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Abstract
Recruitment is one of the most important dynamic rate functions (i.e., recruitment,
growth, and mortality). Often, recruitment can be heavily dependent on overwinter
survival. Wintertime presents thermal and metabolic challenges to fish. Studies
have suggested that overwinter survival and mortality is correlated to lipid content
before entering winter. Inadequate lipid reserves are related to poor condition and
may lead to overwinter mortality. Young fish need to accumulate adequate lipid
reserves before entering winter. In the Mississippi River, where silver carp
Hypophthalmichthys moltrix Valenciennes, 1844 are hyper abundant, silver carp
are not experiencing recruitment issues. As such, we evaluated lipid levels and size
as potential silver carp recruitment regulators. Silver carp were collected by the
Long Term Resource Monitoring element in 2015 on the middle Mississippi River
using mini fyke nets; total lengths ranged from 34–177 mm. Lipid levels of whole
carp were determined using the phosphovanillin assay. No difference in lipid levels
(mg/g) was observed between spring and fall fishes. Additionally, we observed no
relation between total length and lipid levels. Size structure did not significantly
differ between fall age-0 and spring age-1 silver carp. Our results suggest there may
not be a size dependent overwinter mortality/survival in silver carp in the middle
Mississippi River. Additionally, lipids may not be a driving factor in overwinter
mortality/survival. Our research suggests silver carp in the Mississippi River basin
do not follow most early life history paradigms and may explain the successful
nature of the silver carp invasion.
Key words: recruitment, early life-history, invasive species, Mississippi River,
population dynamics

Introduction
North America freshwater ecosystems support highly diverse fauna but
have been highly manipulated (Vitousek et al. 1997; Abernethy and Turner
1987; Abell et al. 2000; Helfman 2007; Jelks et al. 2008). Throughout these
systems, fish diversity is high, but many fish taxa are imperiled (e.g.,
threatened or endangered) due to anthropogenic impacts (e.g., channelization,
invasive species, pollution; Jelks et al. 2008). Across freshwater ecosystems,
introduction of non-native fauna has led to a reduction in native species
diversity, condition and abundance (Abernathy and Turner 1987; Vitousek
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et al. 1997; Abell et al. 2000; Turner and Rabalais 2003; Helfman 2007;
Irons et al. 2007; Jelks et al. 2008; Phelps et al. 2017).
Four species of non-native invasive carp species (i.e., bighead carp
Hypophthalmichthys nobilis Richardson, 1845, silver carp H. moltrix
Valenciennes, 1844, grass carp Ctenopharygodon idella Valenciennes, 1844,
black carp Mylopharygodon piceus Richardson, 1846) inhabit the
Mississippi River basin (Phelps et al. 2017). Of these, silver and bighead
carps possess the characteristics of an extremely successful invader (e.g.,
fast generation time, high fecundity, low mortality) and as such are hyper
abundant in the lower portions of the Upper Mississippi River (Ehrlich
1984; Fuller et al. 1999; DeGrandchamp et al. 2008; Stueck et al. 2010).
Silver and bighead carp have shown to have deleterious effects to native
fauna (Kolar et al. 2005; Irons et al. 2007; Solomon et al. 2015; Phelps et al.
2017). Overall, silver and bighead carp management has focused on control
and eradication efforts, in addition to preventing spread (Conover et al.
2007). However, more research is needed to develop novel control
methods, especially for invasive fishes (Simberloff 2003). Specifically, we
need to understand the biotic and abiotic factors that influence population
dynamics (Ricker 1975; Simberloff 2003).
Fish populations are driven by the dynamic rate functions (i.e.,
recruitment, growth and mortality; Ricker 1975). In most temperate
climates, overwinter survival regulates recruitment (Ricker 1975; Oliver et
al. 1979). Wintertime presents thermal, metabolic, and physiological
challenges to fish (e.g., hypothermia, physical damage) and may lead to
mortality (Seelbach 1987; Cunjak 1988; Phelps et al. 2008). This results
from physiological changes during the winter and often these changes lead
to a decrease in condition (i.e., loss of energy reserves; Cunjak 1988). Many
studies have demonstrated the importance of lipid levels in regulating
overwinter survival (Oliver et al. 1979; Post and Evans 1989; Schultz and
Conover 1999; Post and Parkinson 2001; Morgan et al. 2005; Pratt and Fox
2002; Biro et al. 2021). Moreover, size is often directly related to the
accumulation of lipids (i.e., higher condition; Schultz and Conover 1999).
Young fish need to accumulate adequate lipid reserves before entering
winter (Oliver et al. 1979; Schultz and Conover 1999; Post and Parkinson
2001; Pratt and Fox 2002). Thus, hatch date should play an important role
in regulating lipid levels and subsequently determining overwinter survival
(Schultz and Conover 1999). Generally, earlier hatch dates provide prolonged
growing season and potentially greater lipid accumulation (Oliver et al.
1979; Schultz and Conover 1999; Post and Parkinson 2001; Pratt and Fox
2002; Biro et al. 2021). As such, we sought to evaluate biotic factors (e.g.,
lipid level, size) that may be regulating overwinter survival. We examined
the influence of size and its role in regulating lipid levels. Further, we
evaluated the role of lipid concentrations in regulating silver carp overwinter
survival.
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Materials and methods
Fish collection
The Middle Mississippi River (MMR) extends from Cairo, Illinois (i.e.,
Ohio River confluence) to Alton, Illinois near Mel Price Lock and Dam.
This section is free-flowing (i.e., unimpounded) and largely regulated by
channel-training structures (e.g., wing dikes). Lateral connectivity (e.g.,
side-channels) is limited, especially during low river stage, and flow is
generally diverted into the channel. Silver carp were collected by Missouri
Department of Conservation (MDC) staff at the Big Rivers and Wetland
Field Station through the Upper Mississippi River Restoration (UMRR)
Program’s Long Term Resources Monitoring (LTRM) element (Ratcliff et
al. 2014). The LTRM utilizes stratified random sampling designed to target
all available habitats (Ratcliff et al. 2014) In 2015 and 2016, a random
sample of silver carp were collected in LTRM standard mini-fyke nets in
the fall (N = 53; Sept–Nov) and spring (N = 40; Mar–Jun) and
subsequently used for lipid analysis. Silver carp cohorts were followed
based on total length from age-0 (fall) to age-1 (subsequent spring). All
LTRM standard mini-fyke nets are fished overnight and set in appropriate
river strata. Each mini-fyke consists of a 4.6 m × 0.6 m lead (3 mm bar
mesh) attached to two rectangular frames (0.6 m × 1.2 m) and tapers into
two 0.6 diameter rings.

Lipid analysis
Fish condition was assessed using lipid concentrations. Whole silver carp
were homogenized in a 20 ml 1:1 methanol: chloroform. Each sample was
vortexed and centrifuged for approximately two minutes (at 14,000 rpm).
The chloroform was removed, and each sample received 200 µl of
concentrated sulfuric acid. The resulting solution was heated at 100 °C for
10 min. Lipid levels were determined by adding 3 ml of vanillin reagent
and analyzed using the phosphovanillin assay (Barnes and Blackstock
1973; van Handel 1985; Marandel et al. 2016). Absorbance was measured at
525 nm in a spectrophotometer (Beckmann DU® 730, Beckman Coulter
Inc, Brea, CA, USA).

Statistical analysis
A two-sample Kolmogorov-Smirnov test was used to determine differences
in length frequencies of fall age-0 and spring age-1 silver carp. Lipid levels
were expressed as lipid (mg) / fish mass (g). Lipid levels were regressed
(i.e., simple linear regression) against total length (mm) to observe the
effects of total length on lipid levels. Additionally, a two-sample t-test was
used to test for differences in lipid levels between fall age-0 and spring age1 silver carp. All analyses were conducted in SAS 9.4 software (SAS/STAT
Software, SAS Institute Inc., Cary, NC, USA).
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Figure 1. Size distributions of silver carp collected in the fall and the spring. Fish ranged from
34 mm–177 mm (Fall) and 50 mm–172 mm (Spring). There was no significant difference
in length-frequency distributions between fall and spring silver carp (Two-sample KolmogorovSmirnov test, KSa = 1.1202; p > 0.1625).

Figure 2. Silver carp total length plotted against lipid levels for both fall and spring collected
fish. No relationship was observed for fall (2015; r2 = 0.0084; P = 0.51) and spring (2016; r2 =
0.0054; P = 0.65) collected silver carp.

Results
Fish ranged from 34 mm–177 mm TL and 50 mm–172 mm TL for fall and
spring collected silver carp, respectively. Two-sample KolmogorovSmirnov test detected no difference in length-frequency distributions of
fall and spring collected silver carp (KSa = 1.1202; Pr > 0.1625; Figure 1).
We observed no relationships between silver carp length and lipid levels, in
both fall (2015; r2 = 0.0084; P = 0.51) and spring (2016; r2 = 0.0054; P =
0.65; Figure 2). A two-sample t-test showed no statistical differences (P =
0.2821; T = 0.57861; df = 92) in average lipid levels between fall (0.95 ±
0.12) and spring (0.86 ± 0.08) collected silver carp (Figure 3).
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Figure 3. Mean (± SE) lipid levels for fall and spring silver carp. No significant differences
were found between the fish collected during both seasons (Two-sample t-test; T = 0.57861;
df = 92, P = 0.2821).

Discussion
Where silver carp are established, they are hyper-abundant, suggesting low
mortality at juvenile stages and subsequent strong recruitment (Conover et
al. 2007; Phelps et al. 2017). Recruitment is likely one of the most
important factors regulating fish populations (i.e., Type III survivorship;
Ricker 1975; Winemiller and Rose 1992; Pritt et al. 2014). No difference
between fall age-0 and spring age-1 silver carp length-frequency distributions
(Figure 1), suggests that size dependent overwinter mortality may not be
an important factor in regulating silver carp overwinter survival in the
Middle Mississippi River (e.g., Phelps et al. 2008). For most fish, properly
timing their spawning is an important factor for juvenile survival (Phelps
et al. 2008). Fish need to maximize the summer growing period to build
adequate energy reserves in preparation of entering winter (Oliver et al.
1979; Cunjak 1988; Schultz and Conover 1999; Post and Parkinson 2001;
Pratt and Fox 2002). Within the same species, larger members of the age-0
cohort are assumed to have hatched earlier than smaller fish (Phelps et al.
2008). As such, we assume larger fish have a longer growing period to build
up lipid reserves before entering winter. However, our results indicated no
statistically significant relationship between silver carp total length and
lipid levels (Figure 2). Generally, most fish in temperate zones face difficult
physiological and metabolic demands during winter (Seelbach 1987;
Cunjak 1988). Which ultimately leads to a decline in condition and energy
reserves (i.e., lipids) are depleted (Cunjak 1988). However, our results suggest
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lipids may not be an important factor in regulating overwinter survival in
silver carp. As such several other regulating mechanisms could be
influencing (e.g., gauge height and velocity, thermograph and temperature
cycling) overwinter survival (Houde 1994; Miranda and Hubbard 1994;
Sammons et al. 2001; Smith et al. 2005; Phelps et al. 2008; Tripp et al. 2009).
Our results elucidate factors that may drive silver carp population
dynamics. Vital rates (i.e., recruitment, growth, mortality) drive population
dynamics and fish are managed by manipulating these metrics (Ricker
1975). The population structure is largely shaped by early life vital rates.
Silver carp are a type III strategist and is characterized by high mortality in
early life, followed by high survival past that stage. However, we do not
fully understand the biotic and abiotic factors that influence early life vital
rates. Our results suggest that silver carp may not follow early life history
paradigms that native fishes exhibit (i.e., the importance of lipid levels on
over winter survival). Further, our findings help explain the very successful
nature of silver carp as non-native invaders.
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