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Floating-leaved and emergent vegetation as habitat for fishes
in a eutrophic temperate lake without submerged vegetation
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Abstract Although submerged vegetation is considered
to be the most suitable refuge against predators and form of
foraging habitat for small fishes, submerged plants are
often scarce or lacking in turbid eutrophic lakes. To eval-
uate emergent (Zizania latifolia) and floating-leaved (Nel-
umbo nucifera) vegetation as refuge areas against predators
and as foraging habitats for small fishes, we investigated
the fauna, abundance, and size distribution of the fish
community as well as the abundance of possible prey for
small fishes in beds of each vegetation type in a eutrophic
shallow lake: Lake Teganuma in Japan. The leaves and
stems of N. nucifera occupied an area 4.2 times larger than
that of Z. latifolia. The high coverage of the water surface
with plants most likely induced the hypoxia found in the
N. nucifera bed. The diversity of small fishes was greater in
the Z. latifolia bed with piscivorous fish than in the
N. nucifera bed without piscivorous fish. The diversity of
fish species in the vegetation was enhanced when there was
an increased diversity of possible food sources rather than
an absence of predators. Some aquatic insects of the same
species had a much lower 8'°C signature at hypoxic
locations than at less hypoxic locations in the N. nucifera
bed. Such site differences within a bed were not observed
in the organisms caught in the Z. latifolia bed. The insects
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in hypoxic zones with a 8'°C signature lower than —30 %o
were more depleted in '>C than the surface sediment or
attached algae, suggesting that the larvae in the hypoxic
zones incorporated the organic materials generated by
methane-oxidizing bacteria. We can therefore conclude
that floating-leaved vegetation, especially a N. nucifera
bed, is not suitable as a replacement for submerged vege-
tation because of its potential to induce hypoxia, which can
decrease the diversity of the fish fauna.

Keywords Wetland - Anoxia - Floating-leaved
vegetation - Nelumbo nucifera - Stable isotopes -
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Introduction

Aquatic macrophytes play an important role in structuring
the ecosystems of freshwater shallow lakes. Littoral habi-
tats dominated by aquatic macrophytes provide refuge
against predators and serve as foraging habitats for small
fishes (Jacobsen and Perrow 1998; Meerhoff et al. 2003).
Aquatic macrophytes can be categorized into four func-
tional groups: emergent, floating-leaved, submerged, and
free-floating (Lacoul and Freedman 2006). Comparing
these four functional groups, Meerhoff et al. (2003) found
that the dominant omnivorous—planktivorous fishes, par-
ticularly the smallest size classes, preferred submerged
plants rather than free-floating plants.

The organic materials produced by macrophytes and the
periphyton that attaches to macrophytes are not the only
food sources for the small fishes that live in macrophyte
beds. The zooplankton that use the aquatic macrophytes as
shelter are an important food source for omnivorous—
planktivorous fishes. Submerged vegetation is considered
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the most suitable type of vegetation for zooplankton to use
as a daytime refuge (van Donk and van de Bund 2002),
although some studies indicate that stands of floating-
leaved and emergent vegetation can also offer protection
(Moss et al. 1998; Nurminen et al. 2001; Cazzanelli et al.
2008).

Dissolved oxygen concentrations of less than 4 mg L™
are intolerable to pelagic fishes and crustaceans, while
levels of less than 2 mg L™' are intolerable to benthic
fishes and levels of less than 0.8 mg L™" are intolerable to
macrozoobenthos (e.g., Fisheries Agency 2009). In a dense
floating-leaved water-chestnut (Trapa natans L.) bed, the
dissolved oxygen concentration in the bottom water often
fell below 2 mg L™ during the summer but never fell
below 1.0 mg L™' (Kornijéw et al. 2010). Consequently,
an abundant macrozoobenthos community was found in the
water-chestnut bed, with a higher diversity in the sediments
(30 taxa) than on the stems (28 taxa) or floating leaves (20
taxa). Whether the dense macrozoobenthos population
reflected the absence of predatory fish due to hypoxia or
contributed to the production of the fish that visited the
floating-leaved vegetation was not determined by Kornijow
et al. (2010).

Although submerged macrophytes are considered to be
well suited for use as a refuge against predators, and create
foraging habitats for small fishes, submerged macrophytes
are often scarce or lacking in turbid eutrophic lakes
(Scheffer et al. 1993). Other functional types, such as
emergent and floating-leaved vegetation, may serve the
same function as submerged vegetation and thus act as a
refuge and foraging habitat for small fishes, as has been
reported for zooplankton (Cazzanelli et al. 2008). The
availability of these types of vegetation for fishes strongly
depends on the degree of oxygenation at a site. In a study
of five emergent macrophyte species, hypoxia increased
with increasing macrophyte coverage area for all of the
emergent macrophyte species (Bunch et al. 2010), sug-
gesting that emergent macrophytes do not provide a suit-
able habitat for all fishes because of the oxygen conditions
in the macrophyte beds.

The lotus, Nelumbo nucifera (Gaertn.), is a plant in the
Nelumbonaceae family that is native to Japan. It is a
popular plant for water gardens worldwide, and is culti-
vated not only in artificial settings but also in natural ponds
and lakes. The lotus has both floating and emerging leaves,
and the large floating leaves of N. nucifera shade the
underlying zone. The consequent strong light attenuation
leads to the depletion of submerged macrophytes. Sub-
merged macrophytes and emerged helophytes were
replaced by N. nucifera within 10 years after the introduc-
tion of N. nucifera to a small lake in Italy (Masstrantuono
and Mancinelli 1999). Complete coverage by N. nucifera
floating leaves leading to the exclusion of submerged
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macrophytes likely also induces more oxygen depletion in
the bottom water by preventing water circulation and
inhibiting primary production by other plants, including
phytoplankton. This effect was reported for a bed of
American lotus, Nelumbo I[utea (Willdenow) Persoon,
where the dissolved oxygen concentration during August
dropped to 0.81 mg L™" and the mean daily concentration
was 1.6 mg L! (Turner et al. 2010).

The aim of this study was to assess and compare the
temporal patterns of fish distribution in two different
functional types of macrophytes, floating-leaved and
emergent vegetation, and to determine whether each veg-
etation type can provide any refuge against piscivorous fish
or serve as a foraging habitat for small fishes. To achieve
this goal, we described the fauna, abundance, and size
distribution of the fish community in each vegetation bed
as well as the possible prey for small fishes. We simulta-
neously measured the oxygen dynamics in floating-leaved
vegetation meadows during the early summer, when oxy-
gen stress can impact juvenile fishes. Stable carbon and
nitrogen isotope ratios of fishes, plants, particulate mate-
rials, zooplankton, insects, and sediments were measured to
identify the fishes’ food in each vegetation type. Our
hypotheses were that (1) the species diversity of small
fishes would be greater in the habitats without piscivorous
fish, and (2) the total density of small fishes should cor-
relate with the degree of oxygenation.

Materials and methods
Study site

Lake Teganuma, with an area of 6.5 kmz, a mean depth of
0.86 m, and a maximum depth of 3.8 m, is a freshwater
lake that lies 30 km northeast of Tokyo (35°52’N and
140°01’E; Fig. 1). The main lake flow is from west to east,
and the water discharge from the Tega River occurs at the
easternmost edge. Submerged macrophytes had disap-
peared by 1972 (Asama 1989). At present, Lake Teganuma
is inhabited by three species of floating-leaved macro-
phytes [Nelumbo nucifera, Trapa japonica Flerov, and
Eichhornia crassipes (Marts) Solms] and three species of
emergent macrophytes [Typha angustifolia L., Zizania
latifolia (Griseb.) Turcz. ex Stapf., and Phragmites aus-
tralis (Cav.) Trin. ex Steudel]. N. nucifera is the most
dominant floating-leaved macrophyte, occupying 18.65 ha
of the lake surface.

To compare the role of vegetation for small fishes
between floating-leaved N. nucifera beds and beds of
emergent plants, we chose the nearby Z. latifolia bed as the
representative emergent vegetation. Among the three
emergent species of vegetation [T. angustifoli, Z. latifolia,
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Fig. 1 Map of the study site showing the points at which field
observations and sampling were performed in Lake Teganuma

and P. australis], the Z. latifolia clumps had the highest
shoot density and the largest amounts of trapped litter,
causing stagnant water in the center of the clump (Asaeda
et al. 2005). The N. nucifera bed was also expected to be
highly stagnant. We used two sampling points within the
stands of the N. nucifera bed (L1 and L2, Fig. 1) and one
reference site (L3) at the edge of the N. nucifera bed. L2
faced the waterway. Likewise, the points O1 and O2 were
defined in the stands of the Z. latifolia bed for sampling in
July 2009. For the surveys in June and August 2010, we
moved the sampling points to another Z. latifolia bed that
was about 200 m closer to the N. nucifera bed than the
previous points. M1 was set in the midpoint of the Z. latifolia
bed, and M2 was set at the edge of the bed. The depths of

Table 1 Summary of the biotic samples obtained in this study

the sampling points in the N. nucifera bed were 0.63 m
(L1), 0.93 m (L2), and 1.75 m (L3), while the depths of
those in the Z. latifolia bed were 0.78 m (O1), 0.76 m (02),
0.41 m (M1), and 0.63 m (M2).

Field observations

The shoot density was counted using a 1 m x 1 m quadrat
set randomly at three places in both the N. nucifera bed
(L1) and the Z. latifolia bed (M1) on 25 June and 12
August 2010. We distinguished between the shoots of
floating leaves, emerging leaves, and flowers for N. nucif-
era. The shoot and leaf diameters of N. nucifera were
measured on 12 August 2010.

The temperature and pH were measured in situ with
sensors (WM-22EP, TOA), and the dissolved oxygen con-
centration (DO) was determined using Winkler’s method at
L1 (20 cm above the bottom) and L2 (50 cm above the
bottom) in the N. nucifera bed on 21 July 2009. The tem-
perature, dissolved oxygen concentration, pH, conductivity,
chlorophyll a concentration, and turbidity were monitored
with an in situ sensor (Datasonde 5X, Hydrolab) placed
30 cm above the bottom in the N. nucifera bed at site L1.
The data were recorded every 30 min from 16 June to 24
July 2010. To compare the water quality inside and at the
periphery of the N. nucifera bed (using the sites L2 and L3)
with that of the open water (at sites P1, P2, and P3; Fig. 1),
the temperature, dissolved oxygen, pH, and conductivity
were measured in situ with a multiparameter water quality
meter (DKK-TOA Corporation’s model WQC-24) using a
boat on 11 August 2010. We measured the water 20 cm
below the surface and 30 cm above the lake bottom. We did
not measure the bottom water at L2 because the depth was
very shallow, or at L3 because we could not vertically sub-
merge the sensor without disturbing the water mass due to
the dense stands of N. nucifera.

Sampling

Because the distributions of many fish species typically
vary spatially due to feeding methods and the size structure

Sampling dates Fish and crustaceans Terrestrial Particulate Attached Macrozoobenthos Macrophyte
insect materials algae
29, 30 July 2009 L1, L2, O1, O2 (set net and cast LI O1 L1,L2,01,02 LI L1, L2, O1, 02
net were operated at the periphery
of each vegetation type)
16, 17 June 2010 L1, L2, Ml, M2 L1, L2, M1, M2 L1, M1 L1, L2, M1,M2 LI, Ml
9-11 August 2010 L1, L2, M1, M2 L1, M1 L2, M2 L1, M1

The labels for the sampling points are depicted in Fig. 1
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of the population, we studied the fish community using
single-point sampling with various items of fishing equip-
ment (see Table 1) to sample as many different fishes as
possible in July 2009. To collect large piscivorous fishes, a
set net (1.6-m long pathway of 10 mm mesh and 1.2-m
long catch net of 3 mm mesh) was placed at both the
northeast mouth of the waterway in the N. nucifera bed and
outside of O1 in the Z. latifolia bed overnight in July 2009.
A cast net (3.1 m in radius, 12 mm mesh) was also oper-
ated three times at the same location as the set net
operation.

The collection of small fishes within the vegetation was
conducted three times: July 2009, June 2010, and August
2010. After analyzing the fish samples caught in July 2009,
we expected that juvenile fishes would dominate in June
and that most of the small fishes would be fully grown in
August. We set three fish traps (0.25 m x 0.35 m of
1.5 mm mesh in 2009 and 0.24 m x 0.42 m of 2 mm mesh
in 2010) at each sampling point for 2 h in the morning.
Collection was also conducted by two people using a hand
net (0.37m x 0.32m of 1 mm mesh in 2009 and
0.36 m x 0.30 m of 2 mm mesh in 2010) for 20 min at
each sampling point. All fishes were kept cool in an ice-
filled cooler and brought to the laboratory within 3 h after
the collection. The crustaceans that were caught with the
hand net and fish traps were recorded and used for stable
isotope analysis. The number, weights, and total lengths of
the fishes and other organisms were determined, and the
organisms were then kept frozen until they were processed
for stable isotope analysis.

The sediments used to sample the macrozoobenthos
were collected with an Ekman—Birge sediment sampler
(15 cm x 15 cm); sampling was performed twice at each
of the sampling points (L1, L2, O1, 02) in July 2009. The
sediments were sieved at the shore with a 1-mm meshed
standard sieve. In the laboratory, the residue was sorted and
identified under a binocular dissecting microscope, and the
identified fractions were counted, weighed while wet, and
frozen for later stable isotope analysis. Because the amount
of macrozoobenthos quantitatively sampled in a single
collection using the Ekman-Birge sediment sampler was
not enough to allow the stable isotope ratios to be analyzed,
we combined the samples collected at L1 and L2 and at O1
and O2. We collected the sediments with shovels and
sieved with a 1-mm meshed standard sieve until we had
collected enough macrozoobenthos in June and August
2010. The sediment was sampled using this method at L1,
L2, and L3 in the N. nucifera bed as well as at M1 and M2
in the Z. latifolia bed.

In addition to collecting the macrozoobenthos in the
sediments and particulate materials, we collected insects
from the canopy of the vegetation that we identified as a

@ Springer

possible food source for small fishes. We categorized them
as terrestrial insects and captured them using a 0.5-mm
mesh hand net with the same frame as that used for fishes
in 2010. We established a 5 m x 5 m quadrat and kept
sweeping in the canopy of the vegetation for 10 min. All of
the insects obtained during the sweeping were kept cool
and brought to the laboratory.

Surface water was collected with either a pump or a
bucket and sequentially filtered with 1-mm, 200-pum, and
100-pm mesh sieves on the boat until the filtrate contained
a substantial amount of particles, as determined by a visual
inspection, in July 2009. We repeated the sampling until
about 300 mL of filtrate were collected.

The algae attached to the shoots were sampled by
cleaning with a brush in July 2009 at L1 and in June 2010
at L1 and M1. To estimate the contribution of the shoots to
the isotopic composition of the plant, the stable isotopes of
each shoot were also analyzed in June 2010.

Analytical procedures

For the stable isotope analysis, the fishes and shrimps were
dissected and only the muscle was analyzed. For the other
organisms, the whole body was analyzed. After being
freeze-dried, all of the animal samples except for the rot-
ifers were soaked in a mixture of chloroform and methanol
(2:1 by volume) for 24 h to remove lipids. The samples
were then dried in an oven set at 50 °C for 1 day. All of the
samples were homogenized and powdered with an agate
mortar and pestle.

To determine the stable isotope ratios, the samples
were combusted at 1020 °C in an elemental analyzer
(Fisons Instruments EA1108), and the combustion prod-
ucts (CO, and N,) were introduced into an isotope-ratio
mass spectrometer (Finnigan DELTAplus) using a He
carrier. The ratios '>C/'*C and "N/'*N were expressed
relative to the Vienna Pee Dee Belemnite (V-PDB)
standard for carbon and N, in air for nitrogen. The ratios
13¢/'2C and 'N/'*N were calculated using the following
formula:

0"3C or 6"°N = {R(sample)/R(standard) — 1}
x 1000(%,),

where R = *C/'2C or ’N/"N.

The machine drift during the analyses was checked
using L-o-alanine (8'3C = 20.93 %o, 8'°N = 7.61 %o)
every six samples. The accuracy of the values was deter-
mined using interlaboratory-determined nitroarginine fol-
lowing the method of Minagawa et al. (1984) for §'°C
(—22.27 %o) and IAEA-N1 for 8'°N (0.54 %o). The sam-
ples were measured twice with an SD of <0.5 %o for both
3'°C and 5"N.
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Results and discussion
Hypoxia in floating-leaved vegetation beds

DO was higher than 10 mg L™" in the open water at sites
P1, P2, and P3 (Fig. 1) and at the edge of the N. nucifera
bed (L3) on 11 August 2010 (Table 2). However, the DO at
L2 in the N. nucifera bed facing the waterway was just over
half the DO levels observed at those sites. Among the 1822
sample measurements taken from 16 June to 24 July 2010
at L1 (Fig. 2), 96 % had DO concentrations of <4 mg Lfl,
and 58 % had concentrations of <2 mg L™".

Based on the densities and the diameters of stems and
leaves (Table 3), leaves of N. nucifera covered 1220 cm?
per 10,000 cm? of the water area, and the stems occupied
29.3 cm? per 10,000 cm? in August 2010. Asaeda et al.
(2005) reported that Zizania latifolia clumps had a higher
shoot density and larger amounts of trapped litter than the
other emergent macrophytes in Lake Teganuma, causing
stagnant water in the center of the Z. latifolia clump. They
also reported that the average major and minor axes of a
Z. latifolia stem were 42 and 20 mm, respectively. Based
on this stem size, Z. latifolia stems occupied 291 cm?® per
10,000 cm? of water area. Thus, the leaves and stems of
N. nucifera occupied a 4.2-fold larger area than those of
Z. latifolia. The large coverage of the water surface by plants
most likely induced the hypoxia found in the N. nucifera bed
by decreasing the photosynthesis of epiphytes due to shading
and by weakening the vertical mixing of water.

Table 2 Quality of surface (20 cm below the water surface) and
bottom (30 cm above the lake bottom) water in Lake Teganuma on 11
August 2010

Sampling Temperature Dissolved pH Conductivity Turbidity
points (°O) oxygen (mS m™1) (NTU)
(mg L™
P1
Surface 29.1 13.08 83 222 8.7
Bottom 28.9 12.87 82 228 9.5
P2
Surface 29.3 14.16 89 227 17.6
Bottom  29.1 12.75 8.8 239 18.4
P3
Surface 29.6 12.96 9.0 233 24.3
Bottom 29.3 11.17 8.8 233 35.6
L1 26.4 1.94 7.0 34.0
L2
Surface 28.5 7.58 7.6 33.6 8.6
L3
Surface 28.9 14.27 8.8 252 14.7

The sampling points are shown in Fig. 1. The data for L1 are the
average values shown in Fig. 3
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Fig. 2 Temporal changes in the temperature, dissolved oxygen
concentration, pH, conductivity, and chlorophyll a concentration at
30 cm above the lake bottom in a Nelumbo nucifera bed at Lake
Teganuma (L1 in Fig. 1) measured every 30 min from 16 June to 24
July 2010 (n = 1822). The precipitation data were observed at Abiko
station of Meteorological Agency (35°51.8”N, 140°06.6”E), which is
about 7 km from the study site

Diversity of fishes in the Nelumbo nucifera bed
and the Zizania latifolia bed

During the surveys conducted in July 2009, June 2010, and
August 2010, four species were caught with the fish traps
and hand net inside the N. nucifera bed, while six species
were caught with the same gear inside the Z. latifolia bed
(Table 4). However, a marked difference was found
between the fish fauna of the periphery of the N. nucifera
bed and the fish fauna of the periphery of the Z. latifolia
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bed, where the fishes were caught with the set net and cast
net: only two species were caught at the periphery of the
N. nucifera bed, while 13 species were caught at the
periphery of the Z. latifolia bed. Considering all of the

Table 3 Shoot densities of Nelumbo nucifera and Zizania latifolia in
Lake Teganuma

Parameter Nelumbo nucifera Zizania
latifolia
Emerging  Floating  Flower Total Total
leaf leaf
Shoot density (no. m™") on 25 June
Average 14 20 0 340 66
SD 5 5 0 10 6
Shoot density (no. m~") on 12 August
Average 17 3 2 19 44
SD 1 2 1 2 15
Shoot diameter (mm) on 12 August
Range 6-22 4-7 6-13
Average 14.2 5.5 10.3
SD 4.6 1.0 3.0
Leaf diameter (mm) on 12 August
Short
Range 180-570 130-260
Average 424 197
SD 125 47
Long
Range 290-625 170-340
Average 480 263
SD 131 62

The diameters of the shoots and leaves of N. nucifera were measured
on 12 August 2010

species caught either inside each bed or at its periphery, all
four species caught in the N. nucifera bed were reported to
be omnivores by Kawanabe and Mizuno (1989), while the
14 species caught in the Z latifolia bed included three
piscivores: Anguilla japonica (Temminck and Schlegell),
Hemibarbus barbus (Temminck and Schlegel), and Chan-
na argus (Cantor); and two planktivore—detritivores: Car-
assius cuvieri (Temminck and Schlegel) and Mugil
cephalus cephalus L.

The total number of fishes collected with the hand net
and fish trap during July 2009 was 158 (comprising 4
species) in the N. nucifera bed and 458 (comprising 14
species) in the Z. latifolia bed. Because the public survey
that was conducted in 2004 found 16 fish species across
Lake Teganuma (Chiba Prefecture 2005), the results of this
study show that the Z. latifolia bed, which contained 14
species either inside or at the periphery of the vegetation,
serves as a habitat for most of the fish species in Lake
Teganuma.

The N. nucifera bed should be a superior shelter for
small fishes compared to the Z. latifolia bed because the
emergent and floating leaves should hide the small fishes
from birds. Moreover, no piscivorous fishes were caught
either inside or at the periphery of the N. nucifera bed,
while these predatory fishes were present both inside and at
the periphery of the Z. latifolia bed. Nonetheless, more fish
species were found in the Z. latifolia bed than in the
N. nucifera bed. Our results suggest that the presence of
fewer species in the N. nucifera bed is due not to the
inferior function of the bed as shelter but to other factors
that differentiate the beds.

Planktivore—detritivores were caught only at the
periphery of the Z. latifolia bed, and all of the small fishes

Table 4 Fishes caught during
the surveys conducted in July
2009, June 2010, and August
2010 inside the vegetation beds

Family Species

Fish caught in the
Nelumbo mucifera bed

Fish caught in the Zizania
latifolia bed

Inside Periphery Inside Periphery

(using a fish trap and a hand net)
and at the periphery of each
vegetation bed (using a set net
and a cast net)

Anguillidae  Anguilla japonica

Cyprinidae  Carassius cuvieri

Carassius gibelio langsdorfi

Phodeus ocellatus ocellatus X

X
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Mugilidae
Channidae

Gobiidae

Ischikauia steenackeri
Pseudorasbora parva
Gnathopogon elongatus elongatus
Gnathopogon caerulescen
Abbottina rivularis

Hemibarbus barbus

Mugil cephalus cephalus

Channa argus

Rhinogobius sp. OR

Tridentiger kuroiwae brevispinis

X X X X X X X X X X X X X
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Table 5 Sizes (mm) and numbers of fish caught with a hand net and a fish trap in the Nelumbo nucifera bed and the Zizania latifolia bed

Fish species

Results for the Nelumbo nucifera bed

Results for the Zizania latifolia bed

L1 and L2 Ol and O2
Average (n) Range Average (n) Range
July 2009
Rhodeus ocellatus ocellatus 33 (117) 9-48
Pseudorasbora parva 38 (152) 14-64 36 (394) 13-66
Abbottina rivularis 43 (2) 37-48 54 (50) 35-84
Rhinogobius sp. OR 21 (14) 14-30 23 (19) 15-30
Tridentiger kuroiwae brevispinis 33 4) 24-42 36 (16) 17-69
L1 L2 Ml M2
Average (n) Range Average (n) Range Average (n) Range Average (n) Range
June 2010
Rhodeus ocellatus ocellatus 54 (1) 54
Pseudorasbora parva 18 (45) 1426 30 (2) 25-34 31 (12) 22-37 22 (28) 15-35
Abbottina rivularis 45 (1) 45
Rhinogobius sp. OR 18 (1) 18 21 (3) 18-25 23 (1) 23 29 (13) 17-64
August 2010
Rhodeus ocellatus ocellatus 21 (5) 16-26
Pseudorasbora parva 42 (112) 20-70 41 (91) 27-71 41 (23) 23-59 34 (29) 16-50
Rhinogobius sp. OR 21 (8) 17-24 25 (8) 16-40
Tridentiger hiroiwae brevispinis 19 (10) 17-24 29 (2) 23-35 36 (18) 22-54

caught inside the beds were omnivores, except for the
piscivorous A. japonica, which was caught inside the
Z. latifolia bed. Thus, the interiors of the vegetation beds
of both floating-leaved and emergent macrophytes did not
serve as foraging habitats for planktivorous fishes and
benthic-feeding fishes. The size distributions of the
omnivorous fishes found inside both vegetation beds
showed that both juvenile and grown fishes utilize the
vegetation (Table 5).

Pseudorasbora parva was the most dominant fish in
both vegetation types during all of the samplings per-
formed in July 2009, June 2010, and August 2010 using the
fish trap and hand net (Table 5). In the N. nucifera bed,
P. parva was exclusively dominant. In August 2010, 203
individuals of P. parva and 18 individuals of other fish
species were caught in the N. nucifera bed, while 52
individuals of P. parva and 33 individuals of other fish
species were caught in the Z. latifolia bed. The number of
fishes caught with either the fish trap or hand net was
greater in the Z. latifolia bed than in the N. nucifera bed
during the samplings of July 2009 and June 2010, but many
more fish were caught in the N. nucifera bed during the
sampling in August 2010.

These results suggest that both the N. nucifera bed and
the Z. latifolia bed serve as habitats for omnivorous fishes
at various growth stages, and that the conditions in the
N. nucifera bed are more favorable for P. parva.

Food for the fishes in the Nelumbo nucifera bed
and the Zizania latifolia bed

The aquatic insects utilizing the water area and sediments
of the beds comprised Chironomidae larvae and a water
strider. Although we could not quantitatively compare the
abundances of the Chironomidae larvae, previous reports
of surveys of the same beds showed that the abundance of
Chironomidae larvae is ten times larger in the Z. latifolia
bed than in the N. nucifera bed (Consultation Association
for Conservation of Lake Teganuma 2010). Terrestrial
insects utilized the abovewater vegetation, and the dead
bodies of terrestrial insects were floating on the surface of
the water. These insects included adult Chironomidae,
spiders, flies and beetles.

The fishes always showed a greater range of trophic
levels in the Z. latifolia bed than in the N. nucifera bed
throughout all of the samplings in this study (Tables 6, 7,
8). The wider trophic range observed for the Z. latifolia bed
was mainly due to the lowest trophic level represented,
which was always lower than the lowest level represented
in the N. nucifera bed. The lowest trophic levels of the
fishes at the samplings in July 2009, June 2010, and August
2010 were 2.96, 3.10, and 3.28 in the N. nucifera bed,
respectively, but 2.41, 2.83, and 2.33 in the Z. latifolia bed.
Fishes that partially depend on primary producers (with a
trophic level of nearly 1.0) utilized the resources in the
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Table 6 Number of samples (1) as well as the average values and standard deviations (SD) of 8'C and 8'°N in organisms and organic materials
sampled from the Nelumbo nucifera bed and Zizania latifolia bed in July 2009

Nelumbo nucifera bed

Zizania latifolia bed

3"3C (%) 8N (%o0) 3"7C (%o) 3N (%o)
Sample n  Average SD  Average SD  Trophic n  Average SD  Average SD  Trophic
level level

Fish

Channa argus 1 -2244 - 17.88 3.70

Hemibarbus barbus 1 -2251 - 17.62 - 3.62

Carassius gibelio langsdorfi 5 —=2454 201 16.07 0.70 3.17

Pseudorasbora parva 11 —=2520 1.06 15.02 0.90 2.96 9 —-24.18 0.76 15.70 0.57 3.06

Rhinogobius sp. OR 6 —2554 049 15.83 048 3.20 3 —-2450 1.00 15.93 0.52 3.13

Abbottina rivularis 2 =2524 0.66 1645 0.13 3.38 9 2502 053 16.73 047 3.36

Tridentiger kuroiwae brevispinis —2580 0.16 15.76 0.12 3.19

Rhodeus ocellatus ocellatus 10 —23.68 0.93 14.72 0.66 2.77

Gnathopogon caerulescen 2 —-2465 087 1579 0.28 3.09

Ischikauia steenackeri 1 =2621 - 16.00 - 3.15

Mugil cephalus cephalus 3 —-2531 0.25 1349 0.14 2.41

Carassius cuvieri 1 -26.11 - 13.84 - 2.51
Macrozoobenthos

Palaemon paucidens 4 —-2458 0.12 15.01 0.62 2.90 4 —-2463 051 1553 0.45 3.01

Macrobrachium nipponense 6 —2287 036 15.64 043 3.04

Procambarus clarkii 1 —25.86 11.27 1.86 2 -26.69 0.69 12.63 1.18 2.16

Limnoperna fortunei 3 —-25.59 0.37 1246 0.54 2.11
Aquatic insects

Chironomus phumosus larvae 3 -2736 064 11.76 0.83 2.00

Chironomus sp. larvae 1 -2517 - 12.10 - 2.00

Aquarius paludum 1 -27.16 - 10.14 - 1.52 1 -2535 - 11.57 - 1.84
Terrestrial insects

Donacia lenzi —-2497 0.15 12.28 022 2.15

Drosophila virilis —2393 040 10.61 0.35 1.66

Aranea sp. —25.66 - 14.31 - 2.75 1 2475 - 13.47 - 2.40
POM

>1 mm 1 -2627 - 10.24 - 1.56 1 —-2424 - 8.66 - 0.99

I mm-200 pm 1 -2592 - 9.80 - 1.42 1 —2587 - 9.46 - 1.22

200-100 pm 1 -2501 - 8.30 - 0.98 1 -2587 - 9.28 - 1.17

<100 pm 1 -2526 - 8.14 - 0.94 1 -26.13 - 8.88 - 1.05
Yomagishiella unicocca 1 —2548 - 11.27 - 1.76
Sediments 1 —2689 - 10 08 - 1.51 1 —-2496 - 8.50 - 0.94
Others

Leaves of decomposed Nelumbo 1 —-2586 - 10.78 - 1.71

nucifera

Stems of decomposed Nelumbo nucifera 1 —-24.77 - 10.54 - 1.64

Attached algae 1 -2322 - 10.05 - 1.50

The trophic level was calculated using the following equation (Vander Zanden and Rasmussen 1999), adopting Chironomidae larvae as the

primary consumer (trophic level = 2): trophic level.opsumer = ((5]5NConsumer -

Z. latifolia bed, while food resources with a trophic level of
>2 (i.e., secondary producers) were only used by fishes in
the N. nucifera bed. For example, three fish species had
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trophic levels of around 3.2 in the N. nucifera bed in July
2009 (Table 6). Possible food sources that can have trophic
levels between 2.0 and 2.4 were restricted to the aquatic
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Table 7 Number of samples (1) as well as average values and standard deviations (SD) of 'C and 8'°N in organisms and organic materials
sampled from the Nelumbo nucifera bed and Zizania latifolia bed in June 2010

Nelumbo nucifera bed

Zizania latifolia bed

3"3C (%o) 3N (%o) 3"3C (%) 3N (%o)
Sample n  Average SD  Average SD  Trophic n  Average SD  Average SD  Trophic
level level
Fish
Pseudorasbora parva (1) 16 —-28.00 096 1544 0.28 3.26 9 —2449 045 1548 045 2.99
Pseudorasbora parva (2) 2 =25.41 1.54 15.13 0.19 3.10 12 —-2387 035 15.80 0.39 3.27
Rhinogobius sp. OR (1) 1 —24.45 16.17 3.19
Rhinogobius sp. OR (2) 3 —2426 0.18 15.80 0.87 3.29 11 —=2445 072 16.14 095 3.37
Abbottina rivularis (1) 1 =2476 - 14.92 - 2.83
Abbottina rivularis (2) 1 —-2408 - 15.74 - 3.25
Rhodeus ocellatus ocellatus (2) 1 -23.00 - 14.86 - 3.00
Aquatic insects
Chironomus plumosus larvae (1) 5 =30.21 1.31 11.14 046 2.00 5
Chironomus plumosus larvae (2) 5 =25.61 033 1141 0.72  2.00 9
Chironomus sp larvae (1) —26.26 035 12.12 046 2.00
Einfeldia sp. larvae (2) —24.56 046 1147 0.35 2.00
Eggs of Chironomidae (1) 1 -3049 - 11.35 - 2.06 1 -2617 - 11.91 - 1.94
Aquarius paludum (1) 1 -30.12 - 12.21 - 2.31
Aquarius paludum (2) 1 -2792 - 13.03 - 2.48
Terrestrial insects
Chironomus yoshimatsui (1) 9 -—31.83 1.18  12.67 0.73 245 5 —=2606 090 13.08 0.66 2.28
Drosophila virilis (1) —28.67 023 14.17 0.55 2.89 6 —2678 0.37 11.39 3.67 1.79
Others
Attached algae (1) 1 —-2833 - 11.08 - 1.98 1 -2890 - 10.81 - 1.62

The number in parentheses after the sample name indicates the sampling station, i.e., (1) indicates L1 or M1 and (2) indicates L2 or M2. The
sampling stations are shown in Fig. 1. The trophic level was calculated using the following equation (Vander Zanden and Rasmussen 1999),
adopting Chironomidae larvae as the primary consumer (trophic level = 2): trophic level.onsumer = ((BISNCO,,SUmer — 515Nprimary consumer)/

34)+2

insect Chironomus plumosus, a larvae with a trophic level
of 2.00, and the terrestrial insect Donacia lenzi, which has
a trophic level of 2.15. The POM, sediment organic matter,
and attached algae—with trophic levels of <1.8—were not
food resources of the fishes in the N. nucifera bed.

Another reason for this difference is the absence of
piscivorous fish in the N. nucifera bed. The largest trophic
level of 3.62 for omnivorous fish was found for Rhinogo-
bius sp. OR in August 2010 in the N. nucifera bed, while
Channa argus, a piscivorous fish that was caught in the
Z. latifolia bed in July 2009, had a trophic level of 3.70.

Thus, our hypothesis that the species diversity of small
fishes would be greater in the habitat without piscivorous
fish was rejected. The diversity of fish species in the veg-
etation beds was enhanced when there was an increased
range of possible food sources rather than an absence of
predators.

Adaptation by Pseudorasbora parva to the hypoxic
conditions of the Nelumbo nucifera bed

Within the same fish species, the 8'3C value in the Nelumbo
nucifera bed was lower than it was in the Zizania latifolia
bed (Tables 6, 7, 8). One possible reason for the lower FI(®
of the fishes in the N. nucifera bed is that those fishes depend
on a limited number of food sources, and one of these food
sources—Chironomus plumosus larvae—possessed a signif-
icantly lower 8'°C value in the N. nucifera bed than in the
Z. latifolia bed. The average 8'°C signature of the Pseudo-
rasbora parva caught at L1 in the N. nucifera bed in June
2010 was —28.00 %o, which was the lowest average value
found in the fishes caught during this survey (Table 7). In
contrast, the average 8'°C of the P. parva caught at L2 in the
N. nucifera bed in June 2010 was —25.41 %o. Likewise,
some aquatic insects of the same species showed much a
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Table 8 Number of samples (1) as well as average values and standard deviations (SD) of 'C and 8'°N in organisms and organic materials
sampled from the Nelumbo nucifera bed and Zizania latifolia bed in August 2010

Nelumbo nucifera bed

Zizania latifolia bed

313C (%) 3N (%) 313C (%) 3N (%)
Species n  Average SD  Average SD  Trophic n  Average SD  Average SD  Trophic
level level

Fish

Rhinogobius sp. OR (1) 8 2466 1.05 1691 1.51 3.62

Rhinogobius sp. OR (2) 7 —=24.00 023 16.50 0.62 3.39

Pseudorasbora parva (1) 27 —2586 1.54 15.84 0.57 3.30 20 —23.72 0.54 15.76 0.62 3.17

Pseudorasbora parva (2) 21 —-2455 0.76 16.05 0.69 3.36 10 —23.55 026 1538 0.87 3.06

Tridentiger kuroiwae brevispinis (1) 9 —25.08 0.65 15.76 0.87 3.28 —2431 031 1574 1.52 3.16

Tridentiger kuroiwae brevispinis (2) 12 —-23.56 042 16.01 041 3.34

Rhodeus ocellatus ocellatus (1) —22.37 - 12.92 - 2.33

Rhodeus ocellatus ocellatus (2) 5 -=-22.63 0.12 13.37 040 247

Anguilla japonica (2) —-2291 - 16.34 - 3.31
Macrozoobenthos

Palaemon paucidens (1) 4 -23.19 055 14.76 0.51 2.88
Aquatic insects

Chinomus plumosus larvae (1) 3 =335 1.02 10.67 024 1.78

Einfeldia sp. larvae (1) —27.30 136 11.42 0.96 2.00

Chinomomus sp. larvae (1) 3 —2665 0.89 11.78 0.48 2.00
Terrestrial insects

Donacia lenzi (1) —2527 055 12.17 033 222

Drosophila virilis (1) 5 —2412 133 1144 226 2.01 2 —=2623 039 1435 0.25 2.75

The number in parentheses after the sample name indicates the sampling station, i.e., (1) indicates L1 or M1 and (2) indicates L2 or M2. The
sampling stations are shown in Fig. 1. The trophic level was calculated using the following equation (Vander Zanden and Rasmussen 1999),
adopting Chironomidae larvae as the primary consumer (trophic level = 2): trophic level.onsumer = (3N consumer — SISNpﬁmary consumer)/

34) + 2

lower 3'°C value at L1 than at L2 in June 2010: §'*C of
Chironomus plumosus was —30.21 %o at L1 and —25.61 %o
at L2, and 8'"°C of Aquarius paludum was —30.12 %o at L1
and —27.92 %o at L2. Some of the terrestrial insects also had
lower 8'°C values at L1 than L2; for example, adults of
Chironomus yoshimatsui had values of —31.83 %o at L1 and
—26.06 %o at L2. Such site differences within a bed were not
observed between the organisms caught at M1 and M2 in the
Z. latifolia bed.

Organisms with 8'°C of less than —30 %o were more
depleted in '*C than the surface sediment observed in July
2009 (—26.89 %o, Table 6) or the attached algae at L1
sampled in June 2010 (—28.33 %o, Table 7). Because low
3'3C was only observed in chironomids and their predator
(A. paludum), and was only found at L1, where the dis-
solved oxygen concentration dropped below 2 mg L™
(Table 2), it is likely that the chironomids at L1 incorpo-
rated the organic materials generated by methane-oxidizing
bacteria, which exhibit rather low 3'°C values (Jones and
Grey 2011; Yasuno et al. 2012).

@ Springer

The probability of '*C-depleted chironomid larvae being
consumed in situ by P. parva may be low because P. parva
cannot dig and consume the larvae in the anoxic sediments
where methane is generated. Because we found dead bodies
of insects floating in the surface water in the N. nucifera
bed, we assume that P. parva feed on these dead aquatic and
terrestrial insects at the surface, where the fatal effect of
anoxic water during feeding is minimized. The 8'*C of the
P. parva caught at L1 showed a wider range (—29.24 to
—26.44 %0) than the corresponding values of P. parva
caught at the other sampling points in June 2010 (Fig. 3a).
The range became even wider in August 2010 (—29.20 to
—22.91 %o, Fig. 3b). These wide ranges can be explained
by the adaptability of P. parva to a wide range of foods,
including dead insects on the surface of the water. The
results of this study also contribute to the small body of
evidence that methane may contribute appreciable carbon to
the pelagic food webs in lakes (Jones and Grey 2011).

Pseudorasbora parva has invaded 32 countries from
Central Asia to North Africa in less than 50 years (Gozlan
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Fig. 3 Total lengths (cm) and 8'3C values of Pseudorasbora parva
sampled in the Nelumbo nucifera bed (LI, L2) and the Zizania
latifolia bed (M1, M2) at Lake Teganuma in June 2010 (a) and in
August 2010 (b). The sampling stations are shown in Fig. 1

et al. 2010). The species has been described as an omnivore
but has also been considered to be planktivorous with a
broad diet (Gozlan et al. 2010). Our data showed the
plasticity of the food habits of P. parva as well as its tol-
erance of hypoxic conditions. These characteristics may
have enabled P. parva to spread worldwide. Our hypothesis
that the total density of small fishes should correlate with
the degree of oxygenation and therefore be lower in the
floating-leaved N. nucifera bed than in the emergent
Z. latifolia bed was not supported. Our data showed that the
largest fish abundance, mostly consisting of P. parva, was
found at the most hypoxic site, L1, followed by L2 in the
N. nucifera bed, and a much lower abundance was found in
the Z. latifolia bed in August 2010 (Table 5).

Conclusion

Emergent and floating-leaved vegetation serve the same
functions as submerged vegetation, acting as a refuge and
foraging habitat for zooplankton (Cazzanelli et al. 2008). In
this study, a Z latifolia bed (emergent vegetation), was
found to be utilized by fishes across a wide trophic range,
so the species richness in the emergent vegetation bed was
far greater than that in the nearby floating-leaved vegeta-
tion bed composed of N. nucifera. Strong hypoxia, with
dissolved oxygen levels of <2 mg L', was observed in
the N. nucifera bed during the summer. Only omnivorous
fishes were found in the N. nucifera bed, and P. parva

dominated at the most hypoxic site, where it presented a
higher biomass than the same species did in the Z. latifolia
bed. Thus, floating-leaved vegetation may only serve the
same function as submerged vegetation for certain
omnivorous fish with high hypoxic tolerance.

In shallow turbid lakes, the depth ranges for each veg-
etation type before the eutrophication seen in modern times
were reported to be 0—1 m for emergent vegetation, 1-3 m
for floating-leaved vegetation, and 2—4 m for submerged
vegetation (Yoshimura 1937). This implies that planting
floating-leaved vegetation may inhibit the revival of sub-
merged vegetation due to the competition for available
light at depths of 2-3 m (where they overlap). Floating-
leaved vegetation—especially N. nucifera beds—is not a
suitable alternative vegetation habitat for fishes that use
submerged vegetation because of its potential to induce
hypoxia and its superior competitive strength to other
vegetation types (Masstrantuono and Mancinelli 1999).
Because N. nucifera has been introduced to both artificial
and natural water areas for gardening purposes worldwide,
its control merits further study in order to minimize any
resulting simplification of fish fauna.
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