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Abstract Effects of environmental variables on the dis-
tribution of benthic macroinvertebrates inhabiting sed-
iments were studied at 25 sites along the shoreline of
Lake Takkobu in the Kushiro wetland of northern
Japan in summer 2003. During the last decade, the lake’s
status has undergone a drastic shift from clear water
dominated by submerged macrophytes to turbid water
dominated by phytoplankton. The canonical corre-
spondence analysis showed that four environmental
variables explained the significant variation in the
macroinvertebrate species composition: submerged
plant biomass, bottom sediment organic matter content
(OMC), distance from the mouth of the Takkobu River,
and bottom-layer pH. Five species of Chironomidae
[Chironomus sp. (except plumosus group), Psectrocladius
sp., Corynoneura sp., Parachironomus sp. arcuatus
group, and Zavreliella sp.] occurred in sites with rela-
tively lower pH and a high submerged plant biomass,
whereas three species of Tubificidae (Tubifex tubifex,

Aulodrilus limnobius and Aulodrilus sp.) and two of
Chironomidae (Nanocladius sp. and Monodiamesa sp.)
occurred in sites with high pH and little vegetation. The
three Tubificidae species also preferred organic-rich
sediments. Irrespective of aquatic vegetation, Sphaerium
sp. (Bivalvia) and Monodiamesa sp. (Chironomidae)
occurred in low-OMC sites, whereas Tanypus sp. (Chi-
ronomidae) preferred high-OMC sites. The number of
macroinvertebrate taxa showed the highest correlation
with the number of submerged plants, suggesting that
macroinvertebrate species richness was related mostly to
submerged plant species diversity in this lake. The
quantity and species richness of submerged plants and
OMC are thus important determinants of the commu-
nity structure of macroinvertebrates inhabiting sedi-
ments in Lake Takkobu.

Keywords Benthic macroinvertebrates Æ Environmental
gradient Æ Aquatic macrophytes Æ Lake eutrophication Æ
Canonical correspondence analysis (CCA)

Introduction

The distribution and species composition of benthic
macroinvertebrate communities inhabiting lakes are
determined by independent or cumulative biotic and
abiotic factors at different spatial scales. Recently, John-
son et al. (2004) revealed that in lakes the among-site
variance in macroinvertebrate communities is best ex-
plained by habitat-scale characteristics. In littoral areas,
differences of substrate (e.g., stone, gravel, cobbles, sand,
silt, aquatic plants, or woody debris) are considered most
important in determining the density, size structure, spe-
cies composition, and species richness of the macroin-
vertebrate community (Hanson 1990; Oertli 1995;
Dvořák 1996; van den Berg et al. 1997; Gardner et al.
2001; Tolonen et al. 2001; Weatherhead and James 2001).

An aquatic vegetation substrate has been shown to
develop a unique macroinvertebrate fauna in littoral
areas compared with other substrates such as stone,
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sand, or silt (Tolonen et al. 2001). Not only the presence
or absence of vegetation but also the life form, species,
and biomass of aquatic macrophytes can greatly influ-
ence the abundance, taxonomic composition, and size
structure of the macroinvertebrate community (Hanson
1990; Rasmussen 1993; Strayer et al. 2003). In addition,
submerged, coarse, woody debris in the littoral area
(Bowen et al. 1998), wind exposure, presence of fila-
mentous algae, the shore slope (Brodersen 1995), dis-
solved oxygen (DO) content, high nutrient levels due to
the inflow of organic pollutants (Petridis 1993), and
water depth (Petridis 1993; Kato et al. 1999) have been
shown to affect the habitat-scale community structure of
benthic macroinvertebrates.

Fish predation (e.g., Wellborn and Robinson 1991)
also clearly affects the community structure of benthic
macroinvertebrates. Fish are also known to influence the
community structure of benthic macroinvertebrates
indirectly to some extent, through their excretion
(Matsuzaki et al. 2007), or direct or indirect habitat
disturbance or modification by serving as ‘‘ecosystem
engineers’’ (Moore 2006). Field manipulations have re-
vealed that the presence of macrophyte vegetation de-
creases the efficiency of fish predation and provides
refuge for benthic macroinvertebrates (Crowder and
Cooper 1982; Diehl 1992, 1993, 1995; Hanson and
Butler 1994).

Lake Takkobu (surface area, 1.33 km2; mean depth,
1.0 m) is a lagoon in the east Kushiro wetland, and its
catchment area (23.8 km2) is mostly covered with nat-
ural vegetation. However, a fragmentary summer survey
by the Hokkaido Institute of Environmental Sciences
and the National Institute for Environmental Studies
revealed that the chlorophyll a (Chl a) concentrations
rapidly increased between 1996 and 2000, and water
blooms of cyanobacteria were observed in summer 2000
(Takamura et al. 2003). Concurrently, the number of
aquatic plant species in the lake clearly decreased
(Kadono 2007). According to the Geographic Survey
Institute of Japan, most of the lake was occupied by
submerged plants in 1992, but submerged vegetation
remained only in the southern part of this lake in 2004
(Takamura et al. 2007). Therefore, in the last two dec-
ades, the state of Lake Takkobu has shifted from clear
water dominated by submerged macrophytes to turbid
water dominated by phytoplankton (Scheffer et al.
1993). Presumably, the benthic macroinvertebrate com-
munity structure in this lake also changed along with
this drastic regime shift. An analysis of subfossil remains
in a sediment core in Lake Søbygaad, Denmark, for
example, showed distinct changes in chironomid com-
munities reflecting eutrophication and a macrophyte
succession through Chara, Ceratophyllum, and Pota-
mogeton dominance to the present state, characterized
by a complete loss of submerged vegetation and domi-
nance of phytoplankton (Brodersen et al. 2001).

We aimed to elucidate the environmental factors that
regulate the macroinvertebrate community inhabiting
sediments in Lake Takkobu. Although this lake has

undergone a rapid loss of submerged vegetation, a clear
environmental gradient of water quality from south to
north is present (Takamura et al. 2007). This gradient
should influence the present macroinvertebrate com-
munity structure in the lake. Among environmental
factors, we focused on water depth, distance from the
main inflowing river, macrophyte biomass and the
number of macrophytes species, organic matter content
of sediments, bottom-layer DO, bottom-layer pH, Chl a
content in the water, and abundance of benthivorous
fish.

Methods

Study site

All surveys except for fish sampling were conducted
during 23–25 July 2003. Fish were collected between 26
July and 5 August 2003. We selected 25 sampling sites
along the lakeshore on the basis of the locations of river
mouths and the main type of vegetation present (Fig. 1).
The geographical location of each sampling site was
recorded by differential global positioning system
(DGPS) (Trimble Pro XR, Sunnyvale, CA, USA).

The main stream inflowing into this lake is the Tak-
kobu River, and its catchment area accounts for 64.7%
of the total catchment area of the lake. All other in-
flowing streams are small. In addition, the Kushiro
River, which drains the lake, sometimes flows backward
into the lake when the river’s water level is high.
According to Takamura et al. (2007), the lake shows a
clear environmental gradient during the summer, from
the mouth of the Takkobu River in the south to the
Takkobu River outlet in the north. Little vegetation
remains in the northern part of the lake, where only
small patches of Trapa vegetation close to the lakeshore
are found, whereas the southern area is mostly covered
with Trapa, along with a narrow belt of submerged
macrophytes and sparse patches of Nuphar pumilum.
The submerged plants are dominated by Potamogeton
maackianus. In addition, Ceratophyllum demersum,
Hydrilla verticillata, Myriophyllum verticillatum, and
Potamogeton compressus were observed. Water blooms
occur widely in the north, where the water quality tends
to be uniform. In the south, however, the water quality
is heterogeneous, influenced not only by water inflowing
from the Takkobu River but also by water from springs
or sediments having a high redox potential.

Measurements of environmental variables

We measured water depth, water temperature (WT), pH
(HM-12P; DKK-TOA, Tokyo, Japan), and DO (YSI
model 58; YSI, YellowSpring, Ohio) at the bottom of the
water column at each sampling site. Water samples for
measurement of the Chl a content were collected at 0.5-m
depth at each site and were kept cool (4�C) in the field.
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The water samples were immediately passed through a
filter (Whatman GF/F), and then the filter was frozen at
�20�C for several days. Then, Chl a content was mea-
sured with a spectrophotometer (model 220A; Hitachi,
Tokyo, Japan) after the filter was soaked in 99.9%
methanol for 24 h (Marker et al. 1980).

The geographical location of each river mouth was
determined on a 1:25,000 topographic map (Geograph-
ical Survey Institute, Tokyo, Japan) by using geo-
graphical information system (GIS) data (ArcGIS 9.1,
Redlands, CA, USA). The distance between each river
mouth and each sampling site was calculated from GIS
data.

Sediment was collected with an Ekman grab sampler.
The organic matter content in 5 g of the surface sedi-
ment was determined by combustion at 600�C to a
constant weight. All plant bodies within a 1-m2 ran-
domly established quadrat were collected by scuba di-
vers. The plants were washed to remove attached
organisms, separated according to species, and then al-
lowed to dry at 90�C to a constant weight.

We constructed a cubic frame (a 2-m2 quadrat, 2.1 m
high) to estimate fish density at each sampling site and
covered the sides of the cube with a 4-mm mesh net,
weighting its bottom so that it would sink. The cube was
thrown into each sampling site, and all fish in the
quadrat were collected with scoop and seine nets. Sev-
enteen species of fish were collected in Lake Takkobu in

2003 (Hariu et al. 2007). The total number of fish of four
benthivorous species (Lefua nikkonis, Misgurnus anguil-
licaudatus, Rhinogobius sp. OR, and Gymnogobius cas-
taneus) was used as the variable for predator of benthic
macroinvertebrates.

Collection of benthic macroinvertebrates

Sediment samples for benthic macroinvertebrates were
collected with a stainless core sampler (200 mm in diam-
eter, 300 mm high) by scuba divers and washed through a
0.2-mm mesh sieve within 24 h. The collected organic
materials, including plant debris, were preserved in 4%
formaldehyde solution. In the laboratory, the samples
were sorted, washed through a 0.2-mm mesh net to re-
move the formaldehyde, and separated, using the unaided
eye, into taxonomic groups (T. Ito). Chironomidae were
identified to the species level by R. Ueno following Webb
et al. (1985) and Wiederholm (1983), and Oligochaeta
were identified by A. Ohtaka after Brinkhurst and
Jamieson (1971).Gastropoda andBivalviawere identified
by Y. Kuwahara after both Masuda and Uchiyama
(2004) and Tsalolikhin (2004), Hirudinoidea by T. Itoh
following Yang (1996), Mysidae by S. Hiruta following
Murano (1997), Ceratopogonidae by S. Kitaoka follow-
ing Borkent and Wirth (1997), and Trichoptera and
others by T. Ito following Wiggins (1996).

°°

°

°

Fig. 1 Location of Lake
Takkobu in the southeastern
part of Kushiro wetland.
Numbers 1–25 indicate the
sampling sites, and the arrows
show the five inflowing rivers
and one outflowing river of this
lake
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Data analysis

A canonical correspondence analysis (CCA) was carried
out with CANOCO 4.5 software (ter Braak and Šmila-
uer 2002) to elucidate the relationships between the
species composition and their explanatory environmen-
tal variables. CCA can be appropriate to find a partic-
ular set of observed environmental variables to which
the present macroinvertebrate taxa respond (McCune
1997). We identified 43 macroinvertebrate taxa, but se-
ven taxa that occurred at only one site as well as eight
taxa that included two or more species (Table 1) were
excluded from the analysis, because casual and uncertain
taxa might distort the species ordination. Then, we
considered 28 taxa and 13 environmental variables
(Table 2).

Before performimg CCA, we conducted a detrended
correspondence analysis (DCA) with our data set,
identified environmental variables (10 variables) that
significantly correlated with the DCA site scores of the
first or second axis by Kendall’s rank correlation
(P < 0.05), and then calculated Pearson correlation
coefficients among the 10 environmental variables. On
the basis of this information, several CCA ordinations
were performed to identify the significant environmental
variables explaining the variance of species data in the
CCA. We avoided using a combination of environ-
mental variables that were correlated with one another
(Table 3; |r| ‡ 0.5). The DCA was also performed with
CANOCO 4.5 software. Statistical significance of
eigenvalues and species-environment correlations for the
first two axes generated by the CCA were tested by the
Monte Carlo method based on 999 permutations. The
density values of 28 macroinvertebrate taxa were
ln(v + 1)-transformed to obtain homogeneity of vari-
ance. Organic matter content (%) values of the sedi-
ments were arcsine-transformed, and biomass values of
aquatic plants and abundance of fish were ln(v + 1)-
transformed. Kendall’s rank correlation and Pearson
correlation were calculated with R software (Dalgaard
2002).

Results

Macroinvertebrates and environmental variables

Forty-three macroinvertebrate taxa were identified,
including 1 Nematoda, 1 Gastropoda, 2 Bivalvia, 6 Ol-
igochaeta, 2 Hirudinea, 1 Mysidae, 2 Hydroptilidae, 1
Ceratopogonidae, and 27 Chironomidae (Table 1).
Limnodrilus hoffmeisteri (Tubificidae), Chironomus sp.
plumosus group, Procladius sp., and Glyptotendipes spp.
(Chironomidae) were the most common taxa. Each of
these taxon was recorded at more than 17 of the 25
sampling sites. The most abundant taxa were Glypto-
tendipes spp., Chironomus sp. plumosus group, and
L. hoffmeisteri, accounting for 28, 15, and 13%,

respectively, of the total number of macroinvertebrate
individuals. Mean density (no. m�2) of each taxon ran-
ged from 32 to 3,141 when counted only at sites where
the taxon was present (Table 1).

We hypothesized that the 13 selected environmental
variables regulated the benthic macroinvertebrate com-
munity structure in Lake Takkobu (Table 2). The values
of these variables show that there was considerable
heterogeneity among sites. Among them, water depth,
abundance of benthivorous fish, and Chl a content were
excluded because they showed no significant correlations
(P > 0.05) with the DCA site scores of the first or sec-
ond axis by Kendall’s rank correlation. The Pearson
correlation matrix among the 10 included environmental
variables is shown in Table 3. The variables relating to
aquatic plants, except between the biomasses of Trapa
and Potamogenton, were significantly correlated with
one another.

Relationship of species composition
to environmental gradients

In the CCA, distance from the mouth of the Takkobu
River (DISTANCE), biomass of submerged plants
(BIO-SUB), organic matter content of the bottom
sediments (OMC), and bottom-layer pH (BpH) ex-
plained the significant variation in the macroinverte-
brate species composition (Fig. 2). The first and
second canonical axes explained 10.3% (eigenvalue
0.232) and 9.5% (eigenvalue 0.214), respectively, of
the variance in the species data, and 39.9 and 36.7%,
respectively, of the variance in species-environment
relationships (Table 4). Intraset correlations showed
that the first axis was a gradient of both decreasing
BIO-SUB and increasing BpH and that the second
axis was a gradient of decreasing OMC (Table 4). The
species-environment correlation of the first axis be-
came significant in the Monte Carlo permutation test
(P < 0.05) only when we selected BIO-SUB among
the six variables relating to aquatic plants as the
environmental variable.

Species responses to environmental gradients

Five species belonging to Chironomidae (Chironomus sp.
except plumosus group, Psectrocladius sp., Corynoneura
sp., Parachironomus sp. arcuatus group, and Zavreliella
sp.) occurred at sites with relatively lower pH and a high
biomass of submerged plants (Fig. 2). Three Tubificidae
species (T. tubifex, A. limnobius and Aulodrilus sp.) and
two Chironomidae species (Nanocladius sp. and Mon-
odiamesa sp.) occurred at sites with high pH and little
vegetation. In addition, the three Tubificidae species
preferred organic-rich sediments (Fig. 2). Sphaerium sp.
(Bivalvia) as well as Monodiamesa sp. (Chironomidae)
occurred at sites with low OMC, whereas Tanypus
sp. (Chironomidae) was found at sites with high OMC.
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These three species showed little relation to aquatic
plants.

Relationships between number of taxa
and environmental variables

The number of macroinvertebrate taxa was significantly
and positively correlated with the number of species of
submerged macrophytes (n = 25, r = 0.490, P =
0.012), the biomass of floating-leaved macrophytes
(n = 25, r = 0.443, P = 0.027), and the biomass of
Trapa (n = 25, r = 0.453, P = 0.023) among the 13
environmental variables.

Discussion

The variance in the distribution of the benthic macro-
invertebrate community in this lake was well explained
by environmental gradients related to BIO-SUB and
OMC. The six variables relating to aquatic plants were

closely related to one another (Table 3). Although Trapa
is the most conspicuous vegetation in the lake, it was not
the Trapa biomass but BIO-SUB that was selected as the
best explanatory variable among them. The life form of
aquatic plants seems to influence macroinvertebrate
community structure. For example, the total biomass of
macroinvertebrates was found to be higher, and the
peak of their biomass size spectrum smaller, in Chara
beds than in rooted-plant (mostly Isoetes sp.) weed beds
(Hanson 1990; Rasmussen 1993). Chironomids, anis-
opterans, gastropods, and sphaerid clams dominated the
macroinvertebrate community in Chara beds, whereas
amphipods dominated the community in rooted-plant
(mostly Isoetes sp.) weed beds (Hanson 1990). Benthic
macroinvertebrates were found to dominate in Vallis-
neria americana beds, whereas epiphytic species not only
dominated in Trapa natans vegetation but also increased
the total density of macroinvertebrates, because of the
high plant biomass of Trapa (Strayer et al. 2003).
Although how Trapa or submerged vegetation differ-
ently influenced the macroinvertebrate community
structure was not clear in our study, the presence of

Table 2 Summary of statistics of 13 environmental variables at 25 sites

Variable Units Mean Median Min. Max. Mean when
present

Median when
present

No. of sites
present

1 Water depth m 1.0 0.9 0.4 1.9
2 Distance from the mouth of the Takkobu River m 744 642 33 1,641
3 Benthivorous fish (abundance) No. m�2 30 10 1 426
4 Floating-leaved plants (biomass) gDW m�2 45.4 0.1 0 296.9 87.2 58.8 13
5 Trapa japonica (biomass) gDW m�2 37.5 0.1 0 296.9 72.2 34.1 13
6 Species richness of floating-leaved plants 0.68 1 0 2 1.3 1 13
7 Submerged plants (biomass) gDW m�2 17.1 2.1 0 91.4 26.8 14.8 16
8 Potamogeton maackianus (biomass) gDW m�2 14.2 0.7 0 85 27.2 22.2 13
9 Species richness of submerged plants 2.4 3 0 5 3.8 4 16
10 Organic content of bottom sediments % 5.1 5.4 1.8 6.7
11 Chlorophyll a in the water lg l�1 59.8 60.2 1.3 130.9
12 Bottom pH 6.9a 6.9 6.3 7.3
13 Bottom DO mg l�1 4.6 4.1 0.5 11.1

a Calculated geometrically

Table 3 Pearson’s correlation coefficients among the 10 environmental variables that were significantly correlated with the first or second
DCA site scores

(2) (4) (5) (6) (7) (8) (9) (10) (12)

(2) Distance from the mouth of the Takkobu River
(4) Floating-leaved plants (biomass) �0.33
(5) Trapa japonica (biomass) �0.33 0.93**
(6) Species richness of floating-leaved plants �0.31 0.79** 0.64**
(7) Submerged plants (biomass) �0.30 0.52** 0.46* 0.69**
(8) Potamogeton maackianus (biomass) �0.17 0.44* 0.37 0.66** 0.97**
(9) Species richness of submerged plants �0.55** 0.72** 0.68** 0.76** 0.83** 0.73**
(10) Organic content of bottom sediments 0.19 �0.15 �0.21 0.04 0.24 0.29 0.05
(12) Bottom pH 0.49* �0.55** �0.61** �0.38 �0.38 �0.27* �0.48* �0.08
(13) Bottom DO �0.07 �0.34 �0.28 �0.41* �0.41* �0.44* �0.21 �0.47* 0.61**

*P < 0.05, **P < 0.01
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aquatic vegetation was shown to be the most important
determinant of the macroinvertebrate community in this
lake.

Generally, most studies seem to evaluate the macro-
invertebrate community in aquatic vegetation by
including both epiphytic and benthic communities. The
present study, however, showed that the influence of
aquatic vegetation was prominent even when the target
was restricted to the benthic community inhabiting
sediments. Presumably, vegetation is important to the
benthic community because it provides refuge from
predators, physically stable habitats, better food condi-
tions, and DO. Among these, the roots of some mac-
rophytes have been shown previously to provide benthic
macroinvertebrates with DO (Ságová-Marecková and
Kvet 2002).

OMC was shown to be an important environmental
variable, followed by BIO-SUB. Beaty et al. (2006)
experimentally showed that higher OMC enhances the
growth of Chironomus, but few studies have suggested
that OMC determines the community structure of

benthic macroinvertebrates in lake littoral areas. Irre-
spective of aquatic vegetation, in this lake, Tanypus sp.
was shown to prefer organic-rich sediments, whereas
Monodiamesa sp. and Sphaerium sp. preferred environ-
ments with the least OMC. Monodiamesa bathyphila has
been reported to inhabit sandy sediments beneath oli-
gotrophic waters (Sæther 1983), in accordance with our
result.

Although bottom DO was not retained as a variable
in the CCA, low concentrations of bottom DO might be
one important factor (although associated with other
factors) affecting species composition at lake littoral
sites around the mouth of an organically polluted river
(e.g., Petridis 1993). In our study, bottom DO (with a
range of 5.6–11.1 mg l�1) did not decrease near the
mouth of any river. DO often decreases to below the
critical threshold for aquatic life below dense Trapa
vegetation (Caraco and Cole 2002) or submerged mac-
rophytes (Takamura et al. 2003). In this lake, however,
concentrations of bottom DO did not correlate with the
Trapa biomass, probably because some sites with dense
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Table 4 Summary statistics for
the first two CCA axes

Significance was determined
with Monte Carlo tests
(999 permutations)

Axis 1 Axis 2

Eigenvalues 0.232 0.214
Monte Carlo test, P value 0.001 0.001
Species-environment correlations 0.893 0.888
Monte Carlo test, P value 0.036 0.007
Cumulative variance (%)
Explained by species data 10.3 19.8
Explained by species-environmental relation 39.9 76.6
Intraset correlations of variables with axes
Distance from the mouth of the river 0.546 �0.425
Submerged plants (biomass) �0.861 �0.280
Organic content of bottom sediments 0.065 �0.801
Bottom pH 0.753 0.254
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vegetation also had high bottom DO owing to the
presence of springs (Takamura et al. 2007).

Chironomidae is the most numerous taxonomic
group inhabiting the sediments in this lake. Their den-
sites were similar to or higher than those reported in
Trapa and Vallisneria vegetation of the freshwater tidal
Hudson River (Strayer et al. 2003). The CCA revealed
that the occurrence of several chironomid species largely
depended on biomass of submerged plants in this lake.
Among them, five species, Chironomus sp. except
plumosus group, Psectrocladius sp., Corynoneura sp.,
Parachironomus sp. arcuatus group, and Zavreliella sp.,
preferred more organic-rich sediments than Endochir-
onomus tendens, Dicrotendipes sp. and Polypedilum sor-
dens. According to Brodersen et al. (2001), E. tendens,
Parachironomus arcuatus, and several species of Psec-
trocladius and Polypedilum show high levels of depen-
dence on aquatic macrophytes. Many species of
Dicrotendipes and Psectrocladius inhabit aquatic plants
(Epler 1988; Kornijów 1989a, b). Chironomus sp.
plumosus group and Procladius sp. occurred at 21 and 19
sites, respectively; therefore, these taxa are widely dis-
tributed in Lake Takkobu and as a result might not
show specific demands in relation to the environmental
gradient in this lake. Chironomus sp. plumosus group and
species of Procladius and Tanypus have been shown to
prefer pelagic or profundal waters to the littoral area
(Serruya 1978; Ueno et al. 1993; Tolonen et al. 2001).

Among the six oligochaete species, the CCA (Fig. 2)
revealed that the three species of T. tubifex, A. limnobius,
and Aulodrilus sp. occurred in relatively organic-rich
sediments with less vegetation, farther from the mouth
of the Takkobu River, than L. hoffmeisteri, Limnodrilus
udekemianus, and Bothrioneurum vejdovskyanum. Gen-
erally, all six oligochaete species are reported to be able
to tolerate extremely oxygen-deficient environments
(Brinkhurst 1974; Ohtaka and Kikuchi 1997). However,
the present study showed that the former three species
seem to have different habitat preferences from the latter
three species. L. hoffmeisteri has been reported to occur
abundantly in lake littorals with low bottom DO and
high ammonium concentrations around the mouth of an
organically polluted river (Petridis 1993). However, in
our study, this species appeared at 22 sites regardless of
bottom DO concentrations and was widely distributed
in Lake Takkobu.

The species richness of benthic macroinvertebrates
(Table 1) was correlated with three variables relating to
aquatic vegetation: the species number of submerged
macrophytes and the biomasses of Trapa and floating-
leaved macrophytes. The abundance and richness of the
macroinvertebrate community seem to increase as the
density or biomass of freshwater macrophytes increases
(e.g., Crowder and Cooper 1982; Lodge 1991). One
reason why aquatic plants, particularly submerged
macrophytes, support an abundant and diverse macro-
invertebrate community is that they increase the avail-
able substrate area. More surface area provides the
macroinvertebrate community with more habitat and

more food (e.g., epiphytic algae) (Warfe and Barmuta
2006). Independently of habitat area, architectural
complexity increased the abundance and richness of
epiphytic invertebrates in an artificial plant experiment
(Taniguchi et al. 2003). Complex macrophyte architec-
ture might result in the trapping of more organic matter,
which means more food for the macroinvertebrates. It
might also provide more interstitial space, which func-
tions as a refuge from predation (Crowder et al. 1998;
Diehl and Kornijów 1998). In general, macrophyte
vegetation decreases the efficiency of fish predation and
provides a refuge for benthic macroinvertebrates
(Crowder and Cooper 1982; Diehl 1992, 1993, 1995;
Hanson and Butler 1994), although a complex macro-
phyte architecture per se does not necessarily help the
macroinvertebrate community to escape from their
predators (Warfe and Barmuta 2006).

We investigated only the benthic macroinvertebrate
community in the sediments. Ito et al. (2005) collected 46
additional macroinvertebrate taxa from macrophyte
vegetation in Lake Takkobu, including several species
highly dependent on macrophytes. Thus, aquatic vege-
tation is surely important for supporting a diverse
macroinvertebrate community in Lake Takkobu. The
present study not only showed that the rapid loss of
submerged vegetation has altered the macroinvertebrate
community structure but also that the decrease in species
richness of submerged plants has decreased the number
of macroinvertebrate species. Therefore, the restoration
of the species diversity of the submerged macrophytes as
well as the quantity of the submerged vegetation, the
levels of both of which have decreased in the past decade
(Kadono 2007), is desirable for maintaining a diverse
and unique macroinvertebrate community in this lake.
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