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Abstract Common carp (Cyprinus carpio, carp) are

a widespread and ecologically destructive invasive

fish species. Carp management is critical for main-

taining healthy aquatic ecosystems, and many control

options are available, but most have proven to be

ineffective. Carp abundances have increased at The

Nature Conservancy’s Emiquon Preserve, Illinois,

since its restoration in 2007 despite management

efforts to suppress this species. We conducted a

comparative diet study in Illinois, Tennessee, and

Wisconsin to test whether bowfin (Amia calva),

spotted gar (Lepisosteus oculatus, gar), and large-

mouth bass (Micropterus salmoides) commonly

preyed upon carp. We focused on bowfin and gar

because they are hypoxia-tolerant, similar to carp. We

also assessed whether specific fish community char-

acteristics were correlated with carp relative abun-

dances. We found no evidence that bowfin, gar, and

bass consumed large numbers of carp. However, carp

may be limited in some ecosystems (e.g., Reelfoot

Lake, Tennessee) through alternative mechanisms

associated with bowfin, gar, bass, and bluegill (Le-

pomis macrochirus) included in a diverse native fish

community.
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Introduction

Nonnative species have caused major economic and

ecological losses (Nentwig, 2007). Invasive species

are the second largest threat to terrestrial and fresh-

water biodiversity and have cost $125 billion annually

in the USA alone for control efforts (Tockner &

Stanford, 2002; Allendorf & Lundquist, 2003). About

a half million invasive species have been introduced

worldwide, 50,000 of which have been introduced to

the USA, including at least 138 fishes (Nentwig,

2007). Invasive fishes have negatively affected aquatic

ecosystems and cost USA fisheries about $5 billion in

damages annually (Nentwig, 2007). Following colo-

nization, control or eradication of invasive species has

often proven costly or ineffective (Homans & Smith,

2013; Simberloff et al., 2013; Gaeta et al., 2015).

Thus, preventing invasive species introductions is

paramount for conserving native ecosystems and

biodiversity (Vander Zanden et al., 2010; Gaeta

et al., 2015).

Common carp (Cyprinus carpio, carp) are one of

the most widespread and destructive invasive species

in the world (Weber & Brown, 2011). Carp are native

to the Ponto-Caspian region of Eurasia, were intro-

duced to North America during the late 1800s, and are

established on every continent except Antarctica and

in every state in the USA except Alaska (Penne &

Pierce, 2008; Bajer et al., 2009). Due to their tolerance

of a wide range of temperature, salinity, and dissolved

oxygen concentrations, carp are adapted to a variety of

habitats (Bajer & Sorensen, 2010). Carp have been

directly implicated in degrading aquatic ecosystems

due to their benthic foraging behavior, which uproots

aquatic macrophytes and suspends sediments and

nutrients into the water column. For example, Hen-

nepin and Hopper lakes, Illinois experienced major

declines in aquatic macrophytes, and waterfowl use

shortly after restoration, due to rapid population

growth of carp (Bajer et al., 2009). Carp may also

indirectly decrease water clarity by reducing macroin-

vertebrate and zooplankton abundances causing an

increase in phytoplankton (Bajer & Sorensen, 2010;

Weber et al., 2010). Carp have also reduced native fish

abundances through the destruction of spawning and

nursery habitats and through competition for food

resources (Weber & Brown, 2011).

Management of carp is often critical for maintain-

ing healthy aquatic ecosystems and many control

options are available. Rotenone has often been used as

a management tool to poison carp but has proven to be

ineffective (Bajer et al., 2009; VanMiddlesworth et al.,

2014). For example, carp survived a rotenone appli-

cation in a floodplain restoration project at Hennepin

and Hopper lakes, Illinois (Bajer et al., 2009). Other

control options for carp have included baiting, barri-

ers, water drawdown, electrofishing, and netting but

have also proven to be ineffective (Weber & Brown,

2009).

One of the largest floodplain restoration projects in

the USA, The Nature Conservancy’s Emiquon Pre-

serve (EP), is located along the Illinois River in west-

central Illinois. The EP was disconnected from the

Illinois River by levees, drained, and used for

agriculture during the early 1920s. The Nature Con-

servancy purchased this property in 2000, and aquatic

restoration began in 2007. Rotenone was used to

remove invasive fishes such as carp and grass carp

(Ctenopharyngodon idella). Precipitation then natu-

rally filled the area. Native fishes were stocked during

2007–2011 based on historical documentations and

included piscivores such as bowfin (Amia calva),

largemouth bass (Micropterus salmoides, bass), long-

nose gar (Lepisosteus osseus), and spotted gar (L.

oculatus, gar) (Havera et al., 2003; VanMiddlesworth

et al., 2016). Bass were stocked at high abundances

([1.2 million fry and brood stock), with the goal of

inhibiting establishment of any nonnative fishes that

may have survived the rotenone application through

predation. Diet analyses of bass showed that they did

not select for carp but instead selected more available

and energetically profitable prey items such as other

fishes, terrestrial invertebrates, and odonates

(Michaels, 2011; VanMiddlesworth et al., 2016).

Despite piscivore stockings, and although total catch

of carp has remained low relative to native fish

abundances, relative abundance of carp has increased

during 2007–2014 at the EP (VanMiddlesworth et al.,

2014, 2016).

A critical component in efforts to control carp may

be realized through decreasing their reproductive

output. Bajer & Sorensen (2010) found that carp

spawn in shallow Midwestern lakes that experience

winter hypoxia, which may reduce predation on eggs
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and larvae by hypoxia-intolerant native fishes, even-

tually leading to carp dominance. Thus, we hypoth-

esized that hypoxia-tolerant native fishes such as

bowfin and gar may be able to control carp through

direct predation. We tested this hypothesis with the

prediction that carp would be present in the diets of

large-sized individuals of these species. Bowfin and

gar are primitive piscivorous fishes that are typically

unmanaged, and their ecological role in aquatic

ecosystems is relatively understudied (Scarnecchia,

1992). We also assessed whether specific fish com-

munity characteristics were correlated with carp

relative abundances.

Materials and methods

Study sites

The EP is located along the Illinois River near

Lewistown, Fulton County, Illinois and encompasses

[2,700 ha (Fig. 1). Two former floodplain lakes were

reinundated as the restoration proceeded at the EP,

historically referred to as Thompson and Flag lakes.

Only Thompson Lake was sampled in our study. Flag

Lake was not sampled due to insufficient water depth

and high submersed aquatic macrophyte densities that

fouled our sampling gears. Bottom substrate was

silt/clay with an aquatic macrophyte community

composed of emergent, floating-leaved, and primarily

submersed species.

Reelfoot Lake is located along the Mississippi

River near Samburg, Lake and Obion Counties,

Tennessee, and has an aquatic surface area of

[6,070 ha (Tennessee Wildlife Resources Agency,

2009, 2013) (Fig. 1). Substrate was silt/clay with an

aquatic macrophyte community composed of sub-

mersed and primarily emergent and floating-leaved

species.

Upper Phantom, Lower Phantom, and Eagle Spring

lakes are located in Waukesha County, while Lulu

Lake is located in adjacent Walworth County and

connected to Eagle Spring Lake by a 0.5-km channel

(Heussner et al., 2008, 2009) (Fig. 1). All four lakes

are located near Mukwonago, Wisconsin. Upper

Phantom Lake has an aquatic surface area of 44 ha,

Lower Phantom Lake has an aquatic surface area of

150 ha, Eagle Spring Lake has an aquatic surface area

of 112 ha, and Lulu Lake has an aquatic surface area

of 38 ha (Eagle Spring Lake Management District,

2011; Phantom Lakes Management District, 2012).

All four lakes had silt/clay substrates with aquatic

macrophyte communities composed of emergent,

floating-leaved, and primarily submersed species.

To examine bowfin and gar predation, we con-

ducted a comparative study at the EP, Reelfoot Lake,

and four southeastern Wisconsin lakes by assessing

the feeding habitats of bowfin, gar, and bass. Reelfoot

Lake is similar to the EP: both are shallow, former

floodplain lakes that are disconnected from large

rivers and have fish communities including carp. The

native macrophyte and fish community of Reelfoot

Lake appears to have co-existed with carp for

[150 years (Tennessee Wildlife Resources Agency,

Fig. 1 Map showing locations of The Nature Conservancy’s

Emiquon Preserve, Illinois (N4471044, E749023 UTM Z15);

Reelfoot Lake, Tennessee (N4028795, E288768 UTM Z16);

Upper Phantom Lake (N4745900, E390809 UTM Z16), Lower

Phantom Lake (N4744949, E389638 UTM Z16), Eagle Spring

Lake (N4745716, E382753 UTM Z16), and Lulu Lake

(N4743277, E381472 UTM Z16), Wisconsin
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2009). The Wisconsin lakes differed from the EP and

Reelfoot Lake in that they were shallow, upland

glacial lakes not associated with a large floodplain

river, but carp, bowfin, and bass were members of their

fish communities. Similar to Reelfoot Lake, native fish

communities in the Wisconsin lakes have co-existed

with carp for many years (Heussner et al., 2008, 2009).

Fish collection

We collected all fishes using a pulsed-DC boom

electrofishing boat using protocols based on Gutreuter

et al. (1995). Electrofishing protocols used 15-min

electrofishing runs and a standardized power goal

based upon surface water temperature (�C) and

specific conductivity (lS). We sampled the EP fish

community at 26, 89, and 53 random and fixed sites

monthly during April–October 2010–2012. We sam-

pled the Reelfoot Lake fish community in a variety of

habitats at 50 fixed sites during the 1st week annually

in June 2011 and 2012. We sampled the four

Wisconsin lake fish communities at 4, 5, 4, and 6

fixed sites for a two-day period during July 2012. All

collected fishes were identified and enumerated. Total

length (mm) and weight (g) were recorded for all fish

collected at the EP; these metrics were only recorded

for bowfin, gar, bass, and carp at Reelfoot Lake and the

four Wisconsin lakes. Gar were not present in any of

the Wisconsin lakes we sampled, while carp were

present, but not collected in Upper Phantom Lake.

Diet collection

We collected diets from bowfin, gar, and bass in the

study lakes. At the EP, we collected stomach contents

fromC15 bass with lengthsC150 mm, all bowfin with

lengths C100 mm, and all gar with lengths C100 mm

monthly during April–October 2010–2012 using gas-

tric lavage (Seaburg, 1957). For each diet sample, we

inserted the plastic nozzle of a garden sprayer into the

esophagus of each fish and used water pressure to flush

stomach contents into a mesh filter. Diet contents were

preserved in 95% ethanol, and prey items were later

identified to the lowest taxonomic group possible. All

fish were returned to the water unharmed when gastric

lavage was used to collect diet contents. Gastric lavage

was also used for all bass and bowfin collected from

the four Wisconsin lakes and all bass collected from

Reelfoot Lake. All bowfin and garC100 mm collected

from Reelfoot Lake were euthanized, the entire gut

was removed, diet contents were preserved in diluted

formalin, and the gut was dissected in the laboratory to

identify prey items.

We identified and separated each nonfish prey item

in each sample into major taxonomic groups. We

identified fish prey using guides for the identification

of fish species based on nondigestible parts such as

cleithra, vertebrae, ribs, and scales (Oates et al., 1993;

Traynor et al., 2010). Next, we enumerated and

transferred prey groups into preweighed drying boats.

Each drying boat was placed into an oven at 80�C for

C48 h depending upon the size of the prey items to

ensure complete desiccation. We weighed each drying

boat to the nearest 0.0001 g to determine the dry

biomass of each prey group in each sample.

Analysis

We calculated % biomass for each prey group for each

fish species as follows:

% biomass ¼ weight of prey groupðgÞ
total weight of all prey groupsðgÞ : ð1Þ

We also calculated species richness, Shannon’s

equitability (EH), and Shannon–Weiner Diversity

indices (H) for each fish community sampled as

follows (Beals et al., 2000; Gregory, 2013):

EH ¼ H=Hmax ¼ H=ln S: ð2Þ

H ¼ �
XS

i¼1

pi ln pi ð3Þ

where S is species richness and pi is the proportion of

species i relative to the total number of species.

Results

Emiquon preserve: diets

Twenty-three bowfin, seven gar, and 797 bass diets

were collected from the EP. Diet contents in bass (23

taxa) exhibited greater richness than those of bowfin

(10 taxa) and gar (2 taxa).

Bowfin prey use was dominated by bluegill

(Lepomis macrochirus) and gizzard shad (Dorosoma
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cepedianum). Odonates occurred most frequently,

bluegill dominated the total dry biomass (g), and

about 35% of bowfin stomachs were empty (Fig. 2).

No carp were found in bowfin diets, and cannibalism

was not observed.

Only pumpkinseed (Lepomis gibbosus) and uniden-

tified centrarchids were observed in gar diets. Fre-

quency of occurrence was greatest for unidentified

centrarchids, pumpkinseed dominated the total dry

biomass (g), and about 57% of gar stomachs were

empty. No carp were observed in gar diets, and

cannibalism was not observed.

Bass prey use was dominated by gizzard shad and

bluegill. Odonates occurred most frequently, gizzard

shad dominated the total dry biomass (g), and about

37% of bass stomachs were empty (Fig. 2).

Cannibalism was observed, and six young-of-the-year

(YOY) (\100 mm) carp were observed in bass diets.

Reelfoot lake: diets

A total of 251 bowfin, 131 gar, and 67 bass diets were

collected from Reelfoot Lake. Bowfin diets had the

greatest diet richness (18 taxa), while gar and bass diet

richness was equal (15 taxa).

Bowfin prey use was dominated by crayfish and

bluegill. Crayfish occurred most frequently and dom-

inated total dry biomass (g) (Fig. 3). About 12% of

bowfin stomachs were empty. Cannibalism was

detected, and no carp were observed in bowfin diets.

Gar prey use was dominated by crayfish, bluegill,

and gizzard shad. Crayfish occurred most frequently

Fig. 2 Proportion of total

dry biomass for each bowfin

(Amia calva) (a) and
largemouth bass

(Micropterus salmoides)

(b) diet prey item collected

from The Nature

Conservancy’s Emiquon

Preserve, Illinois during

April–October 2011–2012
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Fig. 3 Proportion of total

dry biomass for each bowfin

(Amia calva) (a), spotted gar
(Lepisosteus oculatus) (b),
and largemouth bass

(Micropterus salmoides)

(c) diet prey item collected

from Reelfoot Lake,

Tennessee during June 2011

and 2012
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and dominated the total dry biomass (g) (Fig. 3).

About 45% of gar stomachs were empty. Cannibalism

was detected and no carp were observed in gar diets.

Bass prey use was dominated by gizzard shad,

bluegill, and crayfish. Bluegill also occurred most

frequently. Gizzard shad dominated the total dry

biomass (g), and about 37% of bass stomachs were

empty (Fig. 3). Cannibalism was detected, and no carp

were observed in bass diets.

Wisconsin lakes: diets

Twenty-five bowfin and seven bass diets were col-

lected from Lower Phantom Lake during July 2012.

Seven and four prey taxa were identified in bowfin and

bass diets, respectively.

Bowfin prey use in Lower Phantom Lake was

dominated by unidentified snakes and crayfish.

Unidentified snake species dominated the total dry

biomass (g) and about 52% of the bowfin stomachs

were empty (Fig. 4). No carp were observed in bowfin

diets, and cannibalism was not observed.

Bass prey use was dominated by bluegill in Lower

Phantom Lake. Odonata was the most frequently

occurring. Bluegill dominated the total dry biomass

(g) and about 29% of the bass stomachs were empty

(Fig. 4). No carp were observed in bass diets, and

cannibalism was not observed.

Thirty-one bass diets, representing eight prey taxa,

were collected from Eagle Spring Lake during July

2012. Bass prey use was dominated by bluegill and

largemouth bass. Bluegill occurred most frequently

and dominated the total dry biomass (g), and about

32% of the bass stomachs were empty (Fig. 4).

Cannibalism was detected, and no carp were observed

in bass diets.

Thirty bass diets were collected from Lulu Lake

during July 2012, and twelve prey taxa were identified.

Bass prey use, frequency of occurrence, and total dry

biomass (g) values were dominated by bluegill

(Fig. 4). About 17% of bass stomachs were empty.

Cannibalism was detected, and no carp were observed

in bass diets.

Sixteen bass diets with nine different prey taxa were

collected from Upper Phantom Lake during July 2012.

Bass prey use was dominated by northern pike (Esox

lucius), golden shiner (Notemigonus crysoleucas), and

crayfish. Golden shiner and largemouth bass occurred

most frequently. Northern pike dominated the total dry

biomass (g) and about 50% of the bass stomachs were

empty (Fig. 4). Cannibalism was detected, and no carp

were observed in bass diets.

Fish community characteristics

At the EP during 2010–2012, catch per unit effort

(CPUE; No. fish/h) of bowfin and gar were always less

than those of carp, while CPUE of bass and bluegill

were always greater than those of carp (Figs. 5, 6).

Mean fish species richness pooled across the 3 years of

sampling was 17 (SD = 1.0), evenness was 0.51

(SD = 0.11), and diversity was 1.45 (SD = 0.35).

Reelfoot Lake bowfin CPUE was similar to that of

carp in 2011 and greater than carp in 2012. Gar, bass,

and bluegill CPUE were always greater than those of

carp (Figs. 5, 6). Mean fish species richness pooled

across the two years of sampling was 30 (SD = 1.41),

evenness was 0.64 (SD = 0.09), and diversity was

2.19 (SD = 0.34).

Lower Phantom Lake bowfin CPUE was greater

than that of carp, while CPUE of bass and bluegill

were greater than those of carp at Eagle Spring, Lulu,

and Upper Phantom lakes during 2012 (Figs. 5, 6).

Mean fish species richness pooled across the lakes was

13 (SD = 3.5), evenness was 0.72 (SD = 0.16), and

diversity was 1.81 (SD = 0.3).

Discussion

Our study suggests that high abundances of bowfin and

bluegill in a fish community may be associated with

lower carp abundances, yet we failed to find support

for our hypothesis that hypoxia-tolerant native fishes

may control carp through direct predation. Bowfin

diets were dominated by bluegill, crayfish, odonates,

and unidentified snake species across the study

systems where bowfin were present. Gar diets were

dominated by crayfish, gizzard shad, pumpkinseed,

and unidentified centrarchid species across the study

systems where gar were present. Bowfin and gar

consume a wide variety of prey items based on

availability, which have included game and nongame

fishes and invertebrates (Lagler & Hubbs, 1940;

Toole, 1971; Tyler, 1984; Mundahl et al., 1998;

Ashley & Rachels, 1999; Devlin, 1999; Snedden et al.,

1999; Robertson et al., 2007; Walker et al., 2013). Our

results were similar in that all bowfin and gar
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Fig. 4 Proportion of total

dry biomass for each bowfin

(Amia calva) diet prey item

collected from Lower

Phantom Lake (a) and for

each largemouth bass

(Micropterus salmoides)

diet prey item collected

from Lower Phantom Lake

(b), Eagle Spring Lake (c),
Lulu Lake (d), and Upper

Phantom Lake (e),
Wisconsin during July 2012

96 Hydrobiologia (2017) 804:89–101

123



seemingly displayed opportunistic feeding behaviors,

primarily consuming prey items that appeared to be

most available, such as the abundant crayfish observed

in the flooded terrestrial vegetation where bowfin and

spotted gar were captured in Reelfoot Lake.

Bass diets were dominated by bluegill, crayfish,

Diptera, golden shiner, gizzard shad, and odonates

across all study systems. Bass are also known to feed

on a wide variety of prey items based on availability

(Hodgson & Kitchell, 1987; Schindler et al., 1997;

Sammons &Maceina, 2006; Ahrenstorrff et al., 2009).

Our results supported previous findings in that all bass

displayed opportunistic feeding behaviors by consum-

ing prey items that seemed to be most available.

Cannibalism by bass was also observed in most of our

study systems (Deangelis et al., 1979; Johnson & Post,

1996; Ludsin & Devries, 1997).

No carp were observed in bowfin or gar diets, while

six were observed in bass diets from the EP. Thus,

there appears to be a low likelihood that these species

can control carp through predation, or we were unable

to detect it. If carp were more available than other prey

items, perhaps our results would have been different.

Devlin (1999) found that carp were the most important

prey item in bowfin diets when carp were more

abundant than other potential prey items. Carp may

also be a less desirable prey type because they are a

moderately deep-bodied fish with serrated dorsal and

anal spines, which can reduce predator foraging

success by increasing handling costs (Sass et al.,

Fig. 4 continued
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2006). Although not specifically tested for in our

study, aspects of the enemy release hypothesis and

naiveté of native predators to invasive carp as prey

may also explain the lack of predation observed in our

study and the dominance of carp in some invaded

ecosystems (Colautti et al., 2004; Cox & Lima, 2006;

Barrio et al., 2010).

Carey & Wahl (2010) found that increasing native

fish species diversity reduced the negative effects of

carp. In our study, Reelfoot Lake had the greatest

native fish species diversity, followed by the four

southeastern Wisconsin lakes and then the EP. Carp

may also be limited in some aquatic ecosystems

through other pathways associated with the presence

of bowfin, gar, bass, and other native fishes (e.g.,

bluegill) as part of the fish species assemblage. Bajer

& Sorensen (2010) found that carp spawn in shallow

lakes that experience winter hypoxia, presumably to

decrease predation risk upon their eggs and larvae.

Bajer et al. (2012) also found that YOY carp

(\100 mm) were only observed in shallow lakes of

the Upper Mississippi River basin that experience

winter hypoxia and had low abundances of egg and

larval predators. Silbernagel & Sorenson (2013)

found that carp recruitment in shallow lakes of the

Upper Mississippi River basin was limited by

bluegill, which are egg and larval predators. Over

95% of carp eggs found disappeared within 4 days of

spawning, which is immediately before the eggs

would hatch. Large quantities of carp eggs were

found in bluegill diets, and additional laboratory

studies found that bluegill sought after and consumed

larval carp. Interestingly, bluegill were among the
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most abundant fish species collected at all six study

sites (EP mean bluegill electrofishing CPUE = 47.4/

h; Reelfoot = 44.1/h; Wisconsin lakes = 62.5/h).

Although we did not examine bluegill diets, it is

possible that this species contributes to the biotic

resistance of the six ecosystems we examined.

Besides bluegill, other native species may also be

consuming carp such as piscivorous birds or mam-

mals (Hoffman & Curnow, 1979; Michaels, 2011). A

diet study of river otter (Lontra canadensis) at the EP

examined scat and found that carp comprised about

70% of their diets (Fretueg, 2012). Our observational

results suggest that high abundances of bowfin and

bluegill, and to a lesser extent gar and bass, may be

essential components of fish communities to limit

carp abundances; however, mechanisms limiting carp

population growth are not clear and may be direct,

indirect, and/or interacting. Thus, additional studies

integrating and testing multiple hypotheses (e.g.,

enemy release hypothesis, native predator naiveté)

are critically needed to better understand potential

factors limiting carp establishment and dominance

(Colautti et al., 2004; Cox & Lima, 2006; Catford

et al., 2009; Barrio et al., 2010).

Relatively little is known about the life history and

ecology of bowfin and gar. These primitive fishes are

often referred to as ‘‘rough’’ or ‘‘trash fish’’ with little

value to native aquatic ecosystems or humans

(Scarnecchia, 1992). In contrast to this misconception,

Devlin (1999) found that bowfin have the potential to

consume large quantities of carp if they are the most

abundant prey, and our results suggest that high

abundances of bowfinmay limit carp through unknown

mechanisms. Additional research and conservation of

bowfin and gar should be promoted to better under-

stand these species and their role in native aquatic

ecosystems. Similarly, there is still much to learn about

the life history of carp. It is unknown whether the

population dynamics of carp in small lakes in theUpper

Mississippi River basin translate to other regions or

ecosystems where carp are present (Bajer & Sorensen,

2010; Bajer et al., 2012; Silbernagel & Sorenson,

2013).Management practices that increase diversity of

native fishes and improve the abundance of bluegill

may help create balanced aquatic ecosystems that are

more resilient to the negative effects of carp. Further,

our research may suggest that fish communities with

abundances of bowfin and bluegill exceeding those of

carp may impede carp from dominating the fish

community. Additional research is critically needed

to better understand and sustainably manage carp in

native aquatic ecosystems, specifically in systems

where bowfin, gar, and carp are present. We specifi-

cally recommend that controlled pond studies be

conducted to test for individual and interacting effects

of bowfin, gar, bass, and bluegill on carp, with

particular emphasis on testing the enemy release

hypothesis and native predator naiveté toward con-

sumption of carp (Colautti et al., 2004; Cox & Lima,

2006; Barrio et al., 2010). Such studies may be able to

elucidate the most important individual or fish com-

munity mechanism(s) leading to a native recipe to

sustainably control carp.
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