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Aquatic invasive species introductions are a global environmental concern. Negative effects of invasive species
are often manifested in alterations of food web structure and through competition with and predation upon na-
tive species. The Illinois River, Illinois, USA harbors invasive, planktivorous bighead, Hypophthalmichthys nobilis,
and silver carp, Hypophthalmichthys molitrix, and can be a model ecosystem to test for their effects on zooplank-
ton communities. We tested for bighead and silver carp effects on zooplankton communities pre- and post-
establishment within one reach of the Illinois River and among river reaches that varied in abundances of
these invasive fishes. The establishment of bighead and silver carp was associated with increased rotifer abun-
dances, while cladoceran and copepod abundances were reduced relative to pre-establishment. Cladoceran
and copepod abundance and biomass were negatively associated with bighead and silver carp abundances
among reaches. Total zooplankton and rotifer abundance and biomass were positively associated with bighead
and silver carp abundances. Our results suggest that bighead and silver carp have changed the zooplankton com-
munity of the Illinois River which may have implications for the food web, native species, and other ecosystems
poised to be invaded, such as the Laurentian Great Lakes.

© 2014 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

Over the next century, biotic exchange of organisms (including inva-
sive species) is predicted to have the greatest adverse effect on native
biodiversity in freshwater ecosystems (Cucherousset and Olden, 2011;
Sala et al., 2000). Often, the introduction and establishment of invasive
species in novel environments lead to changes in food web structure
and the extirpation of native species. For example, zebra, Dreissena
polymorpha, and quagga mussels, Dreissena bugensis, introduced by
ballast water in the Laurentian Great Lakes have increased water clarity
and suffocated native mussels (MacIsaac, 1996; Ricciardi and MacIsaac,
2000). Invasive rainbow smelt, Osmerus mordax, introductions in north
temperate inland lakes have led to local extirpations of native walleye,
Sander vitreus, lake herring (cisco), Coregonus artedi, and yellow perch,
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Perca flavenscens, (Hrabik et al., 2001; Krueger and Hrabik, 2005;
Mercado-Silva et al., 2007; Roth et al., 2010). Introductions of invasive
rusty crayfish, Orconectes rusticus, have resulted in the loss of sub-
mersed aquatic macrophytes and the decline of native crayfishes
(Olsen et al., 1991; Roth and Kitchell, 2005; Wilson, 2002). The rate of
new introductions of non-native species is expected to increase in the
future, with unknown consequences on native and previously invaded
ecosystems (Kolar and Lodge, 2002; Lodge et al., 2006).

The Illinois River, Illinois, USA has long served as a corridor for the
inter-basin transfer of species between the Laurentian Great Lakes and
the Mississippi River. With the completion of the Chicago Sanitary and
Ship Canal (CSSC) in 1910, a manmade waterway was established be-
tween Lake Michigan and the Mississippi River (Moy et al., 2011).
More recent water quality improvements in the Chicago Area Water-
way System (mandated by federal and local laws) have facilitated
invasive species transfers to occur in both directions within these
formerly hydrologically-separated basins (McClelland et al., 2012).
Zebra mussels, round goby, Neogobius melanostomus, and white perch,
Morone americana, have colonized the Illinois River from LakeMichigan
through this artificial connection (Irons et al., 2006; Moy et al., 2011).
Currently, invasive bighead, Hypophthalmichthys nobilis, and silver
.V. All rights reserved.
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carp, Hypophthalmichthys molitrix, are threatening to enter Lake
Michigan through this corridor following their unintentional introduc-
tion to the Middle Mississippi River in the early 1970s (Chick and
Pegg, 2001; Kelly et al., 2011).

In 2002, an electric aquatic nuisance species dispersal barrier in the
CSSC became operational to decrease the probability of inter-basin
transfers of fishes (Moy et al., 2011). Since barrier installation, one
individual bighead carp has been captured above this barrier; however,
otolith microchemistry suggested that this fish had lived its entire life
above the barrier. Several water samples routinely collected and
assayed for “environmental” DNA suggest that bighead and silver carp
are present above the barrier and able to colonize Lake Michigan
(Jerde et al., 2011; Moy et al., 2011). Nevertheless, uncertainty in the
analysis of “environmental” DNA may or may not be able to resolve
the presence of live fish versus other sources of bighead and silver
carp DNA contamination. Despite the dispersal barrier and uncertainty
in “environmental” DNA testing, bighead and silver carp are poised to
colonize Lake Michigan if they are not already there.

Bighead and silver carpwerefirst documented in the LaGrange reach,
Illinois River by the U.S. Army Corps of Engineers', Upper Mississippi
River Restoration-Environmental Management Program, Long-term Re-
source Monitoring Program element in 1995 and 1998, respectively
(Irons et al., 2007). Since 2000, the silver carp population within this
reach, as well as commercial harvest of both species in the Illinois River,
have increased exponentially (Irons et al., 2007; Sass et al., 2010). In
the late 2000s, the adult and sub-adult silver carp population in the La
Grange reach was estimated at over 2500 individuals/river km (Sass
et al., 2010). Given their rapid population growth, high fecundities,
large adult sizes, capacity to filter very small particles, and ability to dis-
perse long distances quickly, bighead and silver carp have the potential
to negatively affect the Illinois River ecosystem and others that have yet
to be colonized (e.g., tributaries of the Mississippi River, Laurentian
Great Lakes) (DeGrandchamp et al., 2008; Kolar et al., 2007). Perhaps of
greatest concern to scientists and managers is the potential for bighead
and silver carp to alter energy flows in native aquatic food webs due to
their ability to filter very small particles. Bighead and silver carp occupy
low trophic levels by feeding upon phytoplankton and zooplankton,
thus they have the potential to reduce energy available to upper trophic
levels and to compete with native obligate and facultative planktivorous
fishes and grazing zooplankton (Irons et al., 2007; Kolar et al., 2007;
Milstein et al., 1985). In lentic systems, bighead and silver carp have
been observed to reduce total zooplankton abundances and particularly
those of larger-bodied zooplankters, such as cladocerans and copepods
(Fukushima et al., 1999; Shao et al., 2001; Stone et al., 2000; Yang et al.,
1999).

Bighead and silver carp have established robust populations in
the Illinois River, pose an imminent threat to invade the Laurentian
Great Lakes, and thus may threaten the food webs of these systems
and compete with native fishes. The objective of our study was to
test for bighead and silver carp effects on zooplankton community
composition and biomass within the Illinois River using two comple-
mentary comparative studies. First, we tested for differences in zoo-
plankton community samples collected and archived prior to the
establishment of bighead and silver carp (1994–2000)with samples col-
lected following the establishment of these invasive fishes (2009–2011)
in the La Grange reach, Illinois River. Second, we tested for differences in
zooplankton community composition and biomass among six reaches of
the Illinois River that varied in bighead and silver carp relative abun-
dances during 2009–2011. We hypothesized that the establishment of
bighead and silver carp would result in reduced total zooplankton,
rotifer, cladoceran, and copepod abundances relative to the pre-
establishment zooplankton community. Similarly, we hypothesized
that total zooplankton, rotifer, cladoceran, and copepod abundance
andbiomasswould be reduced in river reacheswith greater abundances
of bighead and silver carp relative to reaches with low abundances of
these invasive species.
Methods

Bighead and silver carp in the Illinois River

Although bighead and silver carp were present in the lower Illinois
River during the 1990s (Chick and Pegg, 2001; Irons et al., 2007, 2011)
(Fig. 1), natural reproduction was not documented in the La Grange
reach until 2000. Bighead and silver carp population growth in this
reach has been exponential since establishment (Irons et al., 2007;
Sass et al., 2010). For the purpose of this study, we define the pre-
bighead and silver carp establishment time period as 1994–2000 and
the post-establishment time period as 2009–2011 in the La Grange
reach, Illinois River.

We used silver carp electrofishing catch-per-unit-effort as an index
of both silver and bighead carp relative abundances. Electrofishing is
the most efficient gear to capture silver carp; however, is one of the
poorest gears for capturing bighead carp (Irons et al., 2011). For exam-
ple, electrofishing catch-per-unit-effort for bighead carp in the Alton, La
Grange, and Peoria reaches of the Illinois River in 2010 was only 0.78/h,
0.03/h, and 0.78/h, respectively (Michaels et al., 2011). Nevertheless,
bighead carp abundances have increased concurrently with silver carp
abundances as evidenced by catches from a long-term, standardized
multiple-gear fisheries monitoring program on the La Grange reach,
Illinois River (Irons et al., 2007, 2011) and in commercial fishery tram-
mel net landings, which primarily consist of bighead carp captured in
the lower three reaches (Alton, La Grange, Peoria) of the Illinois River
(Irons et al., 2007). Therefore, we used the relative abundance of silver
carp as a measure of the magnitude of bighead and silver carp
establishment.

During 2009–2011, electrofishing catch-per-unit-effort (i.e., relative
abundance) of silver carp differed among six reaches of the Illinois River
(Figs. 1, 2). Various relative abundances of silver carp were collected by
the Long-term Illinois, Mississippi, Ohio, andWabash River Fish Popula-
tion Monitoring Program (LTEF) in the lower four reaches of the Illinois
River (Alton, La Grange, Peoria, Starved Rock) in 2010 (Michaels et al.,
2011) (Fig. 2). No bighead or silver carpwere collected by this standard-
ized fish monitoring program in the Marseilles and Dresden reaches in
2010 (Michaels et al., 2011) (Fig. 2). Detailed protocols for the LTEF
can be found in Michaels et al. (2011). Briefly, pulsed-DC boat electro-
fishing is conducted at stratified-random sampling sites in each reach
during three time periods (June 15–July 31, August 1–September 15,
September 16–October 31) annually using Long-term Resource Moni-
toring Program protocols found in Gutreuter et al. (1995). The number
of 15 min electrofishing runs conducted in each reach during each
time period is standardized by reach length. All sampled fishes were
identified, measured for length and weight, and returned to the water
unharmed. For the purpose of this study, we separated the lower four
and upper two reaches of the Illinois River into two treatment groups
to allow for comparisons based upon the relative abundances of bighead
and silver carp in each section of the Illinois River.

Pre- and post-bighead and silver carp establishment

We assessed zooplankton community composition and abundance
within the La Grange reach of the Illinois River at a single, fixed, main
channel site near Havana, Illinois (river km 193) pre-bighead and silver
carp establishment (1994–2000) and post-establishment (2009–2011).
The Illinois River Biological Station has maintained an archived histori-
cal collection of zooplankton samples since 1994; however, this stan-
dardized zooplankton monitoring program was eliminated during
2001–2008 due to funding constraints. In each year of sampling,month-
ly zooplankton collectionswere conducted duringMay–Novemberwith
an identical sampling protocol between time periods. For each sample,
30 L of water was pumped through a 55 μm filter and this procedure
was replicated three times. We examined the integrated zooplankton
community and abundance throughout the entire water column by



Fig. 1.Map of Illinois and the Illinois River, USA illustrating the six reaches sampled for zooplankton during 1994–2000 and 2009–2011. White dots within reaches denote zooplankton
sampling locations.

Fig. 2. Mean (±S.E.) pulsed-DC electrofishing relative abundances (catch-per-unit-effort, CPUE, no./h) of silver carp, Hypophthalmichthys molitrix, collected in six reaches of the Illinois
River by the Long-term Illinois, Mississippi, Ohio, and Wabash River Fish Population Monitoring Program in 2010.
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attaching aweight to a hose and lifting that hose from the bottom to the
surface of the water while pumping. Zooplankton samples were
preserved in a sugar-buffered formalin solution and transported to the
Illinois River Biological Station for analysis.

Macrozooplankters (55 μm filter) were counted and identified as
rotifers to genus, cladocerans to genus, and copepods to family
(Appendix 1). An estimate of the number of zooplankton in each sample
was determined by dividing the sample concentrate volume, by the vol-
ume of subsamples required to reach 100 zooplankton, and multiplied
by the number of zooplankton counted in the subsample(s). This
number was then divided by the volume filtered to get an estimate of
the number of zooplankton in 1 L of river water for each sample.

We used t-tests to test for differences in themean abundance of total
zooplankton, rotifers, cladocerans, and copepods between pre- and
post-bighead and silver carp establishment periods. We used the null
hypothesis of no difference in the mean abundance between pre-
and post-bighead and silver carp establishment time periods at the
α = 0.05 level using four pair-wise comparisons.

Zooplankton abundance and biomass between lower and upper reaches

We also assessed zooplankton community composition and abun-
dance across six reaches of the Illinois River that varied in bighead and
silver carp relative abundances during 2009–2011. From downstream
to upstream in the Illinois River, we sampled the Alton, La Grange,
Peoria, Starved Rock, Marseilles, and Dresden reaches (Fig. 1). In 2009
and 2010, a single, fixed, main channel site was sampled in each
reach. Sampling sites included Florence (Alton reach, river km (rkm)
89), Havana (La Grange reach, rkm 193), Chillicothe (Peoria reach,
rkm 290), Ottawa (Starved Rock reach, rkm 386), Morris (Marseilles
reach, rkm 424), and Channahon (Dresden reach, rkm 448). In 2011,
we expanded the spatial extent of zooplankton sampling within the
Alton, La Grange, and Peoria reaches. In addition to the sites sampled
in 2009–2010, we added: Grafton, Hardin, and Merodosia (Alton
reach, rkm's 0, 35, 114); Lily Lake (backwater lake), Frederick, Bath
Chute (side channel), Matanzas Lake (backwater lake), and the Peoria
Lock and Dam (La Grange Reach, rkm's 134, 157, 177, 192, 252); and
Upper Peoria Lake, Henry, and Hennepin (Peoria reach, rkm's 278,
315, 334). All zooplankton collections were conducted monthly during
May–November in each year.Macrozooplankton (55 μmfilter) sampling
protocols were identical to those described above. In 2009 and 2010, we
also pumped 3.6 L of surface water (1 m depth) through a 20 μm filter
and only collected one sample at each site to assess themicrozooplankton
community (Chick et al., 2010). In 2011, a single integratedwater column
assessment of the microzooplankton community was collected by
pumping 10 L of water through a 20 μm filter at each site. Zooplankton
samples were preserved in a sugar-buffered formalin solution and
transported to the Illinois River Biological Station for analysis.

We analyzed the macrozooplankton (55 μm filter) samples as
described above. The microzooplankton community was assessed
using a Sedgewick Rafter counting cell, which held 1 mL of the sample.
For the microzooplankton, we used the volume of subsamples required
to reach a count of 400 zooplankton. This number was then divided by
the volume filtered to get an estimate of the number of zooplankton
in 1 L of river water for each sample. In 2011, we also estimated the
zooplankton biomass of each sample using carapace length–biomass re-
lationships developed by the United States Environmental Protection
Agency (2003) and Dumont et al. (1975).

We compared zooplankton community composition (rotifers,
cladocerans, and copepods) among the six reaches of the Illinois River
by dividing the abundance of each zooplankton taxon by the total
zooplankton abundance in each reach during 2009–2011. We used
t-tests to test for differences in the mean abundance and biomass
of total zooplankton, rotifers, cladocerans, and copepods collected
with the 55 μm filter between the four lower and two upper river
reaches during 2009–2011. Similarly, t-tests were used to test for
differences in the mean abundance and biomass of total zooplankton
and rotifers collected with the 20 μm filter between the four lower and
two upper river reaches during 2009–2011. Cladocerans and copepods
were excluded from the 20 μmstatistical tests because this gear samples
macrozooplankton poorly (Chick et al., 2010). Tests for differences in
mean abundances of zooplankton between the lower and upper Illinois
River included all data from 2009 to 2011. Tests for differences in
biomass only used data from 2011 because this was the first sampling
period where biomass was quantified. We used the null hypothesis of
no difference in the mean abundance or biomass between the lower
four and upper two reaches of the Illinois River at the α = 0.05 level.
Due to the number of pair-wise comparisons in our lower versus
upper river statistical analyses (n=12),we applied a Bonferroni correc-
tion (α = 0.05/12 = 0.004) to reduce the probability of committing
Type I errors (Rice, 1989).

Results

Pre- and post-bighead and silver carp establishment

Mean total zooplankton, cladoceran, and copepod abundances
(55 μm filter) decreased significantly between pre- and post-bighead
and silver carp establishment time periods in the La Grange reach,
Illinois River (Fig. 3). Mean rotifer abundance (55 μm filter) increased
significantly among time periods (Fig. 3).Mean total zooplankton abun-
dance decreased from 166.1 to 121.7/L before and after bighead and sil-
ver carp establishment, respectively (N = 257, T255 = 2.17, P = 0.03).
Between time periods, the mean rotifer abundance increased from 75.2
to 117.0/L (N=257, T255= 2.16, P =0.03).Mean cladoceran and cope-
pod abundances declined significantly from 19.7 to 2.0 and from 71.2 to
2.7/L, respectively prior to and after bighead and silver carp establish-
ment in the La Grange reach, Illinois River (cladocerans, N = 257,
T255 = 13.15, P b 0.001; copepods, N = 257, T255 = 16.52, P b 0.001).

Zooplankton community composition between lower and upper reaches

Zooplankton community composition (55 μm filter) in the lower
four reaches of the Illinois River was dominated by rotifers; greater pro-
portions of cladocerans and copepods relative to rotifers were observed
in the upper two reaches in 2009–2011. In the lower four reaches,
rotifers comprised 94–98% of the zooplankton community compared
to only 2–6% cladocerans and copepods. In the upper two reaches,
cladocerans and copepods were 12–31% and rotifers 69–88% of the
total zooplankton community. Percentage of community composition
for rotifers, cladocerans, and copepods by river reach were: Alton
reach (95.1% rotifers, 2.7% cladocerans, 2.2% copepods); La Grange
reach (98.2, 1.7, 0.1), Peoria reach (97.4, 0.7, 1.9), Starved Rock reach
(94.4, 2.1, 3.5), Marseilles reach (87.5, 6.1, 6.4), and Dresden reach
(68.4, 11.3, 20.3).

Zooplankton abundances between lower and upper reaches

Mean abundances (55 μm filter) of total zooplankton and rotifers
were significantly lower in the upper compared to the lower reaches.
Mean cladoceran and copepod abundances were significantly greater
in the upper reaches compared to the lower reaches in 2009–2011
(Fig. 4). Mean total zooplankton abundance was nearly threefold less
in the upper reaches compared to the lower reaches (lower = 112.5/
L, upper = 37.8/L; N = 606, T604 = 6.6, P b 0.001). Mean rotifer abun-
dances in the lower and upper reaches were 108.0 and 29.4/L, respec-
tively (N = 606, T604 = 7.0, P b 0.001). Mean cladoceran abundances
in the upper reaches (3.3/L) were significantly greater than in the
lower reaches (1.9/L) (N = 601, T599 = 4.1, P b 0.001). Mean copepod
abundance in the upper reaches (5.0/L) was double that of the lower
reaches (2.5/L) (N = 603, T601 = 6.2, P b 0.001).



Fig. 3.Mean (±S.E.) abundance (no./L) of total zooplankton, rotifers, cladocerans, and copepods collected with a 55 μm filter in the La Grange reach of the Illinois River prior to
(pre-, 1994–2000) and after (post-, 2009–2011) the establishment of invasive bighead, Hypophthalmichthys nobilis, and silver carp, Hypophthalmichthys molitrix. Asterisks de-
note statistically significant differences between time periods (α = 0.05).
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Mean abundances (20 μm filter) of total zooplankton and rotifers
were significantly lower in the upper reaches compared to the lower
reaches in 2009–2011 (Fig. 5).Mean abundance of total zooplankton be-
tween the lower and upper reaches was 1298.0 and 376.8/L,
respectively (N = 198, T196 = 5.0, P b 0.001). Mean rotifer abundance
was significantly greater in the lower reaches (1288.0/L) compared to
the upper reaches (364.9/L) (N = 198, T196 = 5.0, P b 0.001).
Fig. 4.Mean (±S.E.) abundance (no./L) of total zooplankton, rotifers, cladocerans, and copepo
(Lower) versus theMarseilles and Dresden reaches (Upper) of the Illinois River in 2009–2011. T
of silver carp, Hypophthalmichthys molitrix (Fig. 2). Asterisks denote statistically significant diff
Zooplankton biomass between lower and upper reaches

Mean biomass (μg/L, 55 μm filter) of total zooplankton and rotifers
were significantly lower in the upper reaches compared to the lower
reaches, while copepod biomass showed a significant reciprocal rela-
tionship in 2011 (Fig. 6). Mean cladoceran biomass did not differ be-
tween the lower and upper reaches (P N 0.05). Mean biomass of total
ds collected with a 55 μm filter in the Alton, La Grange, Peoria, and Starved Rock reaches
he lower and upper Illinois River groups were delineated based upon relative abundances
erences between the lower and upper Illinois River (α = 0.004).

image of Fig.�3
image of Fig.�4


Fig. 5.Mean (±S.E.) abundance (no./L) of total zooplankton and rotifers collectedwith a 20 μmfilter in theAlton, LaGrange, Peoria, and Starved Rock reaches (Lower) versus theMarseilles
and Dresden reaches (Upper) of the Illinois River in 2009–2011. The lower and upper Illinois River groups were delineated based upon relative abundances of silver carp,
Hypophthalmichthys molitrix (Fig. 2). Asterisks denote statistically significant differences between the lower and upper Illinois River (α= 0.004). Mean abundance of cladocerans and co-
pepods from 20 μmmesh net sampling was excluded based upon the recommendation of Chick et al. (2010).
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zooplankton in the upper reaches (7.8 μg/L) was about half that of the
lower reaches (14.6 μg/L) (N= 498, T496= 5.25, P b 0.001). Mean roti-
fer biomass in the upper reaches (1.5 μg/L) was significantly lower than
that observed in the lower reaches (8.8 μg/L) (N = 498, T496 = 8.4,
P b 0.001). Mean copepod biomass in the upper and lower reaches
was 3.6 and 2.0 μg/L, respectively (N = 498, T496 = 4.2, P b 0.001).

Mean biomass (μg/L, 20 μm filter) of total zooplankton and rotifers
were significantly lower in the upper compared to the lower reaches
in 2011 (Fig. 7). Mean total zooplankton biomass was 65.5 μg/L in the
Fig. 6.Mean (±S.E.) biomass (μg/L) of total zooplankton, rotifers, cladocerans, and copepods col
versus the Marseilles and Dresden reaches (Upper) of the Illinois River in 2011. The lower and
Hypophthalmichthys molitrix (Fig. 2). Asterisks denote statistically significant differences betwe
lower four reaches of the Illinois River and 23.7 μg/L in the upper two
reaches (N = 177, T175 = 3.55, P b 0.001). Mean biomass of rotifers in
the upper reaches (11.8 μg/L) was significantly lower than in the
lower reaches (52.3 μg/L) (N = 177, T175 = 4.2, P b 0.001).

Discussion

Samples collected before and after bighead and silver carp establish-
ment afforded us a unique opportunity to test for lower trophic level
lectedwith a 55 μm filter in the Alton, La Grange, Peoria, and Starved Rock reaches (Lower)
upper Illinois River groups were delineated based upon relative abundances of silver carp,
en the lower and upper Illinois River (α = 0.004).
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Fig. 7.Mean (±S.E.) biomass (μg/L) of total zooplankton and rotifers collected with a 20 μm filter in the Alton, La Grange, Peoria, and Starved Rock reaches (Lower) versus theMarseilles
and Dresden reaches (Upper) of the Illinois River in 2011. The lower and upper Illinois River groups were delineated based upon relative abundances of silver carp, Hypophthalmichthys
molitrix (Fig. 2). Asterisks denote statistically significant differences between the lower and upper Illinois River (α= 0.004). Mean biomass of cladocerans and copepods from 20 μmmesh
net sampling was excluded based upon the recommendation of Chick et al. (2010).
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effects of these invasive, planktivorous fishes on zooplankton communi-
ty composition, abundance, and biomass in one reach of a large, dynam-
ic river. The current relative abundance gradient of bighead and silver
carp within the Illinois River also allowed us to test for differences in
the zooplankton community among reaches post-establishment. We
provide multiple lines of evidence to suggest that these invasive fishes
are associated with changes in the zooplankton community of the
Illinois River. These changesmayhave negative implications for invaded
and yet to be invaded ecosystems, including the Laurentian Great Lakes.
To our knowledge, this study is thefirst to document broad-scale changes
in a zooplankton community associatedwith the invasion of bighead and
silver carp in a large river ecosystem.

Pre- and post-bighead and silver carp establishment

In the La Grange reach, Illinois River, the establishment of bighead
and silver carp was associated with significantly lower mean abun-
dances of total zooplankton, cladocerans, and copepods. The mean
abundance of rotifers increased significantly — failing to support our
hypothesis. Because bighead and silver carp population growth in
the La Grange reach has been exponential and these species are
planktivorous, our results suggest that high and taxa-specific
consumption of zooplankton is a plausible mechanism explaining
our observed patterns (Irons et al., 2007; Sass et al., 2010;
Williamson and Garvey, 2005). Our results also suggest that the estab-
lishment of these invasive fishes may create a positive feedback loop
favoring rotifers over cladocerans and copepods. Rotifers are a prima-
ry prey item for bighead and silver carp, but are generally not favored
or able to be filtered by many other native facultative or obligate
planktivorous fishes besides gizzard shad, Dorosoma cepedianum,
and bigmouth buffalo, Ictiobus cyprinellus (Sampson et al., 2009;
Williamson and Garvey, 2005).

Bighead carp are primarily zooplanktivorous, butmay switch to phy-
toplankton, algae, and detritus if zooplankton is limited (Burke et al.,
1986; Cremer and Smitherman, 1980; Dong and Li, 1994; Lazareva
et al., 1977). Bighead carp have been observed to consume prey items
as small as 50 μm and preferentially select for larger-bodied zooplank-
ton, such as cladocerans and copepods (Borutskiy, 1973; Cremer
and Smitherman, 1980; Nikol'skiy and Aliyev, 1974; Opuszynski
and Shireman, 1991; Spataru et al., 1983). Silver carp are typically
phytoplanktivorous and can filter particles as small as 3 μm (Calkins
et al., 2012; De-Shang and Shuang-Lin, 1996; Ghosh et al., 1973;
Williamson and Garvey, 2005). Silver carp undergo an ontogenetic
diet shift from preference of zooplankton to phytoplankton, but may
switch back to zooplankton when phytoplankton is limited (Burke
et al., 1986; Opuszynski, 1979; Spataru and Gophen, 1985). Our results
suggest that larger-bodied zooplanktonwere abundant in the LaGrange
reach, Illinois River prior to the establishment of bighead and silver carp.
After their establishment and with the current high densities of these
invasive fishes within this reach, our results suggest that selective
foraging by bighead and silver carp has likely reduced cladoceran and
copepod abundances, while rotifer abundances have increased.

Bighead and silver carp have reduced cladoceran and copepod abun-
dances in lentic systems (Fukushima et al., 1999; Shao et al., 2001; Stone
et al., 2000; Yang et al., 1999). Rotifer abundances have also declined in
the presence of these invasive fishes (Fukushima et al., 1999;
Lieberman, 1996). Rotifers dominated the main channel zooplankton
community of the lowermost portion of Illinois River, which may have
been a consequence of the presence of bighead and silver carp, but
those previous studies did not specifically test for their effects (Chick
and Pegg, 2001; Wahl et al., 2008). Our results are consistent with pre-
viously observed effects of bighead and silver carp on larger-bodied
zooplankton, but not so for rotifers. Our observations suggest that
these invasive fishes have had a positive influence on rotifer
abundances, which contrasts patterns observed in lentic systems, but
potentially supports the findings of Wahl et al. (2008). However, the
microzooplankton communities could have been inadequately sampled
in these previous studies (Chick et al., 2010). Although rotifers have
often dominated bighead and silver carp diets (Sampson et al., 2009;
Williamson and Garvey, 2005), the life histories of rotifers appear to
make them resilient to high predation pressures from these invasive
species (Stemberger and Gilbert, 1985).

image of Fig.�7
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Zooplankton community composition between lower and upper reaches

During 2009–2011, rotifer abundances were positively associated
with bighead and silver carp relative abundances among the six reaches
of the Illinois River sampled. Cladoceran and copepod abundances were
negatively associated with bighead and silver carp relative abundances.
In the lower four reaches of the Illinois River, where these invasive
fishes are most abundant, rotifers dominated zooplankton commu-
nity composition. Bighead and silver carp are present within the
Marseilles and Dresden reaches; however, their abundances have
often been below detection limits using traditional fisheries gears
(e.g., electrofishing, trammel netting). Rotifers still dominated in the
Marseilles and Dresden reaches, but cladocerans and copepods com-
prised a greater proportion of the community compared to the lower
four reaches of the Illinois River. Similar to previous studies and our
pre- versus post-bighead and silver carp establishment comparison,
high densities of these invasives tend to decrease the abundance of
cladocerans and copepods. At lower bighead and silver carp densities
(i.e.,Marseilles andDresden reaches), predation pressure appearsweak-
er and may allow for the persistence of greater cladoceran and copepod
abundances than at high densities of these invasive fishes. Consumption
of cladocerans by bighead and silver carp may also release rotifers from
competition with these larger-bodied zooplankters for food particles
and decrease mortality rates on rotifers from incidental ingestion
(Gilbert, 1988). Still, rotifers dominated zooplankton community com-
position in the six reaches of the Illinois River, which may suggest that
the food webs of lentic systems respond differently to the presence
and abundance of bighead and silver carp (Fukushima et al., 1999;
Lieberman, 1996).

Zooplankton abundances between lower and upper reaches

We observed significantly lower mean abundances of total zoo-
plankton and rotifers in the upper river compared to the lower river
using 55 and 20 μm filters during 2009–2011. Significantly greater
mean abundances of cladocerans and copepods were observed in the
upper river, where bighead and silver carp are less abundant, using
only the 55 μm filter. We did not test for differences in cladoceran and
copepod abundances between the upper and lower river using the
20 μm filter because this mesh size does not sample macrozooplankton
assemblages adequately (Chick et al., 2010). Our results suggest that ro-
tifer abundances were positively associated with bighead and silver
carp abundances in the Illinois River. Cladoceran and copepod abun-
danceswere negatively associatedwith the abundance of these invasive
fishes.

Our results suggest that size-selective predation pressure by bighead
and silver carp in the lower four reaches of the Illinois River may have
caused the decline in cladoceran and copepod abundances. Natural re-
cruitment of bighead and silver carp in the Starved Rock, Marseilles,
and Dresden reaches has not been observed. Therefore, zooplanktivory
by juvenile silver carp in the lower three reaches of the river may also
contribute to the low abundances of cladocerans and copepods
observed (Burke et al., 1986; Opuszynski, 1979; Spataru and Gophen,
1985). Native fishes also rely upon larger-bodied zooplankton at
various life stages, which may also reduce cladoceran and copepod
abundances.

Previous studies have suggested that rotifer abundances were
reduced in the presence of these invasive fishes (but see Wahl et al.,
2008). Lieberman (1996) observed a N80% reduction in rotifers in a
small pond after bighead and silver carp were introduced. In an experi-
ment by Fukushima et al. (1999), rotifers were abundant in fishless
enclosures, but not in enclosures containing silver carp. Gut contents
of bighead and silver carp are often dominated by rotifers, which
would suggest that high densities of these invasive species may reduce
rotifer abundances (Sampson et al., 2009; Williamson and Garvey,
2005). Rotifers may also be a dominant prey item for larval silver carp
(Kouril et al., 1982; Krykhtin and Gorbach, 1981; Marciak and Bogdan,
1979). Nevertheless, rotifer abundances may be more easily depleted
by bighead and silver carp in lentic systemswhere rotifer food resources
may become limited, which is not often the case in lotic systems where
food resources are continually supplied.

Our findings are generally inconsistent with previous studies de-
scribing the relationship between bighead/silver carp and rotifers (but
see Wahl et al., 2008). Possible mechanisms leading to differences in
our observationswith previous studies include lotic versus lentic aquat-
ic ecosystems, main channel sampling of the zooplankton community,
the life history of rotifers, and predatory release of rotifers with low
abundances of cladocerans and copepods (Stemberger and Gilbert,
1985; Gilbert, 1988). Most studies testing for the effects of bighead
and silver carp on zooplankton community composition have been con-
ducted in lentic systems. It is plausible that the influence of bighead and
silver carp on rotifers in large, dynamic rivers is different. Our finding is
supported by Wahl et al. (2008), but bighead and silver carp effects
were not directly tested for in that study. We conducted the majority
of our zooplankton sampling at main channel sites; however, a side
channel and two backwater lakes were also sampled in 2011. Bighead
and silver carp are known to avoid main channel habitats within rivers
(Calkins et al., 2012; DeGrandchamp et al., 2008). It is possible that ro-
tifer abundances were locally elevated within this habitat of the river
compared to others. Given the dynamic hydrology, flow regime, the
level of mixing that occurs within the water column of the Illinois
River, and the inclusion of backwater lakes and a side channel to our
sampling protocols in 2011, it is not likely that our main channel sam-
pling protocols influenced our observations. Rotifer generation times
are much more rapid than those of cladocerans and copepods, thus
making rotifers potentially more resilient to high predation pressures
from bighead and silver carp (Stemberger and Gilbert, 1985; Pennak,
1989). Some predaceous cladocerans and copepods feed upon rotifers,
which may also act to increase rotifer abundances in the presence of
bighead and silver carp (Gilbert, 1988; Pennak, 1989).

Zooplankton biomass between lower and upper reaches

The mean biomass of rotifers was significantly lower in the upper
two reaches of the Illinois River using a 55 and 20 μm filter. Our obser-
vation provides further evidence to suggest that rotifers comprise the
majority of zooplankton individuals and biomass in the presence of ro-
bust bighead and silver carp populations. Copepod biomass was signifi-
cantly greater in the upper two reaches of the Illinois River where these
invasive fishes are less abundant. We found no significant difference in
the mean cladoceran biomass between the upper and lower river.

Few studies have tested for the influence of bighead/silver carp on
zooplankton biomass. Lu et al. (2002) found that crustacean zooplank-
ton biomass was negatively correlated with bighead and silver carp
biomass. Small crustacean zooplankton were more persistent in the
presence of these invasive fishes compared to larger cladocerans and
copepods (Lu et al., 2002). Biomass of cladocerans between the lower
and upper Illinois River did not differ, which may suggest that
smaller-bodied crustaceans were more prevalent in the lower river.
Although selective predation pressure on larger-bodied cladocerans
and copepods by robust populations of bighead and silver carp provides
the most plausible explanation for our observed patterns, other com-
plex and indirect pathways are also possible. For example, silver carp
have been observed to consume calanoid copepod nauplii thus limiting
adult abundances, change the growth trajectories of zooplankters, and
may potentially compete with zooplankton for food resources (Burke
et al., 1986; Lu et al., 2002; Milstein et al., 1985; Radke and Kahl, 2002).

Conclusion

Our results suggest that establishment and population growth of
invasive bighead and silver carp is associated with changes in



La
Pre-

Grange
Post-

Alton Peoria Starved
Rock

Marseilles Dresden

Rotifera
Anuraeopsis X X X X X X
Ascomorpha X X X X X X X
Asplanchna X X X X X X X
Asplanchnopus X X X
Bdelloid X X X X X X X
Birgea X
Brachionus X X X X X X X
Cephalodella X X X X X X X
Chromogaster X
Collotheca X X X X X
Colurella X X X X X X X
Conchilus X X X X X X X
Conochiloides X X X X X
Dicranophorus X X X X X X
Encentrum X X X X X X
Eothinia X
Epiphanes X X X X X X
Euchlanis X X X X X X
Filinia X X X X X X
Gastropus X X X X X X X
Habrotrocha X
Heneceros X X
Hexartha X X X X X X
Kellicottias X X X X X X X
Keratella X X X X X X X
Lecane X X X X X X X
Lepadella X X X X X X X
Monostyla X X X X X X
Microdon X
Mytilinia X X X X X X X
Notholoca X X X X X X X
Playtias X X X X X X X
Ploesoma X X X X X X X
Polyartha X X X X X X X
Rotaria X X X
Squatinella X
Synchaeta X X X X X X X
Testudinella X X X X X X X
Trichocerca X X X X X X X
Trichotria X X X X X X X

Cladocera
Acroperus X X X
Alona X X X X X X
Allonella X X X X
Alonopsis X X
Anchistorpus X
Bosmina X X X X X X X
Camptocerus X X
Ceriodaphnia X X X X X X
Chydorus X X X X X X X
D. ambigua X X
D. dubia X X X
D. lumholtzi X X X
D. mendotae X
D. parvula X X X
D. pulex X X X X X X
D. retrocurva X
D. spp. X X X X X X X
Diaphanosoma X X X X X X X
Euryceras X X
Illiocryptus X X X X X X
Leptodora X
Macrothrix X X
Megafenestra X

(continued on next page)
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zooplankton community composition and biomass across a pre- versus
post-establishment comparison and a gradient of abundances in the Il-
linois River. Similar to previous studies, bighead and silver carp have the
ability to significantly reduce cladoceran and copepod abundances and
biomass. Unexpectedly and generally contrary to previous lentic stud-
ies, our results suggest that high densities of these invasive fishes are as-
sociated with increased abundances and biomass of rotifers. Because
rotifers are a dominant prey item in bighead and silver carp diets,
(Sampson et al., 2009; Williamson and Garvey, 2005), strong potential
for competition exists between these invasives and native obligate
and/or facultative planktivorous fishes. Sampson et al. (2009) found
high dietary overlap between bighead and silver carp and native gizzard
shad and bigmouth buffalo, but less overlap with paddlefish, Polyodon
spathula. Irons et al. (2007) reported reduced body condition of gizzard
shad and bigmouth buffalo following the establishment of bighead and
silver carp in the La Grange reach, Illinois River suggesting potential
competition and reduced fitness of these native fishes. Schrank et al.
(2003) observed reduced growth of age-0 paddlefish in the presence
of bighead carp in experimental ponds suggesting that competition
could occur. Native juvenile fish survival may also be reduced over
time in the presence of bighead and silver carp. If cladocerans are un-
available at critical life stages, such as during the transition from intrin-
sic to exogenous sources of food, native juvenilefishmortality ratesmay
increase (Cushing, 1990). Given the current population growth trajecto-
ries of bighead and silver carp in the Illinois River, it is plausible that
macrozooplankton may become even more limited over time resulting
in negative effects on native fishes.

Our results suggest that the establishment of invasive bighead and
silver carp is correlatedwith an alteration of the zooplankton communi-
ty to potentially benefit themselves. Increases in rotifer abundances
directly benefit bighead and silver carp because their capacities to filter
very small particles far exceed those of many native fishes and rotifers
are a dominant prey item in their diets (Sampson et al., 2009;
Williamson and Garvey, 2005). Bighead and silver carp present an im-
minent threat for colonizing the Laurentian Great Lakes through the
CSSC (Jerde et al., 2011). Cooke and Hill (2010) postulated that zoo-
plankton were insufficient in most regions of the Laurentian Great
Lakes to support bighead and silver carp.We argue that the conclusions
of Cooke and Hill (2010) may be unfounded and not precautionary in
regard to the colonization potential of bighead and silver carp in the
Laurentian Great Lakes. Cooke and Hill (2010) did not consider rotifer
abundances in their bioenergetics modeling exercises, nor the potential
for bighead and silver carp to alter zooplankton community composi-
tion, as we have shown here for a large, dynamic river. Because bighead
and silver carp may have the ability to alter food webs to potentially
benefit their range expansion and fitness,we recommend that addition-
al measures to reduce the risk of invasion to the Laurentian Great Lakes
be implemented immediately andwith the greatest certainty to prevent
introductions. Ecological separation of the Lake Michigan and Upper
Mississippi River basins remains the most reliable management
action to reduce the probability of bighead and silver carp invading
the Laurentian Great Lakes (Rasmussen et al., 2011). Such separation
would restore these basins to their natural watersheds and permanent-
ly prevent inter-basin invasive species transfers through this corridor.
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Appendix 1

Taxonomic information for Rotifera, Cladocera, and Copepoda
collected from the Illinois River, Illinois, USA pre- (1994–2000)
(Pre-) and post-bighead, Hypophthalmichthys nobilis, and silver carp,
Hypophthalmichthys molitrix, establishment (2009–2011) (Post-) in the
La Grange reach and during 2009–2011 in the Alton, Peoria, Starved
Rock, Marseilles, and Dresden reaches. X's denote presence.
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La
Pre-
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Alton Peoria Starved
Rock

Marseilles Dresden

Moina X X X X X X X
Moinodaphnia X
Scapholeberis X
Sida X X X X X X X
Simocephalus X X X X

Copepoda
Calanoida X X X X X X X
Cyclopoida X X X X X X X
Harpacticoida X X X X X X X
Naplius X X X X X X X

Cladocera
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