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INTRODUCTION

Silver carp, Hypophthalmichthys molitrix (Val.),
is a phytoplanktivorous filter-feeder, feed algae
of various sizes (Cremer and Smitherman, 1980;
Smith, 1989). The usage of silver carp to improve
water quality in eutrophic lakes has been inves-
tigated since the 1970s (Sirenko et al., 1976; Ka-

jak et al., 1977; Smith, 1985; Laws and Weisburd,
1990; Starling, 1993; Lieberman, 1996). Silver
carp feeds moving and unmoving targets through
a mechanical filtration. Food items are passed
through the gill matrix with numerous pores,
and towards the esophagus by the sucking and
pumping actions of the suprabranchial organ
(Wilamovski, 1972; Lazzaro, 1987), and mastica-
ted by the pharyngeal teeth (Xie, 1999).
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Studies of silver carp demonstrated that filter-
pore sizes (FPS) ranged between 12 and 41 um
(Wilamovski, 1972; Liu, 1981; Hampl et al., 1983;
Spataru et al., 1983), but silver carp could filter
up to 4.5 um (Xie, 1999), perhaps because of sec-
retion of digestive mucus (Lazzaro, 1987) or pro-
gressive clogging of prey in the gill matrix (Dur-
bin and Durbin, 1975). These studies also found
that the FPS generally does not change as the
fish grows, but they were unable to precisely de-
termine the actions of the gill rakers or the di-
gestive acids and/or enzymes in the intestine on
specific prey (Bitterlich, 1985a, b, c). Therefore,
the size of the prey filtered, the mechanism by
which the fish breaks down algal cells and the
process of digestion of algae as they are move
along the digestive tract are still unclear.

Silver carp unselectively consumes cyanobacte-
ria, and unavoidably feed algae only when abun-
dant (Vovk, 1974; Xie, 1996), although they much
prefer diatoms to green algae, euglenoids and
cyanobacteria (Prowse, 1964; Xie and Takamura,
1996). Bitterlich (1985a, b, ¢) reported that the
digestive enzymes in the intestine of stomachless
fish did not completely digest cells, because of
the neutral pH; large populations of cyanobac-
teria have been observed in the hindgut of fish
(Malyarevskaya et al., 1972; Kajak et al., 1977),
and these cells did not display morphological ch-
anges during a digestion (Moriarty et al., 1973).
However, feeding experiments have shown that
the fish could very well assimilate isotope-label-
ed algae such as Microcystis and Euglena (Zhu
and Deng, 1983), Anabaena (Herodek et al., 1989)
and green algae (Iwata, 1976). Our previous stu-
dy (Fukushima et al., 2000), has shown that the
presence of silver carp significantly suppressed
the chlorophyll-a concentration of phytoplank-
ton>40 pm, and induced the outbreak of phyto-
plankton<2 um. Nevertheless, the microscopic
examination revealed that the fish rarely remove
larger algae such as Oscillatoria, Anabaena and
Melosira, which were abundant in a hypertro-
phic lake during the summer.

Therefore, the silver carp’s feeding selectivity
and its ability to digest various algae, particular-
ly in hypertrophic lakes, are still not clear. The
objectives of the study were to determine: 1) the
mayjor characteristics of the prey of silver carp; 2)
the quantities and types of algae ingested and
remained in the fish intestine; and 3) any differ-
ence between the phytoplankton communities in

Z| gl 4t - Noriko Takamura

the water and the intestine of silver carp with di-
fferent fish stocking densities and culture times.

MATERIALS AND METHODS

This lake is the second largest in Japan (16,800
ha), shallow (mean depth 4 m, maximum depth 7
m) and hypertrophic. The annual means of total
phosphorus and total nitrogen are 0.095 and
1.150 mg/L, respectively (Takamura et al., 1996).
The water residence time is 0.55y, and there is
virtually no vertical stratification. The lake is
the main local source of water for drinking, irri-
gation and industrial use, but it has been affect-
ed by heavy blooms of cyanobacteria since the
1970s (Takamura et al., 1992)

We set up to 4 enclosures (each 5x5mx2.5m
deep) near the shore of Lake Kasumigaura (140°
02'N, 36°00'E), after the method of Fukushima
et al. (2000). Two enclosures (1A and 2A) allocat-
ed for fish stocking from 22 May to 23 July, 1997
(Stock A), and other two enclosures (1B and 2B)
from July 23 to 18 September, 1997 (Stock B)
(Table 1). Fish were reared in enclosures 1A and
2A during early summer at low and high densiti-
es, respectively. Enclosures 1B and 2B were free
of silver carp during early summer but were sto-
cked on 23 July at low and high densities, res-
pectively. The water temperature in the enclo-
sures ranged from 17~29°C during the experi-
ments. The mean (£SD) fork length and body
weight of the silver carp in 1A and 2A were 139
+10 mm and 39+9 g, respectively, when stocked
on 22 May, while those in 1B and 2B were 182+
14 mm and 87+20 g, respectively, when stocked
on 23 July. At the end of each stocking period,
we collected the fish from the enclosures, mea-
sured their size and weight and calculated their
percent growth. Fish growth was calculated as
(final biomass-initial biomass)/(initial biomass)
x 100. Dead or lost silver carp were replaced
with individuals of similar size throughout the
experiment.

To observe the gill apparatus and the supra-
branchial organ, the FPS and the gut contents of
silver carp, 10 fish were sampled from each en-
closure on the final day of each stocking period,
with the exception of enclosure 1A, from which
only 7 were sampled, totally 37 fish. First of all
the head of fish was removed with a scissor,
fixed with ethanol and placed in a glass bottle.
To measure the FPS the gill arch and the supra-
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Table 1. Number, biomass, percent growth and filter pore size (FPS) of silver carp stocked in the 4 enclosures.

- Initial biomass  Final biomass Fish growth FPS (um) No. fish for FPS
Enclosure  No. fish (g/m3) (g/m3) (%) Mean+ SD (range) measurement
1A 15 9.1 312 242 18.4+1.3 (16.4~20.2) 7
2A 57 374 76.5 105 18.9+1.4 (16.9~21.5) 10
1B 15 20.9 425 103 20.0+1.0 (18.8~21.8) 10
2B 57 78.8 93.9 19 19.6+1.1(18.2~21.3) 10

branchial organs were removed and observed
under a Nikon dissecting microscope. The analy-
sis of the gut content was made after dissecting
1-cm pieces of foregut and hindgut from the fish
with scissors. Each gut fragment was squeezed
with fine forceps to remove the gut juice, which
was then preserved in formalin (final concentra-
tion 3~5%).

Qualitative and quantitative analyses of phyto-
plankton were carried out with integrated water
samples. These samples were collected by lower-
ing a column sampler (diameter 5 cm, capacity
4.7 L) close to the sediment at the center of the
enclosure on 20 and 23 July for 1A and 2A, and
on 15 and 18 September for 1B and 2B. A 100
mL subsample from each water sample was pre-
served with 1% Lugol’s iodine solution. We co-
unted the number of each type of phytoplankton
in the water samples and fish intestines under a
Nikon inverted light microscope. Nineteen domi-
nant phytoplankton were identified to the speci-
es level, and others to the generic level. The cell
length and width of the dominant phytoplankton
species were measured, and the average volume
of the cells was calculated according to Wetzel
and Likens (1991).

To measure the function of algae as a food for
silver carp, namely, ingested unit (1U) is newly
defined as a measurement of mean size and sha-
pe of phytoplankton occurred in the water. The
size calculation included the usual number of
phytoplankton forming a colony; we used data
from over 100 cells of each solitary species. We
also ignored the change in the structure and di-
mensional ornamentation of each phytoplankton
in water. Because the lived cell is commonly big-
ger than that of fixed cell, as 1.33 times in case
of 2% Lgol’s iodine solution (Strathmann, 1967),
and 1.28 times in and 0.5% glutaraldehyde solu-
tion (Verity et al., 1992). In conclusion, our 1U
values were slightly over- and under-estimated
compared to the lived phytoplankton in enclo-
sures. The 1U value included non-chlorophyllous

parts, cytoplasmic connections between many
branches (Westella and Dictyosphaerium), mucil-
agenous sheaths (Phormidium) and hyaline lay-
ers between the cell wall and the nucleoplasm
(Kirchneriella, Sphaerocystis and Oocystis), apart
from the flagella and spines of Microspora, Te-
traspora, Volvox and Scenedesmus. To examine
whether or not ingested algae remained alive,
chloroplasts or chromatophores were observed in
the cells in the fish's intestine by the method of
Takamura and Yasuno (1983).

We calculated Shoener’s (1970) index to assess
similarities in phytoplankton between the for-
egut and the water, and the hindgut and the wa-
ter. For the former similarity, we sampled the
water from each enclosure at the same time that
fish were collected. For the latter similarity, we
compared the contents of water samples obtained
3 d before fish sampling with the hindgut con-
tents, because we had estimated the gut-passa-
ge time in fish of this size at this water tempera-
ture to be 66 h (Liu, 1990). To evaluate the selec-
tive preference of silver carp for individual phy-
toplankton species, we calculated the a index of
Chesson (1983) for each dominant phytoplankton
species by comparing the phytoplankton biomass
in the foregut with that in water sampled on the
same day as the fish samples were taken.

To evaluate the statistical significance in the
difference of similarity in phytoplankton commu-
nity between the foregut and the water, the
hindgut and the water, and the foregut and the
hindgut, the Mann-Whitney test for nonparame-
tric testing was applied. Simple correlation an-
alyses between the IU values and total biomass
of each phytoplankton species, and selectivity of
silver carp on phytoplankton species were con-
ducted.

RESULTS

The growth of the silver carp (expressed as %)
was affected by a density of fish stocked: the bio-
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Fig. 1. Relationship between filter pore size (FPS) and
weight of silver carp in the four enclosures. Ten
fish were examined from each enclosure, except
for 1A, where only 7 were examined.

w4 A
0
- @
;\E 1 0
% ' 1 .
%) i 1
g 0 8 0
S . - .
- B E;} L
©
% Wl 3 EE é
I u
E 1 4L, b0 0 1A
] * 2A
Mf v - ——s

N i) 1l

Z| gl 4t - Noriko Takamura

mass of fish was greater in the low-density en-
closure than that of the high-density, and Stock
A than for Stock B, respectively (Table 1). The
filtering apparatus of the silver carp used in the
study generally appeared to be similar to that
described by Wilamovski (1972). The distance be-
tween adjacent ribs or rakers re-measured aver-
aged 82.3 um (n =37, SD =3.5) in this study. The
average FPS of the fish (59~272 g) was 19.3 um
(range 16.4~21.8 um), and there was a weak re-
lationship (r=0.38, p=0.019, n = 37) between the
FPS and the fish weight (Fig. 1 and Table 1).
Totally 201 taxa occurred in this study, but
only 19 dominant phytoplankton contributed
>95% of the total algal biomass (Table 2). Only
in enclosure 1A were all of these phytoplankton
species present; the number of dominant phyto-
plankton species in the Stock B enclosures drop-
ped. The IU values of the phytoplankton species
ranged from about 1,100 to 777,000 um?3. Cyano-
bacteria, Merismopedia tenuissima was the most
abundant (101°~ 102 um?) in each of the 4 enclo-
sures over the experimental periods. The phyto-
plankton biomass tended to decrease significan-
tly (r = 0.58, p<0.01 for all enclosures; Fig. 2)
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Fig. 2. Total biomass and ingested unit (IU) values of phytoplankton species in the four enclosures. Algal biomass below
108 um3 was counted as zero. The U value of each phytoplankton species is listed in Table 2.
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Table 2. Feeding selectivity (Chesson’s a index) of silver carp for each dominant phytoplankton species, and their ingested
unit (1U) values, in the 4 enclosures. The 1U values include cytoplasmic connections and mucilagenous sheaths,

but exclude flagella and spines.

Selectivity index

- - IU values
Dominant Specles 1A oA 1B B (um3)

Nitzschia acicularis 0.00 0.10 0.24 0.24 1108.4
Chlamydomonas sp. (>15 pm) 0.00 0.00 0.03 0.01 1169.0
Coelosphaerium sphaericum 0.00 0.00 0.00 0.13 2208.0
Aulacoseira granulata 0.06 0.14 0.00 0.00 3126.8
Lyngbya limnetica 0.00 0.01 0.03 0.01 3427.1
Monoraphidium contortum 0.01 0.00 0.00 0.17 8146.0
Dictyosphaerium pulchellum 0.02 0.03 0.00 0.00 8377.6
Chodatella wratislaviensis 0.02 0.07 0.00 0.00 8722.3
Ankistrodesmus falcatus 0.09 0.06 0.03 0.02 116415
Cyclotella meneghiniana 0.70 0.31 0.20 0.16 15598.5
Westella botryodies 0.00 0.00 0.12 0.00 16755.2
Scenedesmus protuberans 0.01 0.03 0.00 0.04 41147.6
Synedra unla 0.00 0.00 0.04 0.00 79892.4
Melosira distans 0.02 0.02 0.00 0.00 84496.2
Oscillatoria agardhii 0.01 0.02 0.01 0.10 103118.2
Actinastrum Hantzschia 0.04 0.08 0.13 0.00 134481.0
Kirchneriella obesa 0.00 0.00 0.08 0.00 337789.5
Merismopedia tenuissima 0.00 0.00 0.00 0.05 678348.8
Anabaena flos-aquae 0.00 0.11 0.08 0.03 777014.7

with decreasing volume of individual cells or co- (L

lonies.

The similarity index between the phytoplank-

ton community in the fish intestine and the wa- Ly B ot

ter in each enclosure varied in close relation to [ hinsdgus

the average weight of the fish, or inversely to the e

stocking density (Fig. 3). The similarity index i I -

was higher in enclosures with smaller fish but = |

lower fish density, both for the foregut and hind- £ na )

gut, than in enclosures with large fish and high- L= | | T

er fish density, respectively (p<0.05, except for B | 1 |

similarity indices of the foregut between 1B and w024 ' i '

2B, U-test). | |

The a index of Chesson (1983) showed that sil- 3 | [ |

ver carp greatly preferred 5 diatoms, namely Ni- [ | i i

tzschia, Aulacoseira, Cyclotella, Melosira and Sy- i [ oA

nedra despite the fact that cyanobacteria occurr- i | .! : | A |

ed abundantly in each enclosure. Of these, Cyclo- i A 24 1B 28

tella meneghiniana (13~17 pm) was most pre-

ferred by fish, with a selectivity index of 0.2~0.7 Enclosure

(Table 2). This diatom was preferred in other en-
closures as well. Two other diatoms, Aulacoseira
granulata (a = 0.14 for 2A) and Nitzschia acicu-
laris (a = 0.24 for Stock-B) were also selectively
ingested. In contrast, the selectivity indices for
Lyngbya limnetica, Melosira distans and Chla-
mydomonas (>15 um) were consistently low
across all the enclosures (a =0.03). There was no
relationship between the selectivity indices and

Fig. 3. Similarities between phytoplankton communities
in the fish intestine and water in the four enclosu-
res. The index was calculated by the method of Sh-
oener (1970), and was used to compare the compo-
sition of phytoplankton species in the foregut and
the water, and in the hindgut and the water. For
analysis of gut contents, 10 fish were collected
from each enclosure, except for enclosure 1A,
where only 7 were collected.
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Fig. 4. Feeding selectivity (Chesson’s a index) of silver carp and ingested unit (IU) values of phytoplankton. We calculated
the selectivity index for each major phytoplankton by the method of Chesson (1983), based on the relative algal
abundance in the foregut of fish and water. For analysis of the gut content 10 fish were collected from each
enclosure, except for enclosure 1A, where only 7 were collected.

IU values of phytoplankton in any of the enclo-
sures (r=0.001, p>0.05, Fig. 4).

DISCUSSION

The feeding behavior of most filter feeders is
greatly influenced by various factors, such as vi-
sibility, size and density of prey, acclimation
(Adamek and Spittler, 1984; Lazzaro, 1987), tem-
perature (Reynolds, 1984; Szumiec, 1997) and cy-
anobacterial toxins (Tidwell et al., 1992; Fuku-
shima et al., 2000). In our feeding experiments
with 1-y-old silver carp during five summer mo-
nths, the stocking density remarkably influenced
its feeding habit; in particular, fish growth was
remarkably retarded in enclosure 2B with a high
density of stocked fish. But, there were no major
changes in FPS of silver carp (16.4~21.8 um)
with fish size (59~272 g) and water temperature
(23~26°C) in each enclosure during the study
period. Despite the fact that the present work is
based on fish of small or limited size, our results
unequivocally suggest that the stocking density

controls the feeding behavior of silver carp dur-
ing summer in the eutrophic lake.

Over the experiment periods, Anabaena, Meri-
smopedia and Oscillatoria, showing high 1U val-
ues (100,000 um3), occurred abundantly in water
even in the presence of silver carp. The results
showed a highly significant relationship between
the abundance and IU values of each phytopl-
ankton in all the enclosures, without regard to
the presence or density of fish (Fig. 2). In gener-
al, cyanobacteria may be ingested unselectively
when occurring abundantly (Kajak et al., 1977;
Tidwell et al., 1992), but they are not at all prefe-
rred and are even avoided by silver carp (Sirenko
et al., 1976). The feeding behavior of silver carp
in cyanobacteria-rich lake is not fully understood
due to complex relationships among algal grow-
th, mortality and feeding preferences of fish (Sie-
gel, 1998), and also because the fish find it diffi-
cult to digest cyanobacteria (Payne, 1978; Bold
and Wynne, 1985; Starling and Rocha, 1990).
The morphological characteristics of phytoplank-
ton and their abundance may be important in de-
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termining the relevant prey of 1-y-old silver
carp in highly mixed waters.

Our result that silver carp more preferred dia-
toms than cyanobacteria and green algae, is in
accordance with previous observations (Prowse,
1964; Xie, 1999) and seems to be due mainly to
the ease with which diatoms can be distinguish-
ed from the mixed debris in fish intestine. Low
selectivity for cyanobacteria and green algae
may be due to difficulties in distinguishing the
dissociated cells from colonies or filaments. Ap-
propriate techniques need to be developed to cl-
early understand and generalize the feeding be-
havior of stomachless fish such as silver carp.

Our findings indicate that the composition and
relative abundance of phytoplankton in the wa-
ter was more similar to that in fish fore-gut at
low density than at high density. The density ef-
fect was significant in both the Stock A and Sto-
ck B experiments (Fig. 3, p<0.05, U-test). Be-
cause of the low grazing pressure, algae in the
low-density enclosures, may more easily form
aggregates or colonies in the water column than
those in high-density enclosures. The results
from an analysis of foregut content of fish may
also confirm that fish ingest unselectively algal
aggregates or colony as bulk or mass from water.
Although the feeding selectivity of silver carp is
still controversial and unclear if it really does oc-
cur (Kajak et al., 1972; Sirenko et al., 1973), it
may be one of the expectations that there were
weak relationship between the selectivity indices
and the 1U values of phytoplankton (r<0.1 for
two low-density enclosures). In addition, al-
though introduction of silver carp strongly in-
duced the outbreak of small cryptomonads (<40
pm) such as Cryptomonas and Plagioselmis (Fu-
kushima 2000), they were hardly found in fish
gut, and then they had a low selectivity or no
selectivity through the computation.

The present work revealed that the manipula-
tion of silver carp did not effectively suppress the
large filamentous phytoplankton with high 1U
values. However, the fish were able to maintain
growth by using diatoms and other algae, rather
than cyanobacteria and green algae.

ABSTRACT

The feeding behavior of 1-year-old silver carp,
Hypophthalmichthys molitrix (Val.) on phytopl-
ankton species in a shallow hypertrophic lake

was studied from 22 May to 18 September, 1997.
Over the experimental period, the filter-pore siz-
es of the fish, the total biomass of the phytopla-
nkton and the water temperature in each enclo-
sure changed little with time. The fish biomass
in each enclosure increased with time, while
their percentage of weight gain correlated nega-
tively to the stocking density, due perhaps to
competition for prey. An analysis of gut contents
of silver carp showed a strong similarity between
the algal communities in the foregut and the
water, and was significant for the fish enclosure
with a low density (p<0.05). The presence of sil-
ver carp rarely suppressed the abundance of phy-
toplankton such as Oscillatoria, Anabaena and
Melosira even at high ingestion levels. There
were weak relationships between the 1U values
of each phytoplankton and the selectivity of fish
on them (r = 0.001, p>0.5). There was no doubt
that the silver carp fed unselectively when cya-
nobacteria populations were high, even though
the selectivity index for diatoms was slightly hig-
her than those for cyanobacteria, green algae
and cryptomonads. Improvements in methodolo-
gies are needed to clearly understand and gene-
ralize the feeding behavior of silver carp.
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