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Hybridization can inﬂuence a range of characteristics and outcomes for an
organism; however, relatively little is known about evolutionary
consequences on nutritional performance. Information on hybrid
nutritional performance would provide an understanding of how hybrids
interact with their environment and insights into mechanisms affecting
survival. Our goal was to test for relationships between hybridization and
nutritional performance in invasive bigheaded carps (Hypophthalmichthys
nobilis), silver carp (Hypophthalmichthys molitrix), and their hybrids in the
Marseilles reach of the Illinois River, Illinois, USA. Silver carp showed better
nutritional performance relative to bighead carp. Early generation bighead
and silver carp hybrid groups were intermediate to both parental lines,
thereby, reducing their nutritional performance, and advanced generation
bighead and silver carp groups were nutritionally more similar to their
respective parental species. Differences in gill raker morphology and
feeding habits among bigheaded carps and their hybrids are plausible
mechanisms explaining observed nutritional performance patterns. In
addition to providing unique insights about how hybridization inﬂuences
the nutritional performance of wild organisms relative to parentals, our
ﬁndings may have management implications for bigheaded carps if
interbreeding persists over time and reduced nutritional performance is
further manifested by continued hybridization.
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Introduction
There are many deﬁnitions of a ‘species.’ For example, the biological ‘species’ concept is based on
reproduction and refers to any distinct population division of any organism that can produce fertile
offspring (Waples 1991; Turner 1999). Species can also be deﬁned in terms of morphological similarities based around a single lineage (Turner 1999). Hybridization is the genetic crossing of two or
more divergent and classiﬁable species and may occur naturally in closely related taxa or taxa coexisting in a habitat (Hubbs 1955; Epifanio & Nielsen 2001; Seehausen 2004). Numerous traits may be
affected by hybridization, including growth, size at maturity, metabolic activities, and survival
(Hutchings & Fraser 2008; Davies et al. 2012). Hybrids have exhibited inferior performance
(reduced vigor and ﬁtness), expressed intermediate traits, or showed superior performance
(improved vigor or heterosis, fecundity, and accumulation of adaptive traits) relative to parental species (Stelkens & Seehausen 2009; Rosas et al. 2010; Soltis 2013). There are also documented declines
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in the performance and ﬁtness of wild ﬁsh populations due to interbreeding with cultivated conspeciﬁcs (McGinnity et al. 2003; Muhlfeld et al. 2009). Other studies have documented the anthropogenic promotion of traits (growth and disease resistance) from crossbreeding (Green & Smitherman
1984; Bryden et al. 2004). Should hybridization continue, interbreeding may lead to a ‘hybrid swarm’
(complete merging of two taxa) or to the extinction of one taxon (Scribner et al. 2001). Although
research has often focused on offspring viability, relatively little is known about the inﬂuences of
hybridization on nutritional condition (i.e. health status).
Nutritional condition can serve as an indicator of individual performance, as nutritional metrics
describe a balance between ﬁtness and energy allotment (Congleton & Wagner 2006). Nutritionally
deﬁcient individuals have experienced reduced growth, ﬁtness, and/or survival relative to their wellfed counterparts (Gingerich et al. 2010; Wagner et al. 2010). Additionally, physiology links an
organism and its population to the environment (Ricklefs & Wikelski 2002; Cooke & Suski 2008).
Nutrition can vary with habitat (e.g. temperature and habitat quality) or with the interaction
between an organism and its environment (e.g. ability to obtain prey or avoid predation). Thus,
quantifying nutritional status can provide insights into hybrid performance relative to their parents
and may provide critical information for invasive species that hybridize, such as bighead carp, Hypophthalmichthys nobilis, and silver carp, Hypophthalmichthys molitrix (hereafter, bigheaded carps;
Lamer et al. 2010, 2014, 2015).
Bigheaded carps coexist in their native Asian range. In the United States, bigheaded carps are federally recognized as an injurious invasive species and have become some of the dominant ﬁshes in
the Mississippi River Basin (MRB, Kolar et al. 2007; McClelland et al. 2012). Previous research has
suggested that bigheaded carps may negatively affect invaded habitats (Irons et al. 2007; Sass et al.
2010; Calkins et al. 2012; Sass et al. 2014). Bigheaded carps have hybridized in native and non-native
habitats, with an estimated 44% of individuals in the MRB existing as hybrids (Lamer et al. 2010,
2014, 2015). Physiological performance of hybrids relative to their parents is unknown, and quantifying differences could have signiﬁcant implications for better understanding and managing these
invaders. Therefore, bigheaded carps serve as model organisms to better understand nutritional performance characteristics of hybridization in wild organisms, and to test whether hybridization
affects their continued success as invaders. Our objective was to test for relationships between the
degree of hybridization and nutritional performance in wild-caught bigheaded carps in the Marseilles reach of the Illinois River, Illinois, USA.

Methods
Field analysis
Fish collection methods were previously described in Lamer et al. (2015). Brieﬂy, 77 Hypophthalmichthys spp. individuals were collected near Morris, Illinois, USA (river km 423) in the Marseilles reach
of the Illinois River. This reach of the Illinois River was selected for study because it had been recently
colonized and hybridization of bigheaded carps has been documented there, thus, providing the greatest probability to collect and detect hybridized individuals (Sass et al. 2014; Lamer et al. 2015). Further, environmental characteristics and the zooplankton community of this reach were similar to
other invaded Illinois River reaches (Sass et al. 2014). All bigheaded carps were captured by commercial ﬁshermen contracted by the Illinois Department of Natural Resources using monoﬁlament trammel and gill nets (7.62 10.16 cm inner bar mesh, 2.4 5.3 m deep) during October 2012. October
was selected to sample bigheaded carps because it represents a time period of relative physiological
stasis when bigheaded carps are not reproductively active. Reproductive activity may introduce variability in nutritional performance indices. The duration of each net set varied and all ﬁshes captured
were used for nutritional and genetic analyses regardless of putative identiﬁcation (Lamer et al. 2010).
Initially, bigheaded carps were identiﬁed in the ﬁeld based on gill raker appearance (comb-like D
bighead carp, sponge-like D silver carp, twisted or club-like D hybrid bigheaded carps; see Lamer
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et al. (2010) for photographs). Following removal from gill and/or trammel nets, we collected blood
from the caudal vessel using either a 2.5 or 3.8 cm needle (BD PrecisionGlideTM needles, gauge 22)
with a 1 mL syringe (BD Slip TipTM sterile syringes, volume 1 milliliter [mL]) pre-rinsed in heparin
saline (Houston 1990). One mL of whole blood was collected and placed into a microcentrifuge tube
and spun at 6600 RPM for at least three minutes to separate plasma from erythrocytes. Plasma was
extracted using a transfer pipette and placed into two additional 1.5 mL microcentrifuge tubes.
Plasma and erythrocytes were then ﬂash frozen in an insulated box charged with liquid nitrogen
(Suski et al. 2006). Samples were then transported to the University of Illinois at Urbana-Champaign, Illinois, USA where they were stored in a < ¡75  C freezer until processing.
Following blood sampling, 1 £ 1 cm ﬁn clips were biopsied from the distal end of the caudal ﬁn
from all ﬁsh and placed into a labeled microcentrifuge tube containing 95% EtOH. Total length
(mm) and weight (g) were recorded for each ﬁsh. A strong positive correlation was observed
between total length and weight in our dataset (r2 D 0.88), which is common for ﬁshes (Froese
2006); therefore, only total length was included as a variable in our analyses.

Laboratory analysis
We analyzed plasma alkaline phosphatase (ALP, international units (U/L), calcium (mg/dL), cholesterol (mg/dL), lipase (U/L), and triglycerides (mg/dL) using commercially available kits; QuantiChrom Alkaline Phosphatase Assay Kit (DALP-250), QuantiChrom Calcium Assay Kit (DICA500), EnzyChrom Cholesterol Assay Kit (ECCH-100), QuantiChrom Lipase Assay Kit (DLPS-100),
and EnzyChrom Triglyceride Assay Kit (ETGA-200), respectively, (BioAssay Systems, California,
USA). We measured protein (g/dL) with a hand-held protein refractometer (AST model 1250,
Thomas Scientiﬁc, New Jersey, USA; Wells & Pankhurst 1999), which is certiﬁed for use in the range
of 0 12 g/dL. ALP is a cell-membrane-associated glycoprotein found in all tissues. Elevated ALP
activities in blood are related to increased processing of energy substrates by the liver (Congleton &
Wagner 2006). Similarly, protein can respond to changes in body condition, with nutritionally
deprived individuals showing depressed protein reserves (Farbridge & Leatherland 1992). Lipase has
been shown to increase when acting as a transporter of nutrients during triglyceride hydrolysis. Triglyceride and calcium concentrations may become elevated after feeding. Cholesterol responds to
changes in body energy reserves. Together, ALP, calcium, cholesterol, lipase, protein, and triglycerides in plasma have been shown to represent ﬁsh nutritional status (Wagner & Congleton 2004;
Congleton & Wagner 2006; Guerreiro et al. 2012).
Deoxyribonucleic acid (DNA) was extracted from ﬁsh tissues using the Agencourt DNAdvance
genomic DNA extraction kit (Beckman Coulter, Massachusetts, USA) according to the manufacturer’s instructions. Genomic DNA was eluted from the magnetic particles in 150 mL of elution
buffer. Reactions were performed in 96-well plates. Genomic DNA was tested for quantity and quality using the Qubit 2.0 Fluorometer (Life Technologies, New York, USA) and agarose gel electrophoresis, respectively. DNA aliquots were genotyped at 57 species-diagnostic single nucleotide
polymorphisms (SNPs; Lamer et al. 2015) using the MassARRAY 4 analyzer system (Sequenom
Inc., California, USA) to call SNP genotypes. The posterior distribution of individual assignment
was delineated into hybrid categories implementing the algorithm as computed by NewHybrids version 1.1 beta (Anderson & Thompson 2002). The following classes were set using ‘Jeffreys-type priors’ (Anderson & Thompson 2002) in NewHybrids; parental species (bighead carp [BH] or silver
carp [SV]), F1 hybrids (F1), ﬁrst-generation backcrosses (B £ BH or B £ SV), second generation
backcrosses (B £ 2BH or B £ 2SV), F2 hybrids (F2), third-generation backcrosses (B £ 3BH or B £
3SV), fourth-generation backcrosses (B £ 4BHC or B £ 4SVC), and all allelic probabilities indicative of a hybrid x hybrid cross were manually assigned to an (Fx) category. Initially, 100,000 replicates were used with a burn-in time of 50,000 steps. Methods for assignment and category
delineation follow Lamer et al. (2015).
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Statistical analyses
We separated individuals into six distinct genotypic groups. The groups were as follows: an
advanced generation hybrid group of individuals more genetically similar to parental bighead carp
(n D 13; B £ 2BH and B £ 4BHC; hereafter, AGBH), an advanced generation hybrid group of individuals more genetically similar to parental silver carp (n D 33; B £ 2SV, B £ 3SV, B £ 4SVC, and
Fx; hereafter, AGSV), an early generation hybrid group of individuals more genetically similar to
parental bighead carp (n D 6; B £ BH and F1; hereafter, EGBH), an early generation hybrid group
of individuals more genetically similar to parental silver carp (n D 5; B £ SV and F1; hereafter,
EGSV), a parental bighead carp group (n D 6; hereafter, BH), and a parental silver carp group (n D
16; hereafter, SV). Our sample sizes reﬂect the natural distribution of hybridization in this river
reach at this time (Lamer et al. 2010, 2015) and, because these were wild-caught individuals with no
prior knowledge of genetic identity, sample sizes of hybrid classes were variable.
Non-parametric statistical signiﬁcance tests on ranked sum values were used in the analysis of
genetic groupings, as assumptions of analysis of variance (ANOVA) models could not be met (e.g.
non-homogeneity of within-treatment variances). We used a Kruskal Wallis ANOVA (Hollander
& Wolfe 1973) to compare the six genetic groupings, by testing for the inﬂuence of genetic grouping
(independent variable) on total length and all physiological indices of nutritional condition (dependent variables). If a Kruskal Wallis test identiﬁed a signiﬁcant difference (p < 0.05) among genetic
groupings for any parameter, we used a Dunn’s post hoc analysis of pairwise comparisons to test for
differences on average ranks for unequal sample sizes (Dunn 1964). We performed all statistical
analyses using Excel (2010 and 2013; Real Statistics Resource Pack; Microsoft, Redmond, Washington, USA). We used the null hypothesis of no variation in nutrition (i.e. physiological parameters)
or total length among genetic groups at the a D 0.05 level.

Results
The six nutritional parameters examined and total length were highly variable among bigheaded
carps genetic identiﬁcation groups (Figure 1(A) (G)). Of the seven conditional indices examined,
Kruskal Wallis tests identiﬁed three signiﬁcantly different parameters among the genetic identiﬁcation groups: plasma lipase (H D 47.5, 5 df, p < 0.0001), plasma protein (H D 47.4, 5 df, p < 0.0001),
and plasma triglycerides (H D 53.1, 5 df, p < 0.0001). Subsequent Dunn’s tests identiﬁed the lowest
quantities of plasma lipase in BH, although there were no differences observed among the BH and
AGBH, EGBH, or EGSV individuals. Lipase activities in SV and AGSV were only greater than
AGBH and BH (Dunn’s test, p < 0.05; Figure 1(A)). The greatest amounts of plasma protein were
found in AGSV and SV, with the EGSV group intermediate to the parentals, and the AGBH, BH,
and EGBH individuals having the least amount of protein (Dunn’s test, p < 0.05; Figure 1(B)). Concentrations of plasma triglycerides were greatest in SV, but these did not differ from AGSV. The
AGSV had similar concentrations to EGSV, but had greater triglyceride concentrations than AGBH,
BH, and EGBH (Dunn’s test, p < 0.05; Figure 1(C)). There were no signiﬁcant differences among
genetic groups for plasma ALP (H D 3.3, 5 df, p D 0.6; Figure 1(D)), calcium (H D 6.3, 5 df, p D 0.3;
Figure 1(E)), cholesterol (H D 5.0, 5 df, P D 0.4; Figure 1(F)), or total length (H D 6.6, 5 df, p D 0.3;
Figure 1(G)).

Discussion
Wild-caught, invasive bigheaded carps coexisting in the Marseilles reach of the Illinois River exhibited statistically signiﬁcant differences in nutritional condition. Parental silver carp showed signiﬁcantly greater quantities of lipase and concentrations of protein and triglycerides in plasma relative
to parental BH, indicating that SV are in better nutritional condition than BH. Lipase is an enzyme
involved in the early stages of triglyceride hydrolysis and functions to break down triglycerides for
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Figure 1. Results of the relationships between plasma (A) lipase (U/L), (B) protein (g/dL), (C) triglycerides (mg/dL), (D) ALP (U/L), (E)
calcium (mg/dL), (F) cholesterol (mg/dL), and (G) total length (mm) among genetic identiﬁcation groupings (parental bighead carp
Hypophthalmichthys nobilis D BH [n D 6], advanced generation bighead carp D AGBH [n D 13], early generation bighead carp D
EGBH [n D 6], early generation silver carp D EGSV [n D 5], advanced generation silver carp D AGSV [n D 33], parental silver carp
H. molitrix D SV [n D 16]), sampled near Morris, Illinois on the Marseilles reach of the Illinois River, USA, (river km 423). Bars represent the mean with error bars denoting one standard error about the mean. Figures depicting groupings with dissimilar letters
indicate signiﬁcant differences (p < 0.05) according to Dunn’s post hoc pairwise comparisons (e.g. panels A, B, C). Figures depicting
groupings without letters indicate no signiﬁcant (p > 0.05) differences (e.g. panels D G).

mobilization (Babin & Vernier 1989; Wagner & Congleton 2004; Congleton & Wagner 2006;
Mohammadizadeh et al. 2012). Triglyceride hydrolysis can increase the amount of lipase in plasma
because it acts as a transporter of nutrients (Babin & Vernier 1989; Mommsen et al. 1999). Plasma
protein is important for ﬁsh maintenance and growth, and is negatively correlated with food
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Figure 1. (Continued).

deprivation (Kaushik 1995; Wagner & Congleton 2004; Congleton & Wagner 2006; Svobodova et al.
2009). Triglycerides are the primary energy stores in ﬁshes and have been shown to decline during
starvation and to increase after feeding (Congleton & Wagner 2006; Morales et al. 2012). A plausible
explanation for our observed nutritional differences was likely related to gill raker morphology and
feeding preferences. Silver and bighead carp are pump, ﬁlter-feeding ﬁshes that use their gill rakers
to retain food particles from inhaled water (Bitterlich 1985; Kolar et al. 2007; Sampson et al. 2009;
Sass et al. 2010; Calkins et al. 2012). Bighead carp gill rakers are long, straight, and comb-like allowing them to consume suspended food particles down to 17 mm (Kolar et al. 2007; Lamer et al. 2010;
Sampson et al. 2009), while silver carp gill rakers are sponge-like allowing them to consume food
particles as small as 3 4 mm (Omarov 1970; De-Shang & Shuang-Lin 1996).
The Illinois River is a highly disturbed ecosystem that receives excessive agricultural nutrient
inputs (categorizing it as eutrophic) and also has dense concentrations of phytoplankton, zooplankton, and bacteria (Koel & Sparks 2002; Donner 2003; Wahl et al. 2008; Houser & Richardson 2010).
It is plausible that elevated plasma triglyceride concentrations and lipase activities in SV relative to
BH are due to the ability of SV to ﬁlter smaller particles than BH (Omarov 1970; Opuszynski &
Shireman 1991; De-Shang & Shuang-Lin 1996). Silver carps have access to a wider range of prey
and are able to consume food on a near-continuous basis as they respire compared to BH. In contrast, BH consume larger food particles that may be more energy-rich, but are likely less abundant
(Mittelbach 2002, Wahl et al. 2008, Sass et al. 2014). Bighead carp are typically the initial invaders
into new habitats between the bigheaded carps (Irons et al. 2007). After BH population growth
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stabilizes, SV population growth has been shown to increase exponentially (Irons et al. 2007; Sass
et al. 2010). Silver carp may become the more successful species among the two, and exploit more
resources, because of their increased feeding breadth (Irons et al. 2007; Sass et al. 2010; Sass et al.
2014). Our results suggest that SV are in better nutritional condition than BH in the Marseilles reach
of the Illinois River, with plausible differences likely driven by gill raker morphology and feeding
habits.
Hybrids of the EGBH (B £ BH, F1) and EGSV (B £ SV, F1) groups had more intermediate nutritional conditions to BH or SV, compared to AGBH (B £ 2BH, B £ 4BHC) and AGSV (B £ 2SV, B
£ 3SV, B £ 4SVC, Fx). Individuals from the EGBH group exhibited concentrations of triglycerides
and protein in plasma analogous to BH, while ﬁsh from the EGSV group had triglycerides and protein concentrations intermediate to BH and SV. Plasma lipase activities in EGBH and EGSV were
intermediate between parental groups. Individuals from the AGBH and AGSV groups were more
nutritionally similar to their respective parental species. Hybrids from the AGBH group were nutritionally similar to BH in concentrations of protein, triglycerides, and quantities of lipase. Similarly,
AGSV individuals were more nutritionally analogous to SV for those three nutritional metrics. Our
nutritional indices (protein, triglycerides, and lipase) indicated that the nutritional condition of bigheaded carps is affected by hybridization. Hybrid individual performance can be inferior, intermediate, or superior to their parents (Seehausen 2004; Stelkens & Seehausen 2009; Rosas et al. 2010).
Hybrid vigor (i.e. heterosis) occurs when offspring have increased growth, size, and/or yield per offspring compared to the parents (Birchler et al. 2010; Chen 2010; Rosas et al. 2010). Hybrid vigor
may also result in a ‘hybrid swarm’ if hybrids can survive and interbreed, or backcross with parental
species, leading to the complete merging of two taxa (Scribner et al. 2001). Early generation BH £
SV hybrid offspring typically possess gill rakers that are twisted, wavy, fused, or deformed, which is
phenotypically intermediate between the parental species (Kolar et al. 2007; Lamer et al. 2010). As
bigheaded carps become further backcrossed, the intermediate gill raker phenotype observed in the
hybrids may have developed during gene conversion, through an unequal expression of maternal
and paternal alleles in the offspring (Chakraborty 1989; Chen 2010). The fraction of alleles contributed to the offspring from each parent is rarely 50% (Mallet 2007). This could explain why individuals in the EGBH group were not statistically different from BH individuals based on triglycerides,
lipase, and protein concentrations. Similarly, EGSV hybrids were not statistically different from SV
for protein or lipase. Our results may also indicate that individuals in AGBH and AGSV groups
were becoming more genetically similar to their respective parental species based upon nutritional
concentrations of plasma protein, triglycerides, and lipase activities. This is not surprising because
hybrids (e.g. AG hybrids) will become more genetically similar to their parents with each successive
backcross. The twisted, club-like gill rakers of EGBH and EGSV group hybrids likely function similar to BH gill rakers and prevent both groups of EG hybrids from accessing the smaller-sized food
particles that SV can consume. In contrast, the intermediate gill raker phenotype of AGBH and
AGSV hybrids likely begins to function more like that of BH and SV, respectively. This may be why
all three of the nutritional metrics we tested were statistically similar for AGBH and BH, and two of
the three nutritional metrics were statistically similar for AGSV and SV. As such, AGBH and AGSV
may be nutritionally similar to BH and SV, respectively, while EGBH and EGSV hybrid offspring
may be nutritionally superior to BH, but inferior to SV.
The majority of the randomly sampled individuals in our study were hybrids (with the greatest
number of hybrids in the AGSV group), suggesting a high occurrence of hybridization with SV in
locations of dense bigheaded carp populations, similar to the Illinois River. Lamer et al. (2015) estimated that about 44% of individuals exist as hybrids in the MRB. Bigheaded carps’ hybrids may be
successful in the wild, as the selection against hybrids could be ineffective or may not exist (Seehausen 2004). Hybrids from the AGBH and EGBH groups were more similar to BH and displayed
decreased feeding indices of protein and triglycerides compared to SV. Individuals from the EGSV
group exhibited inferior recent feeding indices relative to SV, as demonstrated by decreased triglyceride concentrations. Furthermore, our results may potentially indicate that EGBH and EGSV
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hybrids were being out-competed by AGSV hybrids, but not AGBH hybrids. This is potentially due
to improved feeding capabilities of SV and their more closely related AGSV hybrids, which is similar
to our ﬁndings. However, SV population biomass is greater than BH biomass in the Illinois River
(Garvey et al. 2012). There were more AGSV backcrosses than AGBH backcrosses in our study, and
this may be attributed to a higher abundance of SV existing in the Marseilles reach of the Illinois
River compared to BH. Irrespective of the potential mechanisms leading to differences in hybrid
nutrition, our study provides evidence that individuals in the AGSV group are more comparable to
SV (and are, therefore, in better nutritional condition) compared to AGBH, EGBH, or EGSV group
hybrids that are more analogous to BH (AGBH and EGBH) or more intermediate to the parental
species (EGSV) in this reach of the Illinois River.
Previous research with hybrid individuals has speciﬁcally examined the condition of F1 hybrids
(ﬁrst hybrid progeny of two taxa) because of their potential to show the greatest vigor or inferiority
(Muhlfeld et al. 2009; Rosas et al. 2010). Because our study was performed in a natural setting, the
sample sizes may appear to be limited, but our dataset was dictated by natural conditions where we
had no prior knowledge of genetic identity. Larger sample sizes of some genetic classes may have
been difﬁcult to obtain or were not available because morphological identiﬁcation of BH, SV, and
their hybrids is difﬁcult to ascertain in the ﬁeld or are simply not well represented in this colonizing
population (Lamer et al. 2010). As such, there were only two F1 hybrid individuals and uneven numbers of hybrids across each genetic identiﬁcation group. This may have inﬂuenced our results, albeit
our samples are reﬂective of the present genetic identity of the population of this reach using the
most state-of-the-art genetic identiﬁcation techniques. The small sample sizes of the EGBH and
EGSV in the current study may have also affected our interpretation of the differences between the
two groups. However, their nutritional indices typically fell intermediate to BH, SV, AGBH, and
AGSV, and our main conclusions revolve around the differences between those four groups.
Although we only sampled one known location of bigheaded carps’ hybrids at one single point in
time, it was from a location known to contain a high proportion of bigheaded carps and their
hybrids (Lamer et al. 2015). Nutritional trends for bigheaded carps may differ under varying environmental conditions and across seasons (Liss et al. 2013); however, the nutritional parameters
selected for this study were chosen because they represent a long-term body energy reserve nutritional component (Wagner & Congleton 2004; Congleton & Wagner 2006). Additionally, a longterm study by Sass et al. (2014) observed a strong and consistent pattern between the presence of
bigheaded carps and the zooplankton community of the Illinois River. Prior to bigheaded carps’
invasion and in reaches with low abundances of bigheaded carps, cladocerans and copepods comprised of a greater proportion of the zooplankton community. Following invasion and in Illinois
River reaches with high densities of bigheaded carps, rotifers dominated zooplankton community
composition, and cladocerans and copepods were rare (Sass et al. 2014). Sass et al. (2014) compiled
zooplankton data seasonally during 2009 2011 and showed a clear relationship between bigheaded
carp presence and zooplankton community composition. Thus, it is unlikely that an annual or seasonal change in zooplankton community composition or the selection of one sampling site inﬂuenced our results in 2012. Conclusions from Sass et al. (2014) (e.g. signiﬁcant and consistent
dominance of one type of zooplankter (rotifers) after the introduction of bigheaded carps) described
several sample sites within the Illinois River, supporting the relevance of our conclusions to more
locations than our single sample site. Further, SV (and presumably, AGSV hybrids) may be more
efﬁcient consumers of rotifers and in better nutritional condition than BH (Spataru & Gophen
1985; Opuszynski & Shireman 1991; De-Shang & Shuang-Lin 1996; Sampson et al. 2009; Lamer
et al. 2010; Calkins et al. 2012). Future studies should compare stomach contents from genetically
different groups of bigheaded carps to test for potential differences in feeding. Despite these minor
caveats, our study illustrates that nutritional performance can decline in EGBH and EGSV hybrids
in the wild.
Based on our data, diverse environments may offer performance advantages to SV and AGSV.
For bigheaded carps coexisting in oligotrophic habitats (i.e. habitats showing reduced phytoplankton
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concentrations) or eutrophic environments (replete with phytoplankton), we would expect SV and
AGSV hybrids to outperform BH, AGBH, EGBH, and EGSV hybrids.
Silver carp numbers and biomass are increasing exponentially and they tend to become the dominant species of bigheaded carps in co-invaded habitats (Sass et al. 2010; Garvey et al. 2012). This
may suggest that SV are outperforming BH, as indicated by their population growth. Sass et al.
(2014) found that rotifers dominated zooplankton community composition in the Illinois River after
the invasion of bigheaded carps, and in reaches with high densities of these species. Silver carp likely
consume rotifers more efﬁciently, and may outperform BH based on their feeding abilities. Nutritional condition is an important indirect ﬁtness cost that can provide valuable insights into the ecological expense of hybridization. Our results clearly illustrate a decrease in individual nutritional
condition in EGBH and EGSV hybrids; however, if hybridization continues, it may beneﬁt this invasive species as AGSV are more similar to parental SV and AGBH are more similar to parental BH.
The objective of our study was to test for relationships between hybridization and nutritional performance in wild-caught, invasive bigheaded carps. Novel patterns in blood-based nutritional constituents of bigheaded carps and their hybrids were observed. Parental SV showed improved
nutritional performance relative to BH. Nutritional status of EGSV hybrids was intermediate to
both parental lines, and AGBH and AGSV hybrids were nutritionally more similar to their respective parental species. Overall, our analyses suggest that early generation backcrossing decreases
nutritional performance for hybrid bigheaded carps in the Marseilles reach of the Illinois River.
Although our study documents previously unknown characteristics about the nutritional status of
bigheaded carps and their hybrids, there are still many questions about the nutritional constituents
of these ﬁshes across broader temporal and spatial scales. Fine-scale data on wild-caught bigheaded
carps and hybrid nutritional condition provided by our research suggest that feeding habits and
morphological characteristics likely contribute to the nutritional differences found in these invaders
and their hybrids.
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