Hydrobiologia (2009) 625:185-193
DOI 10.1007/s10750-009-9707-y

PRIMARY RESEARCH PAPER

Feeding at different plankton densities alters invasive
bighead carp (Hypophthalmichthys nobilis) growth
and zooplankton species composition

Sandra L. Cooke - Walter R. Hill -
Kevin P. Meyer

Received: 14 March 2008 /Revised: 1 January 2009/ Accepted: 5 January 2009 /Published online: 10 February 2009

© Springer Science+Business Media B.V. 2009

Abstract Invasive Asian carps Hypophthalmichthys
spp. are an ecological threat to non-native aquatic
ecosystems throughout the world, and are poised to
enter the Laurentian Great Lakes. Little is known
about how these filter-feeding planktivores grow and
impact zooplankton communities in mesotrophic to
oligotrophic systems like the Great Lakes. Our
purpose was to determine how different plankton
densities affect bighead carp H. nobilis biomass and
how bighead carp affect zooplankton species com-
position. We conducted a 37-day indoor mesocosm
experiment (volume = 678 1) with high and low
plankton treatments (zooplankton dry mass =~ 1,900
and 700 pg 17"; chlorophyll a = 25 and 14 pg 17",
respectively) in the presence and absence of juvenile
bighead carp (mean = 5.0 g, 8.5 cm). Carp lost
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weight in the low plankton treatment and gained
weight in the high plankton treatment, suggesting that
food availability may be a limiting factor to bighead
carp growth in regions of low plankton densities. In
the presence of carp, zooplankton shifted from
Daphnia to copepod dominance, while in the absence
of carp, Daphnia remained dominant. Chydorids and
ostracods increased in the presence of carp, but only
in the low plankton treatment, suggesting that the
impact of bighead carp on zooplankton species
composition may vary with zooplankton density.
Chlorophyll was higher in the absence of carp than in
the presence. Chlorophyll and zooplankton densities
in many Great Lakes ecosystems are substantially
lower than our low treatment conditions, and thus our
results suggest that Asian carp establishment in these
regions may be unlikely.

Keywords Asian carp - Invasive species -
Planktivore - Daphnia magna - Microcystis -
Great Lakes - Mesocosm

Introduction

Bighead Hypophthalmichthys nobilis and silver carp
H. molitrix, collectively known as Asian carps, were
introduced to the United States from China in the
1970s, and have since spread throughout the Missis-
sippi River basin, becoming an ecological threat to
numerous lake and river ecosystems (Chick & Pegg,
2001). Asian carps are planktivorous, large volume
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filter feeders that are able to substantially reduce
phytoplankton and zooplankton biomass, thus com-
peting with larval fishes and other planktivores (Xie
& Chen, 2001). Because of their generalist diet, fast
growth, and high reproductive potential, bighead and
silver carp populations have increased exponentially
in some areas, including the Illinois River (Chick &
Pegg, 2001). Recent work using radio-tagged bighead
carp in the La Grange Reach of the Illinois River has
shown that adults have the potential to move more
than 14 km d™' (Peters et al., 2006), and thus could
enter new regions relatively quickly.

An issue of particular concern is the potential
invasion of the Laurentian Great Lakes by Asian
carps. Lake Michigan is connected to the Illinois
River via the Chicago Sanitary and Shipping Canal,
and other means of possible introduction include bait
bucket transfer and live fish markets (Rixon et al.,
2005; Herborg et al., 2007). Bighead carp have
already been reported in Lake Erie (Kolar et al.,
2005), and ecological niche modeling and risk
assessment suggest that silver carp could become
established in the Great Lakes (Kolar & Lodge, 2002;
Chen et al., 2007; Herborg et al., 2007). Recent work
suggests that Asian carps in US rivers may compete
with native planktivores such as bigmouth buffalo
Ictiobus cyprinellus, gizzard shad Dorosoma cepe-
dianum (Irons et al., 2007), and paddlefish Polydon
spathla (Schrank et al., 2003). Thus, there is a
possibility of such competitive interactions occurring
among Asian carps and planktivores of Great Lakes.

However, one factor that may influence the
potential invasion of the Great Lakes and similar
ecosystems by Asian carp is their energy require-
ments. Productivity in the Great Lakes is relatively
low compared to the mesotrophic to eutrophic rivers,
reservoirs, and backwater lakes where Asian carp
commonly thrive. For example, phytoplankton bio-
mass in Lake Michigan is typically <3 ugl™'
chlorophyll a (Carrick, 2005), whereas chlorophyll
a values in the Middle Mississippi River can reach
40 pg 17" (Williamson & Garvey, 2005). In order to
predict if successful establishment of Asian carp in
the Great Lakes is likely, it is necessary to determine
how their feeding, growth, and survival is affected by
a less productive environment. Despite the preva-
lence and impact of Asian carp as invasive species
throughout the world (Kolar et al., 2005), there is
little or no research on how feeding and growth vary
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across a productivity gradient. Rather, most studies
have focused on their growth in aquaculture ponds
(e.g., Burke et al., 1986; Hagiwara & Mitsch, 1994;
Turker et al. 2003) or other eutrophic systems (e.g.
Opuszynski & Shireman, 1993a; Lu et al., 2002;
Tang et al., 2002). Here, our primary objective was to
determine how zooplankton and phytoplankton den-
sities characteristic of eutrophic and oligotrophic
conditions affect bighead carp growth (i.e., overall
change in biomass).

Because most ecological feeding studies of Asian
carp have focused on plankton communities com-
monly used in aquaculture, it is also not well known
how the impact of invasive Asian carp on plankton
communities would vary with trophic condition.
Unlike most other adult planktivorous fish, bighead
carp feed on both phytoplankton and zooplankton,
with some studies suggesting they switch mainly to
phytoplankton when zooplankton abundances are low
(Kolar et al., 2005). Thus, a secondary objective of
this study was to measure the impact of bighead carp
on plankton communities of low and high densities
(that is, densities typical of oligotrophic and eutro-
phic systems, respectively). Specifically, we aimed to
determine how much phytoplankton and zooplankton
biomass and what zooplankton species are consumed
by bighead carp and the resulting impact on plankton
density and zooplankton species composition. In
order to meet both this objective and our primary
objective of measuring bighead carp growth, we
conducted a controlled mesocosm experiment manip-
ulating both plankton and carp.

Methods
Experimental set up and maintenance

We conducted a mesocosm experiment with four
treatments: high plankton densities (HP) and low
plankton densities (LP) in the presence of bighead
carp (+CARP) and in the absence of bighead carp
(—CARP). Both zooplankton and phytoplankton were
manipulated in the HP and LP treatments. There were
three replicates of each treatment combination (12
mesocosms total), and the experiment was run
indoors from October 3 to November 7, 2006
(37 days) at the Jake Wolf Memorial Fish Hatchery
in Topeka, Illinois, USA. The facility had cool white
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fluorescent light bulbs that provided diffuse illumina-
tion 24 h a day. The mesocosms were cylindrical
fiberglass tanks with a center drain and standpipe and
a volume of 678 1. A ring aerator was placed around
each standpipe to aerate the mesocosms. Water from
the taps flowing into the mesocosms came from Solar
Pond, a 0.86 ha, oligotrophic (chlorophyll a =
2 pg 17" shallow pond. Zooplankton densities in
Solar Pond were very low due to the presence of
fathead minnows Pimephales promelas and a few
other small fishes. Several 10-20-m-long horizontal
tows taken with a 48-pum net from multiple locations
and depths yielded virtually no crustaceans or rotifers.

We desired to manipulate both phytoplankton and
zooplankton so that the HP treatment would be
comparable to the productive habitats where Asian
carp currently thrive and the LP treatment would be
comparable to peak algae and zooplankton densities
observed in Lake Michigan. In order to have enough
plankton for the HP treatment, we created a eutrophic
“pond” in an outdoor concrete raceway-style enclo-
sure (24 x 1.5 m). Several months before the
experiment, the raceway was filled with Solar Pond
water to a depth of 2.4 m using a fine screen filter to
exclude small fishes. Nitrogen in the form of NaNOj;
and phosphorus in the form of Na,HPO, were added
to the raceway in a single addition at concentrations
of approximately 300 pg 17" N and 50 pg 17" P to
stimulate plankton development. In the week before
the experiment, chlorophyll a levels were approxi-
mately 20 pg 17! and macrozooplankton densities
were approximately 47 organisms 1™, consisting
mainly of Daphnia magna and unidentified species
of calanoid copepods. Densities of plankton in the
raceway fluctuated during the mesocosm experiment,
but species composition changed little. Very few
rotifers (<1 rotifer 17') were observed in samples
taken with a 48-pum net.

We filled the mesocosms and added zooplankton
on October 1, 2006, 2 days before the fish were
added, to allow the temperature of the mesocosms to
reach the temperature of the carp acclimation tanks
(20°C). The HP treatments were filled with whole
water (i.e., not filtered) from the raceway, while the
LP treatments were 25% raceway water and 75%
Solar Pond water, both not filtered. In order to
increase the densities of macrozooplankton in the
mesocosms, we took horizontal zooplankton tows in
the raceway with a 30 cm diameter, 153-um net and

added zooplankton from those tows to each meso-
cosm, with the high treatment receiving twice as
much as the low treatment. The addition of raceway
tows yielded initial densities of approximately 68 and
27 macrozooplankters 17! in the HP and LP meso-
cosms, respectively.

Pond-raised bighead carp, 3—15 cm in total length,
were maintained in indoor aerated acclimation tanks
on Hikari Middle Larval Stage Plankton food (Hikari,
Hayward, CA, USA) for 2 months before the start of
the experiment. From the time of harvest to the start of
the experiment, the fish were healthy with no diseases
and little mortality. On October 3, 2006, we added two
bighead carp to each +CARP mesocosm. The dorsal
fin of one fish in each tank was clipped, and biomass
and total length were measured for each fish. The
initial mean (Z£standard error) mass and length of the
carp were 5.0 £ 0.3 g and 85 4+ 2 mm, respectively.

In order to maintain the carps’ food supply during
the experiment, plankton were added to each meso-
cosm every 4 days. We used the 153-um net to
collect and concentrate zooplankton and colonial
Microcystis spp. from the raceway. Periodically
throughout the experiment, we quantified zooplank-
ton densities in the raceway to determine how many
tows to add to each mesocosm to maintain the initial
densities. An extra plankton addition to just the HP
treatments was done on November 3 because zoo-
plankton densities were quite low in the +CARP HP
treatment, despite the addition on November 1.
Zooplankton samples in the mesocosms were taken
both before and after this addition on November 3.

Sampling and response variables

On November 7, we measured the final biomass and
total length of each fish. Percent growth of each fish
was calculated as 100 x (final mass — initial mass)/
initial mass. Percent change in total length was
calculated similarly. Each fish was sacrificed, and
the foreguts (identified as the portion of the gut before
the first hairpin-like bend) were immediately dissected
and examined microscopically. Ammonia production
by the fish was not measured and was assumed to be
minimal because NH3 was below detection limits in an
earlier experiment using the same mesocosms and
similar-sized carp (Meyer, unpublished data).

The plankton in the mesocosms were sampled
every 2 days, including immediately after each

@ Springer



188

Hydrobiologia (2009) 625:185-193

addition. Each mesocosm was well mixed before
sampling with a pump. In order to collect zooplank-
ton samples, 2 1 of water were filtered through a 35-
pm mesh. Zooplankton were preserved in 90%
ethanol, and were later enumerated in a Bogorov
chamber under a dissecting microscope. Water was
collected for chlorophyll a analysis concurrently.

Calanoid copepod, ostracod, and chydorid densi-
ties were converted to dry biomass estimates using
length—weight regressions for similar taxa (Culver
et al., 1985). Mean lengths were determined for each
taxon by measuring a subsample of individuals from
each treatment. Because Daphnia magna could be
easily isolated in large amounts, we measured their
average dry mass by drying (60°C) to a constant
weight four replicates of 20 individuals on pre-
weighed Whatman GF/F filters.

Phytoplankton biomass was inferred from chloro-
phyll a concentration, which was determined by
spectrophotometric analysis. GF/C (Whatman) fil-
tered samples were extracted in 90% ethanol in the
dark and on ice for 24 h. They were then sonicated
with a probe sonicator for 30 s at 50 W and extracted
for an additional 24 h before centrifugation. The
absorbance of the clarified extract was measured at
750 nm and 665 nm before and after acidification.
Chlorophyll a concentration was calculated using the
equations of Sartory & Grobbelaar (1984).

Dissolved oxygen and temperature were measured
in each mesocosm and the raceway every 2 to 4 days
using a YSI 550A Dissolved Oxygen meter (YSI Inc.,
Yellow Springs, OH, USA). Temperature was also
monitored continuously using HOBO temperature
loggers (Onset Computer Corp., Bourne, MA, USA)
placed in each mesocosm and the raceway.

Data analysis

We performed two-way repeated measures analysis
of variance (RMANOVA) on chlorophyll, Daphnia
magna, calanoids, chydorids, and ostracods to test the
hypothesis that bighead carp influence plankton
differently in the HP and LP treatments over time.
We expected plankton density to be a significant
factor because we were adding plankton over time to
maintain the treatment conditions. We also expected
carp to be a significant main effect on plankton, as
they are voracious planktivores. Hence, our main
interest in the RMANOVA was the interaction of
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carp and plankton density over time. Our study has a
large number of levels of within-subject effects (20
levels corresponding to the 20 sampling timepoints),
which can lead to inflated F statistics (Von Ende,
2001). To account for this, we used the more
conservative Greenhouse-Geisser ¢-adjusted F statis-
tic for testing the hypotheses of within-subject effects
(i.e., time by treatment interactions). We used a
Bonferroni corrected significance level of o = 0.01
because of the five different RMANOVA tests
(chlorophyll and four zooplankton groups).

In order to test if changes in fish biomass differed
between HP and LP treatments, we conducted a
Wilcoxon Rank Sum test because of the low repli-
cation. We computed mean fish biomass per
mesocosm. We used a one-tailed z statistic because
we were testing the directional hypothesis that growth
would be higher in the HP treatment than in the LP
treatment. In order to avoid a Type II error with such
a small sample size (n = 3 for each treatment), we set
our significance level at o« = 0.10. SAS 9.1 (SAS
Institute, Inc. © 2002-2003) was used for all
statistical analyses.

Results

There was one fish mortality near the end of the
experiment in a high replicate and in a low replicate;
so one mesocosm of each treatment only had one fish
instead of two (five total fish in each treatment). Over
the 37 days mean bighead carp growth (percent
change in mass) increased by 2.3% in the HP
treatment and decreased by 2.8% in the LP, a
significant treatment difference (z = 1.53;
P = 0.06). Four of the five fish increased in total
length in the HP treatment, whereas only one fish
increased in length in the LP treatment (Table 1).

Overall, the high and low phytoplankton and
zooplankton treatment conditions were maintained
during the experiment. Phytoplankton biomass, as
measured by chlorophyll @ (chl a) concentrations,
was higher in the HP treatments compared to the LP
(Fig. 1, Table 2). Daphnia magna and calanoid
copepod biomasses were also higher in the HP
treatment than in the LP (Fig. 2a, b, Table 2). These
were the two dominant zooplankton groups at the
start of the experiment (~90% of total zooplankton
biomass).
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Table 1 Initial mass (g), initial total length (cm), percent change in mass (i.e., growth), and percent change in total length of each
bighead carp over the course of the 37-day experiment in the high (HP) and low (LP) plankton treatments

Treatment & Initial Initial total Growth (%) Change in total
Tank replicate mass (g) length (cm) length (%)
HP

A 3.7 7.6 +5.4 +2.6

A 5.7 8.8 +1.8 +1.1

B 6.5 9.5 —1.5 +5.3

C 4.2 7.8 +7.1 +2.6

C 7.1 10.0 —14 0
LP

A 4.0 7.7 —2.5 0

A 5.8 9.3 —6.9 -32

B 4.1 7.8 0 +2.6

C 4.1 7.9 —24 0

C 6.3 9.5 —1.6 0

The letters indicate to which replicate tank each carp was assigned (replicate B of both treatments lost one fish). Percent growth is
100 x (final mass — initial mass)/initial mass, and percent change in total length was calculated similarly
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Fig. 1 Chlorophyll a concentrations over the 37-day experi-
ment. Each symbol is the mean of the three replicate
mesocosms in each treatment, and error bars represent the
standard error (SE). Closed circles +CARP high plankton (HP)
treatment, open circles +CARP low plankton (LP) treatment,
closed triangles —CARP HP treatment, open triangles —CARP
LP treatment

There was more chl a in the —CARP compared
to +CARP, indicating that carp may have consumed
phytoplankton, although with P = 0.0148 this was
not quite significant at the Bonferroni corrected level
of 0.01 (Fig. 1, Table 2). During most of the exper-
iment, the phytoplankton community was dominated
by Microcystis spp. colonies. Microcystis comprised
approximately 80% of the carp foregut contents by
volume at the end of the experiment.

Daphnia magna individuals in this experiment
were quite large, with a mean (Zstandard error) dry
mass of 20.2 &+ 0.3 pg. Daphnia biomass was higher
in the —CARP than in the +CARP (Fig. 2a, Table 2).
There appeared to be a plankton x carp interaction
for Daphnia, especially near the end of the experi-
ment when biomass was higher in the —CARP HP
compared to +CARP HP, indicating consumption of
Daphnia in the HP, but biomass was no different
between the —CARP LP and +CARP LP, indicating
little consumption in the LP (Fig. 2a). However, this
effect was not statistically significant (Table 2).
Likewise, for calanoid copepod biomass, the
time x carp x plankton interaction was not signifi-
cant at the o = 0.01 level (Table 2). However, it
appeared that on several later dates (October 19, 23,
27; November 1), the carp in the HP treatment may
have been consuming copepods during the last couple
weeks of the experiment (Fig. 2b).

Chydorids and ostracods increased during the first
2 weeks in the +CARP LP treatment and remained
greater than in the HP treatment throughout the
experiment (Fig. 2¢, d; Table 2). Ostracods and chy-
dorids were also elevated in the —CARP LP treatment.
However, initial chydorid densities, while quite low in
all treatments (0—1 17'), were significantly higher in
the +CARP LP treatment (F;g = 12.00,
P = 0.0085). Likewise, initial ostracod densities (0—
517") were higher in the +CARP LP and —CARP LP
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Fig. 3 Percentage of the zooplankton biomass that was
Daphnia magna in each treatment at the beginning (white
bars) and end (black bars) of the experiment. Each bar is the
mean of the three replicate mesocosms in each treatment. Error
bars represent SE

(Fig. 3). The final total biomasses were 84 pg 17" in
the +CARP HP, 11 ugl™' in the +CARP LP,
1,355 pg 17! in the —CARP HP, and 37 pg1™" in
the —CARP LP treatments.

Microscopic examination of carp foreguts con-
firmed that along with Microcystis spp., the fish had
consumed zooplankton and other materials, at least at
the end of the experiment. In the HP treatment, pieces
of Daphnia and copepods could be seen in two of the
five fish, and in one fish, at least 15 whole Daphnia
and several copepods could be discerned. In the LP
treatment, four of the five fish guts had ostracod
shells. Ephippia and bryozoan statoblasts were
observed in gut samples from both treatments.

Dissolved oxygen was slightly but significantly
lower in the +CARP compared to —CARP
(F18 = 16.66, P = 0.0035). Oxygen levels averaged
97.6% and 98.2% saturation in the +CARP and
—CAREP treatments, respectively. Oxygen saturation
never dropped below 94%. The average temperature
over the course of the experiment was 17.1°C, and
the range was from 15.4 to 21.8°C. This range is
comparable to summer surface temperatures in Lake
Michigan and other northern temperate lakes.

Discussion

Bighead carp are known to have broad, adaptable
feeding habits (Jennings, 1988), but these growth

results suggest that food availability may limit their
establishment in regions of low plankton density.
Weight loss in the LP treatment indicates that there
was not enough food to support basic metabolic
requirements, while weight gain in the HP treatment
indicates that food sources and general conditions
within the mesocosms were favorable.

The two biggest carp in the HP treatment were the
only ones that experienced weight loss (Table 1). The
fact that one of these carp increased in length by the
highest percentage indicates that it may have expe-
rienced weight gain during the experiment, but lost
mass as zooplankton became depleted toward the
end. The other carp with negative growth, the largest
(initial mass of 7.1 g), was the only carp in the high
treatment that did not increase in length. In the LP
treatment, no fish gained weight and only one fish
increased in length. This fish was in replicate B,
where the second fish was lost about a week before
the experiment ended; so the lower fish to plankton
ratio during this time may have been responsible for
the positive growth of this fish. We initially had
trouble maintaining treatment conditions, which may
have compromised carp growth and fitness during the
first week, especially in the HP treatment. However,
for the majority of the experimental trial we were
able to maintain adequate plankton biomass.

Maximum feeding of bighead carp is generally
observed in the range of 20 to 30°C (Jennings, 1988),
but the mean temperature during this experiment was
17.1°C, with the maximum reaching 21.8°C. Growth
may have been higher in both treatments if we had
conducted the experiment at a higher temperature, but
our objective was to mimic the thermal conditions of
potential north temperate invasion sites such as the
Great Lakes.

A secondary goal of this study was to evaluate the
effects of bighead carp on zooplankton community
composition and phytoplankton density. There was a
community shift from Daphnia to calanoids in the
+CARP but not in the —CARP, indicating differential
consumption of Daphnia over calanoids. This shift
was robust: it occurred despite our repeated plankton
additions. Although the bighead carp consumed
calanoids toward the middle and end of the trial, they
consumed Daphnia at a higher rate throughout the
trial. This apparent feeding selection for Daphnia over
calanoids may be due to higher evasiveness of the
calanoids, as suggested by Williamson & Garvey
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(2005). We also observed an increase in small bodied
chydorids and ostracods in the +CARP LP but not in
the +CARP HP, an effect that may be due to
competitive release from Daphnia and calanoids.
Chydorids and ostracods may not have experienced
competitive release in the HP treatment because
Daphnia and calanoid densities were still relatively
high despite some consumption by the carp. Also,
initial chydorid and ostracod densities were lower in
the HP treatment compared to LP treatment, indicat-
ing that these taxa may have entered the mesocosms
with the unfiltered Solar Pond water rather than
raceway water. Nevertheless, the higher ostracod and
chydorid densities in the +CARP LP compared to
—CARP LP treatment suggests that differential feed-
ing of bighead carp can indirectly benefit certain
zooplankton species, at least on a short-term time
scale. A final consumption result we observed was the
abundance of Microcystis in the carps’ guts. Bighead
carp have been shown to graze upon and substantially
reduce Microcystis and other blue-green algae (Opus-
zynski & Shireman, 1993a; Datta & Jana, 1998),
although other studies suggest that the digestibility
and assimilation of blue-green algae by Asian carp
can be poor (Burke et al., 1986; Kolar et al., 2005).
Because of the experimental nature of our study, the
plankton communities in the mesocosms did not
precisely replicate those in the Great Lakes. None-
theless, the results of our experiments still provide
general information on bighead carp feeding charac-
teristics and trophic effects.

It is possible to estimate carp consumption rates
during the experiment by assuming that consumption
was the major factor accounting for plankton differ-
ences between mesocosms with and without carp. If
this were the case, then rough estimates based on the
zooplankton biomass differences between the
+CARP and —CARP over time indicate the carp
consumed about 7-14% of their body mass per day,
which is similar to other estimates for bighead carp
(Opuszynski & Shireman, 1993b). However, zoo-
plankton differences between the +CARP and
—CARP may have also been due to other factors,
such as higher Microcystis spp. in the —CARP
treatments, as this algae is often toxic to Daphnia
magna (Trubetskova & Haney, 2006).

Our study focused on one size class of bighead carp
at a relatively narrow temperature range, and thus,
extrapolation of our growth and consumption results
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to the full range of biological and environmental
conditions that affect Asian carps should be done
cautiously. Nevertheless, our growth results suggest
that the threat of invasion by filter-feeding carp will be
limited to particular times of year and regions within
ecosystems. Certain littoral zones, bays, harbors, and
backwater regions are likely to have higher plankton
levels than pelagic zones. Within Lake Erie, phyto-
plankton biomass is more than 40 times higher at
sampling sites in the western and central basins than in
the eastern (Barbiero & Tuchman, 2001), and macro-
zooplankton densities range from about 15 to 21 1™
in the western and central basins compared to 9 1" in
the eastern basin (Barbiero et al., 2001). Thus,
establishment by invading Asian carps may be more
likely in the western and central basins of Lake Erie
where there are more adequate food resources. It
should be reiterated, however, that bighead carp are
generalist feeders, and are known to switch to feeding
on detritus and sediments when plankton are low
(Kolar et al., 2005). Thus, it is possible that sediment
resuspension events, such as the 1998 coastal plume in
Lake Michigan (Schwab et al., 2000), could provide
additional food resources in oligotrophic pelagic
regions, although the quality of detritus and sediment
compared to plankton is probably low.

Our results also have important implications for
regions that are subject to both anthropogenic
changes and the establishment of Asian carps. Asian
carps are global invaders with reproducing popula-
tions in non-native ecosystems throughout the world.
Invasive bighead carp is considered “established” or
“probably established” in 24 countries and is listed as
present but “probably not established” in 10 coun-
tries (Kolar et al., 2005). Ecological changes such as
eutrophication could potentially facilitate the expan-
sion of Asian carps in ecosystems where they are
present but have not yet established large reproducing
populations. We suggest that changes in potential
food resources in these ecosystems be assessed, and
that further evaluation of Asian carp feeding charac-
teristics is warranted.

Acknowledgements We thank Steve Krueger, Larry Willis,
and the rest of the staff at the Jake Wolf Memorial Fish
Hatchery for use of their facilities and general assistance; Shari
Fanta and Kate Schowe for analyzing the chlorophyll samples;
and various undergraduate interns for laboratory assistance.
This work was supported by the National Sea Grant College
Program of National Oceanic and Atmospheric Administration.



Hydrobiologia (2009) 625:185-193

193

References

Barbiero, R. P. & M. L. Tuchman, 2001. Results from the U.S.
EPA’s biological open water surveillance program of the
Laurentian Great Lakes: I. Introduction and phytoplank-
ton results. Journal of Great Lakes Research 27: 134-154.

Barbiero, R. P, R. E. Little & M. L. Tuchman, 2001. Results
from the U.S. EPA’s biological open water surveillance
program of the Laurentian Great Lakes: III. Crustacean
Zooplankton. Journal of Great Lakes Research 27:
167-184.

Burke, J. S., D. R. Bayne & H. Rea, 1986. Impact of silver and
bighead carps on plankton communities of channel catfish
ponds. Aquaculture 55: 59-68.

Carrick, H. J., 2005. An under-appreciated component of bio-
diversity in plankton communities: the role of protozoa in
Lake Michigan (a case study). Hydrobiologia 551: 17-32.

Chen, P., E. O. Wiley & K. M. Menyset, 2007. Ecological
niche modeling as a predictive tool: silver and bighead
carps in North America. Biological Invasions 9: 43-51.
doi:10.1007/s10530-006-9004-x.

Chick, J. H. & M. A. Pegg, 2001. Invasive carp in the Mis-
sissippi River Basin. Science 292: 2250-2251.

Culver, D. A., M. M. Boucherle, D. J. Bean & J. W. Fletcher,
1985. Biomass of freshwater crustacean zooplankton from
length—weight regressions. Canadian Journal of Fisheries
and Aquatic Sciences 42: 1380-1390.

Datta, S. & B. B. Jana, 1998. Control of bloom in a tropical
lake: grazing efficiency of some herbivorous fishes.
Journal of Fish Biology 53: 12-24.

Hagiwara, H. & W. J. Mitsch, 1994. Ecosystem modeling of a
multi-species integrated aquaculture pond in South China.
Ecological Modelling 72: 41-73.

Herborg, L.-F., N. B. Mandrak, B. C. Cudmore & H. J. Mac-
Issac, 2007. Comparative distribution and invasion risk of
snakehead (Channidae) and Asian carp (Cyprinidae)
species in North America. Canadian Journal of Fisheries
and Aquatic Sciences 64: 1723-1735.

Irons, K. S., G. G. Sass, M. A. McClelland & J. D. Stafford,
2007. Reduced condition factor of two native fish species
coincident with invasion of non-native Asian carps in the
Illinois River, USA: evidence for competition and reduced
fitness? Journal of Fish Biology 71: 258-273.

Jennings, D. P., 1988. Bighead carp (Hypophthalmichthys
nobilis): a biological synopsis. U.S. Fish and Wildlife
Service. Biological Report 88(29).

Kolar, C. S. & D. M. Lodge, 2002. Ecological predictions and
risk assessment for alien fishes in North America. Science
298: 1233-1236.

Kolar, C. S., D. C. Chapman, W. R. Courtenay, Jr., C. M.
Housel, J. D. Williams & D. P. Jennings, 2005. Asian
carps of the genus Hypophthalmichthys (Pisces, Cyprini-
dae): A biological synopsis and environmental risk
assessment. Report to the U.S. Fish and Wildlife Service.
April 12, 2005.

Lu, M., P. Xie, H. Tang, Z. Shao & L. Xie, 2002. Experimental
study of trophic cascade effect of silver carp

(Hypophthalmichthys molitrixon) in a subtropical lake,
Lake Donghu: on plankton community and underlying
mechanisms of changes in crustacean community. Hyd-
robiologia 447: 19-31.

Opuszynski, K. & J. V. Shireman, 1993a. Food habits, feeding
behaviour, and impact of triploid bighead carp, Hypoph-
thalmichthys nobilis, in experimental ponds. Journal of
Fish Biology 42: 517-530.

Opuszynski, K. & J. V. Shireman, 1993b. Strategies and tactics
for larval culture of commercially important carp. Journal
of Applied Aquaculture 2: 189-219.

Peters, L. M., M. A. Pegg & U. G. Reinhardt, 2006. Move-
ments of adult radio-tagged bighead carp in the Illinois
River. Transactions of the American Fisheries Society
135: 1205-1212.

Rixon, C. A. M., I. C. Duggan, N. M. N. Bergeron, A. Ricciardi
& H. J. Maclsaac, 2005. Invasion risks posed by the
aquarium trade and live fish markets on the Laurentian
Great Lakes. Biodiversity and Conservation 14:
1365-1381.

Sartory, D. P. & J. E. Grobbelaar, 1984. Extraction of chloro-
phyll a from freshwater phytoplankton for spectropho-
tometric analysis. Hydrobiologia 114: 177-187.

SAS 9.1., © 2002-2003 SAS Institute, Inc. Cary, North Car-
olina, USA.

Schrank, S. J., C. S. Guy & J. F. Fairchild, 2003. Competitive
interactions between Age-0 bighead carp and paddlefish.
Transactions of the American Fisheries Society 132:
1222-1228.

Schwab, D. J., D. Beletsky & J. Lou, 2000. The 1998 coastal
turbidity plume in Lake Michigan. Estuarine, Coastal and
Shelf Science 50: 49-58.

Tang, H., P. Xie, M. Lu, L. Xie & J. Wang, 2002. Studies on
the effects of silver carp (Hypophthalmichthys molitrix)
on the phytoplankton in a shallow hypereutrophic lake
through an enclosure experiment. International Review of
Hydrobiology 87: 107-119.

Trubetskova, 1. L. & J. F. Haney, 2006. Effects of differing
concentrations of microcystin-producing Microcystis
aeruginosa on growth, reproduction, survivorship and
offspring of Daphnia magna. Archive fiir Hydrobiologie
167: 533-546.

Turker, H., A. G. Eversole & D. E. Brune, 2003. Comparative
Nile tilapia and silver carp filtration rates of partitioned
aquaculture system phytoplankton. Aquaculture 220:
449-457.

Von Ende, C. N., 2001. Repeated measures analysis: growth
and other time-dependent measures. In Scheiner, S. M. &
J. Gurevitch (eds), Design and Analysis of Ecological
Experiments, 2nd ed. Oxford University Press, New York,
NY: 134-157.

Williamson, C. J. & J. E. Garvey, 2005. Growth, fecundity, and
diets of newly established silver carp in the Middle Mis-
sissippi River. Transactions of the American Fisheries
Society 134: 1423-1430.

Xie, P. & Y. Chen, 2001. Invasive carp in China’s plateau
lakes. Science 294: 999-1000.

@ Springer


http://dx.doi.org/10.1007/s10530-006-9004-x

	Feeding at different plankton densities alters invasive bighead carp (Hypophthalmichthys nobilis) growth �and zooplankton species composition
	Abstract
	Introduction
	Methods
	Experimental set up and maintenance
	Sampling and response variables
	Data analysis

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


