
0

22 ± 29

0
0
0

0
0
22 ± 28
0
113 ± 106
160 ± 105
0
0
1178 ± 1012 171 ± 164
0
0
371 ± 493
6.7 ± 11

562 ± 325
29 ± 20
202 ± 495
2.2 ± 5.4
200 ± 141

CH2

0
0
0

0
17 ± 32
118 ± 184
6.7 ± 16
591 ± 817
0
89 ± 141

658 ± 471
40 ± 37
13 ± 22
29 ± 18
327 ± 191

CH1

CH5

CH6

2.2 ± 5
6.7 ± 16
6.7 ± 11

4.4 ± 11

0
24 ± 20
13 ± 33

4.4 ± 11
2.2 ± 5.4
147 ± 86
4.4 ± 11
69 ± 59
2.2 ± 5
16 ± 38

0
0
4.4 ± 11

22 ± 23

2.2 ± 5
20 ± 16
2.2 ± 5

2.2 ± 5.4
20 ± 49
58 ± 28
2.2 ± 5
33 ± 47
0
0

0
0
27 ± 21

20 ± 18

0
11 ± 16
0

0
16 ± 38
36 ± 38
0
11 ± 21
0
0

138 ± 151 98 ± 84 111 ± 54
60 ± 48
45 ± 41
22 ± 18
6.7 ± 11
0
0
4.4 ± 11
0
0
11 ± 10
28.9 ± 37 6.7 ± 7.3

CH4

0
0
2.2 ± 5.4

29 ± 21

0
11 ± 10
0

0
0
58 ± 43
2.2 ± 5
6.7 ± 11
0
2.2 ± 5.4

62 ± 64
25 ± 16
0
0
13 ± 22

CH7

0
0
0

6.7 ± 7.3

0
20 ± 11
0

0
6.7 ± 16
113 ± 99
2.2 ± 5
29 ± 31
0
0

36 ± 45
18 ± 16
0
0
16 ± 27

CH8

0
0
0

0

0
8.9 ± 11
2.2 ± 5.4

0
0
122 ± 82
0
31 ± 32
2.2 ± 5
0

20 ± 16
49 ± 23
0
0
2.2 ± 5.4

CH9

0.03
0.010
0.57

1.52

0.03
1.37
0.25

0.10
1.18
13.21
0.25
30.3
0.06
6.93

26.72
4.57
3.18
0.57
8.99

Proport.

1
1
8

25

1
24
3

2
9
46
5
37
2
13

49
45
5
8
31

0.38
0.38
3.06

5.91

0.31
5.47
1.01

0.7
3.27
11.98
1.32
17.98
0.49
6.45

17.84
6.42
3.06
2.28
11.69

Occur. Contrib.

Table 2. Mean abundance (mean ± SD, ind. m−2) of macrozoobenthos at 9 sampling sites in Lake Chaohu. Proportion is the relative abundance of each species compared
to the total macrozoobenthos abundance. Occurrence is the number of samples out of a total of 54 samples in which the species occurred. The contributions of each
species to between-site dissimilarity were calculated using a SIMPER procedure
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match between the biotic and abiotic data sets (TN,
NH4+-N, TP and DO, ρ = 0.430). Fig. 5 shows the 4
most important environmental variables superimposed upon the biotic MDS ordination. TN, NH4+-N
and TP both increased from left to right in these plots
and were strongly correlated with the first NMDS
axis. DO appeared to increase from bottom right to
top left and showed a strong negative relationship
with both axes.

Decadal changes in macrozoobenthic assemblages
Our results showed significant increases in TN
and chl a between 1987 and 2002−2003, whereas
changes in TP were insignificant. Abundance of
cyanobacteria increased ~100-fold after 2 decades
(Table 4). In terms of macrozoobenthic assemblages,
6 gastropods: Bellamya aeruginosa, Alocinma longicornis (Benson, 1842), Parafossarulus striatulus
(Benson, 1842), Semisulcospira cancellata (Benson,
1833), Stenothyra glabra (Adams, 1850) and Radix
Fig. 3. Decadal changes in taxonomic composition of macroswinhoei (Adams, 1861); and 3 bivalves: Corbicula
zoobenthos between 1980−1981 and 2002−2003 in Lake
fluminea, Novaculina chinensis Liu & Zhang, 1979,
Choahu
and Limnoperna fortunei (Dunker, 1857) were collected in 1980 and 1981. Benthic communities were
Mantel tests showed that spatial changes in macromainly dominated by bivalves, gastropods and
zoobenthic assemblages in September 2002, NovemGammarus sp., while oligochaetes and chironomids
ber 2002, January 2003, March 2003 and July 2003
only accounted for 16.06 and 5.17% of the total
were consistent with each other and were dissimilar
abundance, respectively (Fig. 3). The most dominant
from May 2003 (Table 4).
species, C. fluminea, contributed to 40.48% of the
Two-way ANOSIM indicated significant differences
total abundance. Non-parametric tests indicated
in community structure among stations (R = 0.417,
that the abundance of oligochaetes and chironomids
p < 0.001), while the structure was not significantly
increased several dozen times, while bivalves dedifferent among months (R = 0.058, p = 0.128). The
creased dramatically between the two sets of samSIMPER procedure indicated that the species of
ples (Table 5).
Oligochaeta and Chironomidae contributed the highThe test for seriation indicated that macrozooest proportion to the dissimilarity of benthic commubenthic assemblages from 1980 to 1981 showed no
nity across all sampling sites, which resulted from
gradual changes from west to east (Fig. 6). NMDS
their great variation in abundance (Table 2).
showed that the benthic community at site CH1 in
Non-parametric regression of the ranked biotic and
1980 and 1981 was similar to sites CH4 to CH9
abiotic similarity matrices identified a combination of
in 2002 and 2003. ANOSIM analysis indicated that
4 physicochemical variables that provided the best
the benthic community changed significantly after
2 decades (R = 0.743, p = 0.0001).
SIMPER procedure showed that oligoTable 3. Three diversity indices of macrozoobenthos at the 9 sampling stachaetes (45.21%), chironomids (37.66%)
tions in Lake Chaohu, which were calculated from the average abundance
data over the 6 sampling dates
and bivalves (5.71%) contributed the
largest proportions to the dissimilarity
of benthic assemblages between deIndex
CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9
cades. This pattern was confirmed by
Margalef
1.33 1.14 1.25 2.72 2.06 1.44 1.68 1.45 1.28
an overlay of the abundances of these
Simpson
3.91 3.72 4.07 5.43 6.29 4.29 4.95 3.80 3.01
taxa as bubbles on NMDS ordination
Shannon-Wiener 1.60 1.59 1.58 2.05 2.07 1.81 1.82 1.69 1.40
(Fig. 6).
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Fig. 4. Spatial trends in species composition of the macrozoobenthic community on each sampling date. Arrows connect
spatially adjacent samples. High ρ values indicate that samples close in space were more similar than samples successively
more widely separated in space, a pattern called ‘seriation’ by Clarke et al. (2006).

macrozoobenthos community and standing crop in
freshwater ecosystems (Gong & Xie 2001, Heino
Community structure and spatiotemporal patterns
2008, Kilgour et al. 2008, Barquín & Death 2009,
Davies et al. 2010). The taxonomic composition and
The benthic fauna found at all sampling stations
abundance of bottom fauna depend mainly on food
was characterized as being poor in taxonomic comquality and oxygen conditions. In Lake Chaohu,
position and diversity, and consisted of pollutionsevere cyanobacterial blooms may exert great prestolerant organisms that are typical of impacted envisures on benthic fauna through oxygen depletion
ronments, thereby confirming the strong and adverse
and production of toxins.
effect of eutrophication on the taxonomic composiOxygen depletion (hypoxia), often associated with
tion of the zoobenthos. BIO-ENV analysis showed
eutrophication, is a main factor regulating benthic
that environmental factors related to nutrient level
communities on both local and global scales (Diaz
explained the largest amount of variation in the
2001). Gray et al. (2002) suggested that the largest
macrozoobenthos data. In fact, water and sediment
effects of eutrophication on benthic fauna often result
chemistry variables related to trophic status have
from hypoxia rather than organic enrichment per se.
often been cited as important factors influencing the
Other studies indicated that DO levels fluctuate dramatically during severe cyanobacterial
Table 4. Comparison of the spatial trend on different sampling dates with one
blooms (Diaz et al. 2003). Ambient
another based on Spearman rank correlations (ρ) of their respective similarity
DO concentrations are often supermatrices. ρ = 1 indicates 100% similarity in spatial pattern between difsaturated during the day in these dense
ferent sampling dates; ρ = 0 indicates no similarity. *p < 0.05; **p < 0.01;
accumulations, and the blooms are ac***p < 0.005
companied by low DO concentrations at
night due to the intensive associated
Sep 2002
Nov 2002
Jan 2003 Mar 2003 May 2003
respiration. Additionally, the high bioNov 2002
0.504*
mass of cyanobacteria in a bloom is not
Jan 2003
0.537**
0.759***
transferred to higher trophic levels due
Mar 2003
0.297*
0.485**
0.295*
to its low food quality and inedibility
May 2003
0.043
0.164
0.065
0.273
(Gragnani et al. 1999). The decomposiJul 2003
0.625***
0.771***
0.757***
0.396*
0.339*
tion of algal blooms can significantly
DISCUSSION
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Fig. 5. Non-metric multidimensional scaling plots of
macrozoobenthic assemblages with environmental
data identified by the BIO-ENV procedure superimposed. Numbers identify the stations, while circle
size is proportional to the value of each environmental parameter. ρ = Spearman rank correlation. See
Table 1 for abbreviations

Table 5. Changes in nutrient variables (mean ± SD) and major taxonomic
groups (mean, range in parentheses) between decades in Lake Chaohu,
showing the results of paired t-tests (nutrient variables) and Wilcoxon
signed-rank tests (macrozoobenthos data). Some published data for cyanobacteria abundance are included to show the development of cyanobacterial
bloom between decades. See Table 1 for abbreviations
1980s
1.85 ± 0.65
TN (mg l−1)a
TP (mg l−1)a
0.115 ± 0.087
Chl a (µg l−1)a
5.01 ± 4.26
Cyanobacterial
0.25b
abundance (×106 cells l−1)
Oligochaeta (ind. l−1)
11 (0−70)d
Chironomidae (ind. l−1)
3 (0−12)d
Bivalvia (ind. l−1)
61 (11−100)d
Gastropoda (ind. l−1)
17 (0−77)d
a

2002−2003

p

3.56 ± 1.73
0.102 ± 0.056
21.78 ± 11.93
26.24c

0.022
0.582
0.008

342 (100−1067)
404 (62−1684)
13 (0−38)
12 (0−29)

0.005
0.005
0.006
0.653

Only data from August of 2 sampling periods were used for comparison;
data from Xie (2009); cdata from Deng et al. (2007); ddata from Hu & Yao
(1981)

b

decrease oxygen content at the bottom
layer. Hypoxia will significantly reduce
the survivorship of benthic species, especially in the summer months when
temperatures are high (Johnson & McMahon 1998). Corbicula fluminea is
among the least hypoxia-tolerant freshwater bivalve molluscs (Matthews &
McMahon 1999). In contrast, oligochaetes and chironomids are known to
be tolerant of low oxygen levels (Heinis
& Davids 1993, Verdonschot 1996), while
high organic content may favor the production of many species within these
2 families.
Cyanotoxins, mainly microcystins in
Lake Chaohu, produced by toxic cyanobacterial blooms are likely to have significant effects on benthic fauna in the

Cai et al.: Macrozoobenthos in Lake Chaohu

43

Fig. 6. Non-metric multidimensional scaling plot showing the changes in macrozoobenthic assemblages between 1980−1981
and 2002−2003 in Lake Chaohu, with bubble plots of Chironomidae spp., Tubificidae spp. and Corbicula fluminea superimposed. Bubble size represent mean abundance of macrozoobenthos (ind. m–2)

long term. Toxic cyanobacteria are often reported to
be the cause of mass mortality of aquatic organisms in
the field. For example, in a 4 mo study, Oberholster et
al. (2009) observed that an increase in microcystins at
sites dominated by cyanobacterial scum was accompanied by an increase in the total abundance of the
macroinvertebrate families Hirudinae, Chironomidae, and Tubificidae. Gérard et al. (2009) observed
that relative abundances of prosobranchs, pulmonates and bivalves were significantly different before
and after a cyanobacterial bloom. In fact, several
studies indicated that Lake Chaohu was heavily polluted by toxic cyanobacterial blooms and microcystins
during warm months. The concentrations of intracellular microcystins reached 2.41 (range 1.0 to 4.6) µg
l−1 from May to October in 2002 to 2003 (Yang et al.
2006). Intoxication of Corbicula fluminea (0.53 µg g−1
dry weight [DW] in August 2003) and Bellamya
aeruginosa (1.69 [0.8 to 4.54] µg g−1 DW in digestive
tracts; 4.14 [1.06 to 7.42] µg g−1 DW in hepatopancreas) by toxic cyanobacteria was demonstrated by
the bioaccumulation of microcystins at high concentrations (Chen et al. 2005, Chen & Xie 2008). However, it is difficult to distinguish between mortality
due to cyanotoxin poisoning and to anoxia caused by
decaying cyanobacterial blooms.

In our study, gradual spatial changes in the benthic
community from west to east were found at most
sampling occasions, but no significant patterns were
detected on a temporal scale. In fact, the abundance
of dominant taxa showed no clear seasonal changes
in our study. Several factors may account for these
results. Cyanobacterial blooms make the benthic
community composition and diversity susceptible,
which may overwhelm other seasonal influences.
Kröger et al. (2006) indicated that benthic community
composition was approaching recovery ~3 yr postbloom, and a complete recovery to a pre-disturbance
community is likely to take 4 to 5 yr. However, cyanobacterial blooms have occurred every year since
the 1980s and lasted from May to November, exerting long-term stress on the benthic community. Furthermore, relatively long life-spans of most macrozoobenthos also lead to their ambiguous temporal
pattern.

Decadal changes and implications for conservation
Our results showed that macrozoobenthic assemblages changed greatly over the long term in Lake
Chaohu. Oligochaetes and chironomids increased
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Y. J. Cai unpubl. data
Historical data of TN and TP in Meiliang Bay cited from Qin et al. (2007); b total inorganic nitrogen (mg l−1); c PO43−-P (mg l−1)
a

3.16
July 2009

0.208

L. hoffmeisteri (256) [16−752], Branchiura sowerbyi (54) [32−80],
T. chinensis (392) [16−752], Microchironomus sp. (141) [32−144]

Wang & Dou (1998)
Bivalves and gastropods (227), Oligochaetes and chironomids (14)
0.02c
0.63
146
1.19
Lake Gehu

0.123
3.16
2007−2008

0.086
2.05
1994

2338
1.9
Meiliang Bay
in Lake Taihu a

August 1985

Cai et al. (2012)

Chen et al. (1998)

NIGLAS (1965)
Huang (2001)
0.02c
0.032
0.05b
1.84
1960
1987−1988

Corbicula fluminea (88), gastropods (26)
C. fluminea [60−660], Stenothyra glabra [20−208]
Limnodrilus hoffmeisteri [4−220], Chironomidae spp. [4−12]
C. fluminea [34−2414], S. glabra [85−561]
Gammarus sp. [51−748], L. hoffmeisteri [17−119]
L. hoffmeisteri (3751) [1860−6710], Rhyacodrilus sinicus (250) [45−758]
Gammarus sp. (478) [10−920], Tanypus chinensis (380) [15−1118]

Source
Dominant taxa and abundance (ind. m−2)
TP
(mg l−1)
TN
(mg l−1)
Year
Surface area (km2)
Mean depth (m)
Site

Table 6. Comparison of dominant taxonomic composition and abundance in our study with other shallow lakes along the Yangtze River. Taxon abundance values
are means (round brackets) and/or ranges (square brackets)
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substantially in abundance and exclusively dominated the benthic communities in the present study.
Bivalves showed large decreases in abundance and
were nearly eliminated in Lake Chaohu. The great
changes in macrozoobenthic assemblages showed
strong agreement with increased eutrophication and
cyanobacterial blooms. The changes are consistent
with the model predicted by Pearson & Rosenberg
(1978), which predicts a tendency for dominance of
suspension feeders, herbivores and carnivores to
shift to deposit feeders in the benthic community as
organic input to a habitat increases. The diversity of
feeding guilds is progressively simplified due to the
decreased number of species. These changes in benthic communities may be a universal phenomenon in
shallow lakes along the Yangtze River under severe
eutrophication. For instance, in Lake Taihu, the third
largest lake in China, several-fold increases in nutrient concentrations have been accompanied by the
increasing occurrence and magnitude of cyanobacterial blooms over the past decades (Duan et al.
2009). Benthic communities shifted from domination
by Corbicula fluminea and gastropods in Meiliang
Bay of Lake Taihu before 1994 to tubificids and
chironomids in 2007 and 2008 (Table 6). The abundance of Limnodrilus hoffmeisteri has also increased
several-fold. In another example, Lake Gehu also
showed similar changes over the long term.
The floodplain of the middle and lower reaches of
the Yangtze River contains 108 lakes with a surface
area >10 km2 (Wang & Dou 1998). However, with
the development of extensive agriculture, fishing,
farming and urbanization in recent decades, most
lakes in this area have undergone eutrophication
(Yang et al. 2008). Moreover, human pressure on
these lakes will increase over the coming century,
exerting great pressures on benthic communities. In
fact, about one-third of these lakes were dominated
by oligochaetes and chironomids based on an investigation of their water quality and biological resources from 2007 to 2010 (Cai 2011). Simplified
benthic communities may have adverse effects on
the functioning and services of lake ecosystems,
such as energy flow, nutrient cycling, fish production and bird diversity (Gessner et al. 2004). In most
cases, different species comprise distinct functional
groups that provide ecological integrity, so that any
loss of species diversity could be detrimental to continued ecosystem functioning (Covich et al. 2004).
In the face of worsening eutrophication, it is time
to adopt strategies for managing and rehabilitating
degraded ecosystems to preserve freshwater biodiversity.
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