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Abstract.—The effects of bighead carp Hypophthal-
michthys nobilis on native planktivores in the USA is
unknown. The objectives of this study were to experi-
mentally test for competitive interactions between age-
0 bighead carp and age-0 paddlefish Polyodon spathula.
Differences among water chemistry variables, inverte-
brate densities, and relative growth of fish were assessed
in mesocosms. Water chemistry variables were similar
among treatments throughout the experiment and only
exhibited a temporal effect. Zooplankton density de-
clined in mesocosms after fish were introduced. In gen-
eral, zooplankton densities did not differ among treat-
ments but did differ from the control. The relative
growth of paddlefish was negative in the paddlefish and
paddl efish—-bighead carp treatments. The relative growth
of bighead carp was negative in the bighead carp treat-
ment but positive in the paddlefish—bighead carp treat-
ment. Age-0 paddlefish exhibited the greatest decrease
in relative growth in mesocosms with bighead carp. Big-
head carp exhibited the greatest increase in relative
growth in mesocosms with paddlefish. These data sug-
gest that bighead carp have the potential to negatively
affect the growth of paddlefish when food resources are
limited.

The effects of introduced exotic fish on native
fish populations and aquatic communities have
been documented in the USA (Taylor et al. 1984).
Many fish introductions have occurred from ac-
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cidental escapement of fishes from aquaculture fa-
cilities (e.g., bighead carp Hypophthal michthys no-
bilis, silver carp H. molitrix, blue tilapia Tilapia
aurea; Courtenay and Williams 1992; Davidson et
al. 1992). Aquatic communities that are depau-
perate of species and disturbed aquatic ecosystems
are most often affected by introduced species (Her-
bold and Moyle 1986; Ross 1991). The Missouri
River has undergone many alterations since the
turn of the century, and in 1997 it was rated the
most endangered river in North America (Pflieger
and Grace 1987; American Rivers 1997). Bighead
carp numbers have increased in the Missouri River
since they were introduced into the USA in the
1970s, but the effects of bighead carp on the al-
tered agquatic communities of the Missouri River
are unknown (Freeze and Henderson 1982; Tucker
et al. 1996; Pflieger 1997; Robinson 1998; Fuller
et al. 1999).

Paddlefish populations have been declining in
major river systems since 1900 because of over-
exploitation, habitat alterations, and habitat de-
struction (Russell 1986; Graham 1997). The intro-
duction of bighead carp may further affect pad-
diefish through competition for food resources
(Pflieger 1997) because both species are plankti-
vores that consume similar food items (copepods,
cladocerans, insect larvae, and amphipods) of the
same size; that is, gill raker spacing is similar for
bighead carp (85 p.m) and paddlefish (60—-90 pm;
Cremer and Smitherman 1980; Rosen and Hales
1981; Hageman et al. 1988; Hoxmeier and DeVries
1997). However, bighead carp are able to produce
a mucous in their gill rakers to trap smaller food
items (nauplii, rotifer, and phytoplankton) during
periods when zooplankton densities are low (Cre-
mer and Smitherman 1980; Jennings 1988; Opu-
szynski et al. 1991; Dong and Li 1994; Takamura
et al. 1993; Gu et al. 1996).
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NOTES

Identifying competition between two species
and within a species is difficult, but some indi-
cators are useful in demonstrating competition
(Crowder 1990). Three conditions must exist for
competition to occur: (1) organisms must share a
common resource, (2) resources must be limited,
and (3) there must be a negative effect on growth
or some other measure of fitness (Crowder 1990).
The objective of this study was to assess inter-
specific competition between bighead carp and
paddlefish through a manipulative experiment. In-
terspecific competition for this study was defined
as the selection by paddlefish and bighead carp for
food resources from the environment that are in
excess of immediate supply, as identified by the
differential growth response (Larkin 1956).

M ethods

Experimental ponds at the Columbia Environ-
mental Research Center in Columbia, Missouri,
were used from 3 August to 14 September 1999.
A randomized complete block design was used to
assess the competitive interactions between age-0
bighead carp and age-O paddlefish. Four ponds
were the blocking factor, and the experimental
units were four mesocosms in each pond. Circular
mesocosms were constructed of reinforced poly-
ethylene (impermeable) and had a sealed bottom
to prevent contact with the benthos. Each meso-
cosm had a diameter of 3.1 m and height of 2.0
m (volume = 14.6 m?3). The four mesocosms per
pond included three treatments and one control:
six bighead carp, six padd|efish, three bighead carp
and three paddlefish (mix), and no fish (control).
Treatments were randomly assigned within each
pond, and mesocosms were placed in ponds on 3
August 1999. There were four replications of each
treatment and control. Three bighead carp were
missing from a mix treatment at the end of the
study; therefore, this mesocosm was removed from
all analyses. Therefore, the mix treatment only had
three replicates for all analyses.

Water chemistry variables in each mesocosm
were assessed before addition of fish and weekly
during the experiment. Dissolved oxygen (mg/L)
and water temperature (°C) were measured with a
YSI Model 85 probe at the surface and at 1.5 m
deep. Conductivity (nS), turbidity (nephelometric
turbidity units [NTU]), and pH were measured at
the surface with a YSI model 85 probe, a Hach
2100P Turbidimeter, and a Hach EC10 pH meter,
respectively. To evaluate phytoplankton abun-
dance, we measured suspended chlorophyll a (mg/
L) in surface water samples (150 mL) taken from
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each mesocosm each week (APHA et al. 1998;
Schrank 2000). We also measured attached chlo-
rophyll a (mg/cm?) to index periphyton abundance
by suspending six 10-cm? strips of plastic within
each mesocosm. One strip was removed weekly
and analyzed for attached chlorophyll a.

Before introducing fish into the mesocosms and
weekly during the experiment, invertebrate sam-
ples were taken with a 80-pm-mesh Wisconsin
plankton net (diameter, 127 mm). One vertical tow
(2 m) was taken in each mesocosm and contents
were placed in 200 mL of 10% formalin for iden-
tification and enumeration in the laboratory. In-
vertebrates were identified to the lowest possible
taxa using keys by Needham and Needham (1962)
and Merritt and Cummins (1996). From these sub-
samples a mean was calculated and extrapolated
to estimate the number of invertebrate taxa per
liter. Zooplankton in three, 5-mL subsamples from
each sample were identified and counted (Schrank
2000) using a zooplankton wheel (Wetzel and Lik-
ens 1991).

We were concerned that the fish would consume
all available prey in the mesocosms before the
completion of the experiment. Thus, invertebrates
were added to each mesocosm weekly (including
control) after water chemistry variables and in-
vertebrate samples had been taken. Invertebrates
were acquired from water surrounding the meso-
cosms. A diaphragm pump was used to pump
1,000 L of water from ponds and then water was
filtered through an 80-pm-mesh bucket. For re-
placement in each mesocosm, filtered water was
mixed continuously while subsamples were taken.
Weekly, three to seven replacement subsamples
were preserved in 10% formalin and enumerated
in the laboratory following the same procedure as
the invertebrate samples.

Age-0 bighead carp (204—212 mm total length)
and paddlefish (273—-295 mm body length) were
stocked into mesocosms on 10 August 1999. Only
bighead carp and paddlefish with fully developed
gill rakers were used, which simulated adult feed-
ing (Cremer and Smitherman 1980; Rosen and
Hales 1981; Michaletz et al. 1982). Length (mm)
and weight (g) of each fish were recorded before
placement into mesocosms and at completion of
the experiment. On 14 September 1999, ponds
were drained and all fish were removed from me-
socosms. Relative growth (i.e., [final weight — ini-
tial weight]/initial weight) was calculated for each
mesocosm, and mean relative growth was calcu-
lated for each treatment (Busacker et al. 1990).
Gill raker spacing was measured on the anterior
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TaABLE 1.—Pooled mean, minimum, maximum, and standard error (SE) values for water chemistry and zooplankton
(number/L) data in mesocosms in experimental ponds, 15 August to 14 September 1999, where competitive interactions

between bighead carp and paddlefish were investigated.

Variable Mean Minimum  Maximum SE
Chlorophyll a, suspended (mg/L) 0.1 0.0 0.1 0.0
Chlorophyll a, attached (mg/cm) 0.6 0.4 1.0 0.1
Conductivity (n.S) 638 617 667 34
Dissolved oxygen, surface (mg/L) 104 9.8 11.2 0.1
Dissolved oxygen, 1.5-m depth (mg/L) 11.4 10.6 125 0.1
pH 83 8.1 85 0.0
Temperature, surface (°C) 24.8 239 253 0.1
Temperature, 1.5-m depth (°C) 237 231 24.1 0.1
Turbidity (nephelometric turbidity units) 4.3 33 57 0.2
Total zooplankton density 62.7 14.3 193.2 11.8
Bosmina spp. 0.8 0.0 39 0.3
Calanoidae 0.4 0.0 25 0.2
Cyclopoidae 9.7 21 21.8 16
Daphnia pulex 185 0.7 87.0 6.0
Nauplii 23.7 2.8 7.7 51
Rotifer 9.6 39 16.4 1.0

side of the first gill arch (left side) for 10 bighead Results

carp and 6 paddlefish (Rosen and Hales 1981). The
distance between gill rakers was measured (0.01
mm) within 1 mm of the base of the gill rakers
with an optical image analysis system.

Mixed-model analysis of variance (ANOVA)
was used to determine whether water chemistry
variables and zooplankton densities differed
among treatments before the experiment. Two-way
ANOVA with repeated measures was used to com-
pare the change in water chemistry variables by
date and among treatments (Littell et al. 1996). We
used an autoregressive order-1 covariance matrix
with ponds as blocks. Temperature, suspended
chlorophyll a, and attached chlorophyll a did not
fit this covariance matrix structure, so instead we
used the compound symmetric covariance matrix
without a blocking factor. We used |east-squares
means to compare significant treatment main ef-
fects. When significant interactions occurred,
least-square means were used to examine differ-
ences between treatments on individual sampling
dates (Milliken and Johnson 1992). Mixed model
ANOVA with ponds as blocks was used to test for
the change in relative growth of bighead carp and
paddlefish between treatments. Sample size was
four for paddlefish and bighead carp treatments
and three for the mixed treatment. All statistical
analyseswere performed using SAS (SAS Institute
1996). Statistical significance was set a posteriori
at o = 0.20 because we were concerned about the
probability of committing a type Il error at «
0.05 (type | error).

Chlorophyll a (suspended and attached), con-
ductivity, dissolved oxygen, pH, turbidity, and wa-
ter temperature were consistent throughout the
study (Table 1) and did not differ significantly (F
= 0.03—1.83, P = 0.34—0.99) among mesocosms
before fish introductions, except for suspended
chlorophyll a (F = 1.83, P = 0.20). After fish were
introduced into the mesocosms, surface and 1.5-
m temperature, turbidity, conductivity, pH, sus-
pended chlorophyll a, and attached chlorophyll a
differed significantly by date (F = 3.69—-374.7, P
= 0.02 to <0.0001) but not among treatments (F
0.25—-1.51, P = 0.26-0.98). However, dis-
solved oxygen at the surface and at 1.5 m differed
significantly among treatments (F = 4.16—4.99,
P = 0.01-0.02) and dates (F = 29.5—-36.9, P <
0.0001). In general, dissolved oxygen was higher
in the control than the mixed treatment.

Ten invertebrate taxa were identified in the me-
socosms. Chironomidae, Conchostraca, Ephem-
eroptera, and Odonata had densities of less than 3
individuals/L and were present in less than 50%
of the mesocosms. Therefore, further analyses
were not performed on these taxa. Predominant
zooplankton included copepods (cyclopoid, cal-
anoid, and nauplii), cladocerans (Daphnia pulex
and Bosmina spp.), and rotifers (Table 1). The den-
sity (number/L) of predominant zooplankton var-
ied throughout the study (Table 1) but did not dif-
fer significantly among mesocosms before intro-
duction of fish (F = 0.19-1.62, P = 0.25-0.90).
After fish were placed in the mesocosms, mean
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Ficure 1.—Mean zooplankton density for samples
collected from 10 August (before fish introduction) to
14 September 1999 for four treatments (bighead carp,
paddlefish, paddlefish and bighead carp [mixed], and
control) in experimental ponds. Error bars represent one
standard error. Two-way analysis of variance with re-
peated measures was used to statistically compare
changes by date and treatment. Statistics presented rep-
resent the treatment X date interaction.

zooplankton density declined in all treatments
(Figure 1) and subsequently zooplankton density
never exceeded 30/L in the paddlefish treatment,
10/L in the bighead carp treatment, and 35/L in
the mixed treatment. There was a significant treat-
ment X date interaction for mean zooplankton den-
sity (F = 2.24, P = 0.028). Mean zooplankton
density did not differ significantly among treat-
ments on 15, 24, and 31 August and 14 September
(t = —1.03to 1.21, P = 0.25-0.97). On 7 Sep-
tember mean zooplankton density in the paddl efish
treatment was significantly higher than the bighead
carp treatment (t = —1.53, P = 0.16). Mean zoo-
plankton density was significantly different among
treatments and control on all dates except 7 Sep-
tember (t = —5.73 to 5.55, P = 0.0001—0.05). On
7 September, mean zooplankton density did not
differ significantly between the paddlefish treat-
ment and the control (t = 0.82, P = 0.43) nor
between the mixed treatment and control (t = 1.23,
P = 0.24).

Bighead carp initial mean total length was 208
mm (SE = 1.3) and initial mean weight was 87.9
g (1.2). Paddlefish initial mean body length was
282 mm (4.2) and initial mean weight was 77.1 g
(3.1). Relative growth varied from 0.05 to —0.09
for bighead carp and from —0.10 to —0.20 for
paddiefish. Relative growth of paddiefish de-
creased in all treatments and differed significantly
between the paddlefish-only and mix treatments

tial weight]/initial weight) of paddlefish and bighead
carp by treatment (paddlefish, paddiefish and bighead
carp [mix], and bighead carp) held in mesocoms in ex-
perimental ponds, 10 August to 14 September 1999. Sta-
tistics presented are from a mixed-model analysis of
variance comparing relative growth within a species by
treatment. Error bars represent one standard error.

(F = 15.7, P = 0.058; Figure 2). Relative growth
of bighead carp differed significantly between
treatments (F = 65.04, P = 0.02; Figure 2). Big-
head carp in the bighead carp treatment decreased
in relative growth, whereas bighead carp in the
mix treatment increased in relative growth.

Discussion

Any variation observed in chlorophyll a, con-
ductivity, pH, turbidity, and water temperature was
a function of temporal effects, not treatment ef-
fects. Conversely, variation in zooplankton density
was afunction of treatment effects. After fish were
introduced, zooplankton density in the mesocosms
was reduced. The reduction in zooplankton rela-
tive to the control indicates that paddlefish and
bighead carp were feeding on zooplankton in the
mesocosms. The decline in zooplankton observed
in this study was similar to resultsfor other studies
on paddlefish (Burke and Bayne 1986) and bighead
carp (Burke et al. 1986; Lieberman 1996) in cul-
ture ponds. Unfortunately, we are unaware of any
studies documenting the effects of paddlefish and
bighead carp on zooplankton communities in nat-
ural systems. The low density of zooplankton in
the treatments with fish suggests that food was
limited. Zooplankton density in the mesocosms
was lower than those reported for the Missouri
River near main-stem reservoirs (Repsys and Rog-
ers 1982). However, zooplankton densities tend to
be higher near reservoir effluents and decline
downstream (Repsys and Rogers 1982). We were
unabl e to find any comparabl e zooplankton density
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data for areas where bighead carp and paddlefish
occur sympatrically. Zooplankton assemblage in
the mesocosms was similar to the assemblage in
the Missouri River, which is a function of zoo-
plankton taxain the Missouri River being common
throughout the USA (Repsys and Rogers 1982).

The predominant zooplankton taxa in the me-
socosms were similar to food items known to be
eaten by paddlefish and bighead carp. Paddlefish
in rivers and experimental ponds feed on Bosmina
spp., Daphnia pulex, Dipahnosoma spp., cyclopoid
and calanoid copepods, amphipods, and insect lar-
vae (Rosen and Hales 1981; Burke and Bayne
1986; Hageman et al. 1988; Hoxmeier and DeVries
1997). Stomach content analysis of paddlefish in-
dicates that they do not feed on invertebrates less
than 0.025 mm (Rosen and Hales 1981; Burke and
Bayne 1986; Hoxmeier and DeVries 1997). Stud-
ies on bighead carp found that cladocerans, co-
pepods, and rotifers are important food items, and
bighead carp can switch to phytoplankton when
zooplankton concentrations are low (Lazareva et
al. 1978; Cremer and Smitherman 1980; Opu-
szynski 1981; Spataru et al. 1983; Burke et al.
1986; Opuszynski et al. 1991; Takamura et al.
1993; Dong and Li 1994; Gu et al. 1996; Lieber-
man 1996).

The relative growth of paddlefish decreased in
all treatments, indicating that food resources were
limiting. However, there was a larger decrease in
relative growth of paddlefish in the mix treatment
than in the paddlefish treatment. Paddlefish rela-
tive growth was negatively affected by interspe-
cific competition. Relative growth of paddlefish
and bighead carp appeared to be negatively af-
fected by intraspecific competition. However, to
adequately evaluate intraspecific competition, we
would have needed treatments that increased or
decreased the density relative to the paddlefish or
bighead carp only treatments (Schoener 1983). We
were unfortunate to not have the space and time
for such an analysis; therefore, thisis an area for
further investigation. Interestingly, paddlefish had
the lowest relative growth in the treatment that
probably provided an intraspecific competitive re-
lease.

Bighead carp performed better in the mix treat-
ment than in the bighead carp treatment, and pad-
dlefish performed worse in the mix treatment than
in the paddlefish treatment. These results indicate
that asymmetric competition was occurring in the
mix treatment and that bighead carp were probably
the dominant competitor (Keddy 1989). The dif-
ference in performance between bighead carp and

SCHRANK ET AL.

paddlefish in the mix treatment may be caused by
exploitative competition, morphological differenc-
es, or interference competition (Keddy 1989; Hir-
am and Moyle 1993). Probably, exploitative com-
petition was occurring; that is, in the mix treat-
ment, bighead carp may have fed more quickly or
efficiently than paddlefish and thus depleted the
food resources for paddlefish. In experimental and
population studies on other zooplanktivores, ex-
ploitative competition caused a decrease in the
growth rates of one species (Hanson and Leggett
1985; Prout et al. 1990; DeVries and Stein 1992;
Teuscher and Luecke 1996). This explanation is
partially supported by the higher mean density of
zooplankton in the paddlefish treatment than the
bighead carp treatment.

There are also morphological differences be-
tween the bighead carp and paddlefish. Bighead
carp and paddliefish consume similar-sized zoo-
plankton; for example, in this study bighead carp
gill raker spacing varied from 0.07 to 0.08 mm
and paddlefish from 0.05 to 0.06 mm. However,
bighead carp can switch to smaller food items
when large zooplankton are limited (Dong and Li
1994). The ability of bighead carp to switch food
items (i.e., from zooplankton to phytoplankton)
may be an ecological advantage over paddlefish.
Many fish have the ability to switch diets to avoid
competition (Larkin 1956). We were unable to de-
tect a change in the small invertebrates among
treatments because the mesh size of the inverte-
brate net was 80 wm. Finally, bighead carp may
have prevented paddlefish from consuming inver-
tebrates through aggressive behavior or interfer-
ence competition.

Paddlefish and bighead carp probably use sim-
ilar habitats within large river ecosystems; thus,
they potentially compete for food resources. How-
ever, for competition to occur, food resources need
to be limiting (Larkin 1956). Assessments of zoo-
plankton and phytoplankton in large river ecosys-
tems are difficult to quantify and probably vary
temporally and spatially (Basu and Pick 1995).
This study supports the hypothesis that bighead
carp can negatively affect paddlefish through com-
petition for zooplankton and establishes the pos-
sibility that competition can occur in the Missis-
sippi River or Missouri River, given a scenario
similar to this study. This study probably repre-
sents the worst-case scenario for competitive in-
teractions between bighead carp and paddlefish.
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