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Partial migration to seasonally-unstable habitat facilitates biological 
invasions in a predator-dominated system
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Although partial migration, a phenomenon in which some individuals in a population conduct seasonal migrations  
while others remain resident, is common among animals, its importance in facilitating biological invasions has not been 
demonstrated. To illustrate how partial migration might facilitate invasions in spatially complex habitats, we developed an 
individual-based model of common carp Cyprinus carpio in systems of lakes and winterkill-prone marshes in the Upper 
Mississippi River Basin (UMRB). Our model predicted that common carp are unable to become invasive in lakes of the 
UMRB unless they conduct partial migrations into winterkill-prone marshes in which recruitment rates are high in the 
absence of native predators that forage on carp eggs and larvae. Despite low dispersal rates of juveniles and higher mortality 
rates of migrants, partial migration was adaptive across a wide range of migration rates and winterkill frequencies. Partial 
migration rates as low as 10% and winterkill occurrence as infrequent as once in 20 years were sufficient to cause invasive-
ness because of carp’s reproductive potential and longevity. Consistent with the results of our model, empirical data showed 
that lake connectivity to winterkill-prone marshes was an important driver of carp abundance within the study region.  
Our results demonstrate that biological invasions may be driven by a small, migratory contingent of a population that 
exploits more beneficial reproductive habitats.

Partial migration is a common phenomenon among migra-
tory animals in which some individuals in a population 
undergo a migration, often for reproductive purposes, while 
others remain resident (Dingle and Drake 2007, Chapman  
et al. 2011). Specific patterns vary greatly among species 
(Dingle and Drake 2007), but common attributes of partial  
migration involve its facultative nature (the same individuals 
may or may not migrate during consecutive years) (Brodersen 
et al. 2014) and the fact that the migrants and residents have 
sufficiently high gene flow to be considered a single popula-
tion. Its origins can also be complex as partial migration may 
be ascribed to genetics (Biebach 1983), personality traits 
(Chapman et al. 2011) or nutritional status (Brodersen et al. 
2008, 2011), and may or may not remain fixed through life 
(Kerr et al. 2009, Skov et al. 2010, Brodersen et al. 2014). 
Regardless of its drivers, one important function of partial 
migration is that it can increase the abundance, stability and 
resilience of native populations (Kerr et al. 2010). The extent 
to which this behaviour can play a similar role in facilitating 
biological invasions has not been addressed.

Partial migration may represent an important reproduc-
tive bet-hedging strategy for invasive species. Bet-hedging 
strategies increase fitness in variable environments (White 
et al. 2007, Sol et al. 2012) and may allow organisms to 
overcome recruitment bottlenecks in areas to which they 

are introduced. For example, having both residents and  
migrants in a population is likely to increase chances of  
locating nursery habitats that may be spatially limited. Many 
of the world’s most invasive vertebrates (global invasive  
species database;  www.issg.org/ ) exhibit migratory ten-
dencies and are likely to employ reproductive bet hedging. 
Yet partial migration has never been suggested as an impor-
tant trait of a successful invader (Kolar and Lodge 2002, 
Garcia-Berthou 2007). This may be attributable to the fact 
that spatially and temporarily complex analyses are needed 
to demonstrate that partial migration is a clear driver of the 
invasion process. Population models capable of tracking the 
movement, survival and reproductive success of migrants 
and residents in large ecosystems are particularly well suited 
to conduct such analyses (Craft et al. 2008) but have rarely, 
if ever, been used for invasive species.

While broadly distributed, invasive species are able  
to become excessively abundant only in a relatively small 
number of locations to which they are being introduced 
(Hansen et al. 2013). Understanding processes that facilitate  
(or curb) the explosive increases in abundance is therefore 
of main interest to invasion ecologists. In this paper, we  
use both empirical data and an individual-based model to 
illustrate the role of partial migration in driving the abun-
dance of one the world’s most invasive species, the common 
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carp Cyprinus carpio, in lakes of the Upper Mississippi River 
Basin (UMRB). Common carp (henceforth ‘carp’) is a large, 
long-lived, fecund fish that is native to large Eurasian rivers 
(Balon 1995) in which it employs partial spawning migra-
tions to seasonally-inundated floodplains (Balon 2004). 
Similar behaviours have been noted in the UMRB (Bajer 
and Sorensen 2010). The UMRB encompasses approxi-
mately 0.5 million km2 with more than 10 000 lakes and 
over 4 million ha of marshes drained by networks of streams  
and rivers. Lakes in this region are dominated by several  
species of predacious sunfishes (Rahel 1984). However, 
severe winters in hypoxia-prone marshes of the UMRB lead 
to fish kills (winterkills) (Rahel 1984). This natural distur-
bance creates pockets of largely predator-free habitat within 
the landscape. Carp in the UMRB show strong partial migra-
tion tendencies, and move out of the lakes in which they 
overwinter to spawn in hypoxia-prone marshes (Bajer and 
Sorensen 2010). The migrants that exploit such areas have 
much higher recruitment success than residents that spawn 
in lakes, and whose eggs and larvae appear to suffer heavy 
predation by native fishes, especially the bluegill Lepomis 
macrochirus (Bajer et al. 2012, Silbernagel and Sorensen 
2013). It has been thus hypothesized that partial migrations 
to winterkill-prone marshes drive carp invasiveness (i.e. exces-
sive abundance) within the lakes of UMRB by functioning as 
a predator avoidance mechanism (Bajer et al. 2012).

To test this hypothesis, we developed an individual-
based model that simulated the movement, survival and 
reproductive success of resident and migratory carp as well 
as the survival and dispersal of their offspring in lakes and 
marshes of the UMRB. We used our model to simulate the 
abundance and biomass of carp in winterkill-free lakes of the 
UMRB within the context of documented partial migration  
rates to winterkill-prone marshes. To evaluate partial migra-
tion as a facilitator of invasion, we also included theoretical 
scenarios in which partial migration was not permitted. We 
then tested the predictions of our model using empirical data 
on carp abundance in winterkill-free lakes of the UMRB  
that were either connected to winterkill-prone marshes  
(partial migration occurs) or isolated (partial migration 
does not occur). Our results suggest that biological inva-
sions in variable environments might often be driven by 
small, migratory contingents within populations that exploit 
unique reproductive habitats.

Methods

Carp population dynamics model

We developed an individual-based, age structured popula-
tion dynamics model of carp in lakes of the UMRB (Min-
nesota, USA). Model structure and parameters are based on 
a decade of research in systems of interconnected lakes and 
marshes (Supplementary material Appendix 1). Each carp 
in the model is a separate ‘object’ that has biological proper-
ties such as age, length, weight, current location, and natal 
location. While analytically complex, our model can be con-
ceptually represented by two habitats (winterkill-free lakes 
and winterkill-prone marshes) and two life stages (adults 
and juveniles). The marsh habitat is identical to the lake habi-

tat when winterkill does not occur. However, occurrence of  
winterkill in the marsh, which drastically reduces the densities 
of native predators that forage on carp eggs and larvae (Bajer 
et al. 2012), increases the reproductive success of adults that 
decide to migrate there during that particular year. This scenario 
occurs only during the first season after a winterkill because 
populations of native predators recover quickly (through 
increased recruitment) and by the next year are typically as 
high as in the surrounding lakes (Bajer et. al. 2012). Adult carp 
that migrate to winterkill-prone marshes run an increased risk 
of mortality (they may perish during subsequent winterkills if 
they attempt to overwinter in the marsh). Adult carp conduct 
partial migrations from the lake to the marsh each year regard-
less of whether winter hypoxia occurs in the marsh.

Adults (age 3 and older) conduct partial spawning  
migration into marshes with a probability a, which we 
assumed to be independent among individuals and years. 
Adults return from the marsh after the spawning with a 
probability b. Adults that remain in the marsh for the winter  
incur an additional cost of mortality that is the product  
of winterkill probability (w) and the probability of dying 
during a winterkill (e). Recruitment is expressed as the  
number of offspring per adult at the end of the summer (t) 
and is a function of winterkill and adult density (recruitment 
increases after a winterkill; Table 1). Juveniles disperse with 
a probability κ (Table 1). All juveniles that had dispersed 
refrain from migrating until they mature at the end of their 
second year of life. Carp (all ages) gain length and mass with 
a rate that is population density-dependent (Supplemen-
tary material Appendix 1). Natural mortality rate (n) is also 
length- and density-dependent (Charnov et al. 2013). We 
estimated all model parameters empirically (Supplementary 
material Appendix 1).

Modelling scenarios

To examine the role of partial migration in facilitating carp 
invasiveness in lakes of the UMRB, we modelled carp in a 
lake that was connected to a winterkill-prone marsh of the 
same area. For this scenario, we conducted model runs using 
the lowest-observed (0.1), mean (0.3) and highest observed 
(0.7) probabilities of adult carp partial migration into the 
marsh over the full range of possible winterkill probabili-
ties (0.0 to 1.0) in the marsh (Table 1). We also conducted 
additional model runs using a theoretical scenario in which 
partial migrations were not permitted. These scenarios were 
used to determine under what conditions carp populations 
inhabiting lakes of the UMRB are likely to reach excessively 
high abundance and biomass, which we defined as  100 
kg ha1 (Bajer et al. 2009). In each scenario, we seeded the 
lake with 10 adult carp per hectare (a density observed in 
low-abundance carp lakes in the region; Bajer and Sorensen 
2012) and simulated 50 years of population dynamics. We 
replicated each scenario ten times so that we could express 
variation in our estimates of density and biomass.

Observed carp abundance in connected and  
isolated lakes

If partial migration to winterkill-prone marshes facilitates 
carp invasiveness in lakes of the UMRB, then carp abundance 
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Table 1. Model parameters. Partial migration was modelled using three empirically-derived levels (low, mean, high); return probability  
and mortality probability during a winterkill were modelled as random variables drawn from a uniform distribution between minimum  
and maximum mean values observed in different lakes; winterkill probability was modelled using discrete levels: 0, 0.05, and then 0.1 to 
1.0 every 0.1; k ∈ (0,1,2,3…) is the number of possible recruits per adult that follows a Poisson distribution; S is parental stock (number of 
adults per hectare); L is carp length (mm), L∞ is the theoretical maximum length (mm); D is carp density (number of carp older than age-0 per 
hectare). Detailed description of each parameter is included in the Supplementary material Appendix 1.

 Parameter Symbol Estimate

Partial migration probability a 0.1, 0.3, 0.7
Return probability b random (0.38, 0.88)
Winterkill probability w 0 to 1.0
Mortality probability during a winterkill e random (0.95, 1.0)
Recruitment in a lake or in a marsh during non-winterkill year t

t    0 24 0 01.
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should be higher in lakes that are connected to winterkill-
prone marshes than in lakes that lack such connections.  
To explore this hypothesis, we analysed mid-summer (August 
and September, after migrants return back to the lakes)  
gillnet catch rates of common carp in lakes in central and 
southern Minnesota during 1994–2012. We selected a group 
of 50 lakes (water bodies deeper than 6 m and larger than  
10 ha to exclude marshes prone to winter hypoxia), all of 
which were located in southern Minnesota where carp are 
especially pervasive and abundant, and for which we had 
documented catches of common carp to ensure that they 
were historically introduced to all of those systems. We 
included only lakes for which we could determine hydro-
logical connectivity with confidence. We then divided these 
lakes into two groups: isolated lakes that had no significant 
inlets, outlets or connections to marshes that winterkill 
(n  24), and connected lakes (n  26) that had at least one 
permanent inlet or outlet and were located within larger sys-
tems of connected bodies of water that included winterkill-
prone marshes located within a distance of 2 km. All lakes 
included in the connected group were spatially independent 
from one another as they occurred in separate chains of lakes 
(22 lakes) or, if they occurred within the same chain (four 
lakes), they were separated by a distance of at least 10 km 
from each other. Lake connectivity and presence of marshes 
was determined using aerial imagery and GIS layers that 
included lakes and marshes, watershed delineations, national 
wetland inventory, streams and dams (source: < http://deli.
dnr.state.mn.us/ >). In each of the selected lakes, we cal-
culated mean catch rate of carp over the entire sampling 
period (1994–2012; each lake was surveyed every three to 
five years). Because carp abundance has been suggested to  
also be influenced by nutrient concentrations, lake mor-
phometry, and native predators (Kulhanek et al. 2011,  
Bajer et al. 2012), we calculated mean values of summer-
time Secchi depths (an index of nutrient concentrations; 
Mercado-Silva et al. 2006), lake area, lake maximum depth,  
and the catch rates of six dominant species of native  
predatory fishes: bluegill, crappies Pomoxis spp., yellow perch 

Perca flavescens, bullheads Ameiurus, spp., walleye Sander  
vitreus and northern pike Esox lucius. Together, these  
species comprised 80% of fish captured in standardized 
surveys conducted by the Minnesota Dept of Natural 
Resources.

We log  1 transformed the carp catch rates to achieve 
co-linearity with the predictor variables and fitted linear 
models (all possible combinations of predictor variables) to 
determine the importance of lake connectivity and other 
predictor variables in explaining observed carp catch rates. 
Due to small sample size, we did not include interactions 
among predictor variables to avoid model overfitting. We 
used Akaike’s information criterion (AICc; Burnham and 
Anderson 2002) to rank individual models and examined 
whether the best models (∆AICc  2) included lake connec-
tivity. We also conducted model averaging using all models 
for which ∆AICc  2 to quantify the relative importance of 
lake connectivity among other predictor variables. We used 
‘MuMIn’ package (Barton 2010) in R (< www.r-project.
org/ >) to conduct model selection and model averaging.

Results

Our modelling results showed that common carp are unlikely 
to become excessively abundant in lakes of the UMRB unless 
they conduct partial migrations to marshes that winterkill 
(Fig. 1). If carp in the simulation did not employ partial 
migration or if the marsh did not winterkill, carp densi-
ties were predicted to be ∼ 5 individuals ha1 (SD  0.26)  
and their biomass was approximately 10 kg ha1 (SD  1.5) 
(Fig. 1). These values are an order of magnitude lower than 
the threshold associated with invasiveness (Bajer et al. 2009). 
However, the abundance and biomass of carp increased to 
2–7 times over this threshold when carp employed partial 
migration to marshes that winterkilled with low to moderate 
probability (0.05–0.6) (Fig. 1). Carp were predicted to reach 
this high biomass across the entire range of observed partial 
migration rates (0.1–0.7) (Fig. 1). Partial migration did not 
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Figure 1. The mean density (top panel) and biomass (bottom panel) 
of common carp predicted by the individual-based model in a lake 
connected to a marsh that winterkills with an annual probability of 
0.0–1.0. Separate predictions are generated for low (0.10, lowest  
observed), mean (0.3), and high (0.70, highest observed) probabil-
ities of partial migration from the lake to the marsh. We also include 
a theoretical scenario in which none of the individuals migrate 
(None). Vertical bars represent  1 SD. Carp are considered  
invasive if their biomass exceeds 100 kg ha1 (Bajer et al. 2009).

Figure 2. Common carp biomass in a lake connected to a  
winterkill-prone marsh. Each panel represents a separate model 
run with identical parameter values including a winterkill  
probability of 0.20 in the marsh (an often observed value; Bajer 
and Sorensen 2010) and a probability of adult carp partial 
migration from the lake to the marsh of 0.3 (mean observed). 
Vertical lines represent winterkill events in the marsh. Initial 
carp biomass in the lake was the same for each run, approxi-
mately 20 kg ha1.

drive invasiveness when the probability of winterkill in the 
marsh was  0.6 (Fig. 1).

To better understand how partial migration to marshy 
regions contributes to carp biomass increase in lakes, we 
examined in detail a scenario in which carp employed  
partial migrations to a marsh that had winterkill probabil-
ity of 0.2 (an often encountered scenario in UMRB lakes;  
Bajer and Sorensen 2010). In this scenario, carp biomass 
rapidly increased and then exhibited fluctuations that  
corresponded to winterkill events in the marsh (Fig. 2). Carp 
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Table 2. Results of AIC model selection analysis to explain observed 
patterns in adult common carp catch rates in a group of 50 lakes that 
included 24 lakes that were isolated and 26 that were connected to  
winterkill-prone marshes in southern Minnesota (a sub region of the 
Upper Mississippi River Basin). Parameter estimates, significance,  
and relative importance were estimated by averaging all models  
that were highly supported by the data (∆AICc  2; Supplementary 
material Appendix 1 Table A6). Predictor variables include lake  
connectivity, catch rates of bluegills (BLG), crappies (CRP), northern 
pike (NOP), bullheads (BUL; log  1 transformed), and yellow perch 
(YEP), and Secchi depth.

Variable Estimate SE Z p
Relative 

Importance

Intercept 0.62 0.18 3.44  0.001
Connectivity 

(isolated)
0.30 0.10 2.96 0.0031 1.00

BLG 0.014 0.0047 2.98 0.0028 1.00
CRP 0.032 0.013 2.46 0.013 1.00
Secchi 0.082 0.055 1.48 0.13 0.44
NOP 0.017 0.016 1.05 0.29 0.24
log (BUL  1) 0.054 0.067 0.81 0.42 0.19
YEP 0.0051 0.0056 0.89 0.37 0.10

age structure in the lake was composed of 2–5 age classes 
that corresponded to the most recent winterkill events in 
the marsh. Not every winterkill in the marsh resulted in an 
increase in carp biomass in the lake or the presence of a year 
class in the lake. If, by chance, winterkill was frequent (e.g. 
occurred during consecutive years), the biomass of carp in 
the lake declined because the adults that remained in the 
marsh perished during the winter (the probability of return-
ing from the marsh into the lake by the end of the year varied 
between 0.38 and 0.88; Supplementary material Appendix 1 
Table A1) and only the last winterkill resulted in a year class 
due to low dispersal rates of juveniles during the first years 
of life. This pattern likely explains low carp abundance and 
biomass when winterkill probability in the marsh exceeded 
0.6 (Fig. 1).

Empirical data from across the study region supported  
our modelling results. Model selection analysis showed  
that all of the best models (∆AICc  2) included lake con-
nectivity as a predictor variable (Supplementary material 
Appendix 1 Table A6). All of these models also included 
bluegill and crappie catch rates. Some also included north-
ern pike, bullhead and yellow perch catch rates and Secchi 
depth (Supplementary material Appendix 1 Table A6). AICc 
scores showed that models that excluded lake connectivity 
were not supported by the data (∆AICc  5.24), regardless 
of which combinations of the remaining predictor vari-
ables they included (Supplementary material Appendix 1 
Table A6). Model averaging conducted on our best models 
(∆AICc  2) showed that carp catch rates were influenced 
by (from most to least important) lake connectivity, blue-
gill catch rates, crappie catch rates, Secchi depth, northern 
pike catch rates, bullhead catch rates, and yellow perch catch 
rates (Table 2). Coefficient values showed that carp catch 
rates were higher in lakes that were connected, had lower 
catch rates of bluegills, northern pike and bullheads, had 
lower Secchi depths, and had higher catch rates of crappies 
and yellow perch (Table 2); the latter two species may ben-
efit from increased productivity and turbidity often found in 
lakes with higher carp abundance.

Discussion

This study used model simulations and empirical data  
to demonstrate the importance of partial migration in facili-
tating common carp invasiveness in spatially heterogeneous 
lake systems of the UMRB. This appears to be the first  
study to demonstrate the importance of partial migration 
to invasion success. Our results may be broadly applicable 
because partial migration is common among migratory ani-
mals. For example, of the eight fish species included among 
the 100 world’s worst invaders ( www.issg.org/ ) at least 
three are known to employ partial migration: Salmo trutta 
(Olsson and Greenberg 2004), Oncorhynchus mykiss (Olsen 
et al. 2006), and the common carp. It has been recently  
demonstrated that partial migration plays a key role in the 
abundance, stability and population resilience of native fishes 
(Kerr et al. 2010). We suggest that this behaviour may also 
help to explain the success of some invasive species.

This study supports our previous hypothesis that partial 
migration to winterkill-prone, unstable marshes that lack egg 
and larval predators is largely responsible for carp becoming 
invasive in lakes of the UMRB (Bajer and Sorensen 2010). 
Our model also shows that partial migration is adaptive if 
winterkills occur with low to moderate frequency (0.05–
0.6). Marshes that winterkill very frequently ( 0.6) may 
become population sinks from which few adult carp return, 
and few juveniles disperse. Previous studies suggested that  
shallow lakes in the UMRB usually winterkill once every  
few years (Bajer and Sorensen 2010, Bajer et al. 2012). 
Therefore, partial migration is overall likely to be adaptive for 
carp. Also, systems of lakes and marshes of the UMRB are 
relatively large and complex and the frequency and severity 
of winterkill is likely to vary among individual marshes. This 
heterogeneity in the frequency and severity of winterkills is 
likely to enhance the size and stability of carp populations in 
lakes of the UMRB.

The common carp is one of the world’s most widely  
distributed fishes (Balon 1995) but processes that deter-
mine its invasiveness in specific regions are still poorly 
understood. Results of this and several recent studies allow 
for the formation of hypotheses to explain carp invasive-
ness in different regions. In lakes of the UMRB, in which 
the native fish community is dominated by bluegills, 
partial migration to winterkill-prone marshes that lack 
these predators appears to be important for overcoming 
recruitment bottlenecks. On the other hand, in the prairie 
pothole region of North America that is characterized by 
shallower lakes in which bluegills are often not very abun-
dant (Weber and Brown 2013), partial migration is likely 
to be less important because both resident and migratory 
carp have high reproductive success and carp recruitment 
there appears to be largely determined by the density of 
adults (Weber and Brown 2013). Our findings about the 
importance of partial migration may extend to regions in 
which winter hypoxia does not occur, such as Australia or 
South Africa. In those regions, summer hypoxia or dry-
season water depletion may create pockets of predator-free 
habitats that the carp might be able to exploit for repro-
duction. In the Murray Darling River Basin in Australia, 
partial migration may be also important to locate vegetated 
areas with abundant spawning substrate that appear to be 
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restricted to periodically inundated floodplains and forests 
(Stuart and Jones 2006, Humphries et al. 2008).

Sustainable management approaches are urgently needed 
for invasive fish. However, with the exception of the sea 
lamprey Petromyzon marinus in the Great Lakes, few, if any, 
of such strategies have been developed. Our study suggests 
that common carp populations in lakes of the UMRB can be 
controlled by efforts that focus on preventing winterkills in 
connected water bodies to maintain high densities of native 
fishes that forage on carp eggs and larvae (Silbernagel and 
Sorensen 2013) and/or blocking migration routes to or from 
nursery areas. In systems that rarely winterkill and produce 
few year classes, carp populations could likely be managed 
by targeting winter aggregations of adults for removal every 
few years (Bajer et al. 2011). Barriers to migration and physi-
cal removal have been used with some success in individual 
lakes in the study region, but our model should allow for the 
development of more efficient carp management strategies 
for larger systems of lakes. It is encouraging that our model 
was able to predict values of carp biomass, density and age 
structure that closely match empirical estimates from the 
region across a wide range of ecological conditions (Bajer 
and Sorensen 2010, 2012). This suggests that the model is 
sufficiently robust to be used in carp management.

Introduced fishes have been responsible for rapid  
and widespread biological invasions worldwide (Fausch and 
Garcia-Berthou 2013). For example, common carp invaded 
the largest river system in Australia in less than 30 years 
(Koehn 2004) and bigheaded carps (Hypophthalmichthys sp.) 
have invaded most of the Mississippi basin within a similar 
time frame (Chick and Pegg 2001). Our understanding of 
processes associated with different phases of fish invasions 
has also increased (Garcia-Berthou 2007), but why certain 
fish species are able to reach extremely high densities in 
some areas but not in others is still relatively poorly under-
stood. Fish invasions are driven by interactions between 
life history traits of the invader, physical habitat, and 
native biotic community (Moyle and Light 1996, Alcaraz 
et al. 2008). But the specific nature of these interactions 
has remained obscure. Our study illustrates how such 
interactions enable carp to become invasive in lakes of the 
UMRB. Partial migration allows carp to exploit peripheral 
shallow habitats, and winterkills make this strategy suc-
cessful by reducing densities of native predators in out-
lying marshes (Bajer et al. 2012). High fecundity allows 
carp to generate strong recruitment pulses in winterkill-
prone marshes while longevity allows the carp to capitalize 
on winterkills as infrequent as once every 20 years. All of 
these elements, when present, act synergistically to result 
in an invasion. Given the role of partial migration in this 
process, we suggest that partial migration be added to the 
list of traits that influence invasion success.
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Appendix 1  
Data and methodology used to estimate model parameter values, and the results of model selection 

analysis used to explain the observed patterns in adult carp catch rates. 

 

Modelling sequence  
Each simulation began on 1 January by removing a proportion of individuals according to 

background rate of natural mortality. The model then removed additional individuals in the marsh if 

winterkill occurred (these individuals included adults that were overwintering in the marsh and 

juveniles that have not yet out-migrated from the marsh). Following natural and winterkill 

mortality, the model simulated a springtime partial spawning migration of adult carp from the lake 

to the marsh, and then a return back to the lake. Recruitment was then calculated both in the marsh 

and in the lake (a small rate of recruitment occurs in lakes). The model then simulated the dispersal 

of recruits between the marsh and the lake (both directions). Juveniles that have not dispersed 

during the first year could disperse during subsequent years. Final output consisted of the number of 

carp in each age class, overall carp density, annual length and weight increments for each carp 

(which were density-dependent), and the overall end-of the year carp biomass.  Because carp 

mortality, recruitment, and growth were density-dependent, the model calculated carp density in 

both habitats several times during each year to account for seasonal movements.   

 

Model parameters 
Adult partial migration 

To estimate the probability of partial migration we used data reported in Bajer and Sorensen (2010) 

(Table A1). We also collected additional data in another lake-marsh system for the purpose of this 

study (Table A2). In both of these studies, carp locations were measured weekly during the 

spawning season (May and June) and then monthly through the rest of the year. The probability of 

an individual moving to an adjacent marsh to spawn varied among lakes and years from 

approximately 0.10 to 0.70, with a mean of 0.301 (Table A1, A2). Given these data, we modelled 
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three levels of partial migration: low (0.10), mean (0.30) and high (0.70).  

 

Return probability 

Data presented in Table A1 and A2 suggested that the mean probability of returning to the ‘home’ 

lake from the marsh by the end of the year varied among lakes from 0.38 (Lake Riley; Table A1) to 

0.88 (Lake Staring; Table A2) and was not influenced by the intensity of partial migration. 

Therefore, we modelled return probability as an evenly distrusted, random variable that spanned 

this range.   

 

Table A1. Movement of radiotagged adult carp in a system of three lakes (from upstream to 
downstream): Susan-Rice Marsh-Riley during 2006-2008. Lakes Susan and Riley are ecologically 
stable basins that do not winterkill, while Rice Marsh is a shallow, winterkill-prone marsh. For a 
more detailed description of this system see Bajer and Sorensen (2010).  
 
 
 

 

 

 

 

 

 

 

 

 

Table A2. Movement of radiotagged adult common carp from Lake Staring, Minnesota, USA to a 
shallow, winterkill prone marsh located approximately 1 km upstream during 2012. 
 

 

 

 

 

Lake of origin Migration direction 
No. and percent of carp  

2006 2007 2008 

Su
sa

n 

Remain in Susan to spawn 10 (62.5%) 24 (77.4%) 18 (66.7%) 
Move to Rice Marsh to spawn 6 (37.5%) 7 (22.6%) 9 (33.3%) 
Return to Susan after spawning 5 (83.3%) 2 (28.6 %) 3 (33.3%) 
Return to Riley after spawning 0 (0%) 0 (%) 1 (11.1) 

Total 16 31 27 

R
ile

y 

Remain in Riley to spawn 16 (84.2%) 24 (77.4%) 20 (90.9%) 
Move to Rice Marsh to spawn 3 (15.8%) 7 (22.6%) 2 (9.1%) 
Return to Riley after spawning 2 (66.6%) 0 (0%) 1 (50.0%) 
Return to Susan after spawning 1 (33.3%) 0 (0%) 0 (0%) 

Total 19 31 22 

R
ic

e 
M

ar
sh

 Remain in Rice Marsh to spawn 15 (100%) NA 11 (83.3%) 
Move out before spawning 0 (0%) NA 0 (0%) 
Move out after spawning 6 (40.0%) NA 2 (16.7%) 

Total 15 NA 13 

Lake of origin Migration direction No. of carp  

St
ar

in
g Remain in Staring to spawn 4 (30.7%) 

Move to marsh to spawn 9 (69.2%) 
Return to Staring after spawning 8 (88.8%) 

Total fish 13 
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Winterkill frequency in marshes 

Investigations of dissolved oxygen conditions in five chains of lakes in the study region showed that 

marshes typically winterkill every three to five years; however, some winterkill as rarely as once 

every ten to twenty years, while others as frequently as every other year (Bajer and Sorensen 2010, 

Bajer et al. 2012). To accommodate this wide range of probabilities, we conducted separate model 

runs at winterkill probabilities in the marsh of 0.0, 0.05, and then 0.1 to 1.0 in increments of 0.1. 

 

Mortality in lakes (or marshes during a non-winterkill year) 

We modelled instantaneous natural mortality rate (M) using a length-based approach recently 

developed for fishes (Charnov et al. 2013) in which natural mortality declined exponentially as 

length (L, mm) approached mean maximum length ( ) (Eq. 1). Using length at age data from six 

lakes in the study region (see growth in length and mass below) we determined  to be 712 mm. 

We converted this instantaneous rate to an annual finite rate ( ) and incorporated positive density-

dependence (D; density of age-1 or older carp per hectare) (Eq. 2). 

  𝑀𝑀 = 0.06 − ( 𝐿𝐿
𝐿𝐿∞

)−1.5         (1) 

          (2) 

Equation 2 generates finite natural mortality rates that decrease from ~0.50 for age-0 carp to ~0.06 

for carp that approach L∞. These values are similar to empirical estimates in our study region and 

elsewhere showing that v ranges from 0.66 for age-0 to 0.04 for adult carp (Donkers et al. 2012, 

Osborne 2012).  

 

Mortality in marshes during a winterkill year 

We modelled the probability of mortality in a winterkill-prone marsh as an evenly distributed, 

random variable between 0.95 and 1.0. We based this range on three studies conducted within the 

UMRB. Using detailed mark and recapture analyses, Osborne (2012) estimated 95% annual 

mortality in a shallow marsh that freezes to the bottom during winters. Phelps et al. (2008) reported 

98% winterkill mortality using catch rates, while Bajer et al. (2012) suggested almost 100% 

mortality of common carp in marshes in which winter dissolved oxygen declined below 0.5 mg l-1 

(Bajer et al. 2012).  
 

Recruitment in lakes (or in marshes during a non-winterkill year) 

We defined recruitment ( ) as the number of age-0 carp produced per each adult (age-3 or older 

carp) at the end of the summer. Bajer et al. (2012) showed that common carp recruitment is too low 

in ecologically stable lakes of the UMRB to be estimated using standard fish surveys. To estimate 

 

L∞

 

L∞

 

ν

De M ⋅+−= −− 4101ν

 

τ
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recruitment in such systems, we conducted a virtual population analysis (Table A3) in a lake in 

which winterkill did not occur for 15 years and in which the abundance of carp was estimated using 

mark-recapture analyses (Lake Lucy in Bajer et al. 2011) while age structure was estimated using 

otoliths. Using this approach, we estimated a mean of 0.24 recruits per adult per year. Because 

recruitment appeared to be a rare event, we assumed that it followed a Poisson distribution for rare 

categorical events with a mean of . Consequently, each adult in each year had a 0.19 

chance of having one recruit, a 0.023 chance of having 2 recruits, a 0.0018 chance of having three 

recruits and 0.785 chance of having no recruits. Because carp recruitment has been suggested to 

decline at high densities of adults (Weber and Brown 2013) we incorporated a density dependent 

term (0.01 ·S) where S represents parental stock (density of adult, age-2 or older, carp per hectare). 

Thus, 

        (3) 

where  is the possible number of recruits per adult. 

 

Table A3. Results of the virtual population analysis in Lake Lucy in southern Minnesota, USA. 
Recruits and adults were rounded to the nearest individual. 
 
Year Recruits Adults Recruit/Adult 

2010 0 808 0 
2009 0 875 0 
2008 66 992 0.067 
2007 0 967 0 
2006 257 1038 0.25 
2005 94 1183 0.08 
2004 0 1298 0 
2003 111 765 0.15 
2002 1198 564 2.12 
2001 514 641 0.81 
2000 0 725 0 
1999 0 817 0 
1998 0 815 0 
1997 166 908 0.18 
1996 0 1009 0 

 

Recruitment in marshes after a winterkill  

Because the abundance of age-0 carp is usually high following winterkill events in marshes, we 

estimated recruitment in such systems using standard fisheries analyses that begin with fitting 

stock-recruitment relationship to catch data. To derive the stock-recruitment relationship, we used 

data from 14 winterkill events that occurred in nine marshes over a three-year period (Bajer et al. 

2012; their Fig. 1 and Table 3). Using these data, we fitted a Ricker stock-recruitment relationship, 

 

λ = 0.24

 

τ =
0.24

k!
⋅ e−k − 0.01⋅ S

 

k ∈ (0,1,2,3...)
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which has been shown to be appropriate for carp populations (Weber and Brown 2013), to estimate 

recruit catch per unit of effort ( ) from the density of adult stock (Fig. A1) 

        (4) 

We calculated mean recruit catch rate per adult as  

        (5) 

Finally, we converted the recruit catch rate per adult into the number of recruits per adult ( ) using 

data from a lake where both catch rates and abundance of recruits was estimated (Osborne 2012) 

        (6) 

Equation 6 predicts that the number of recruits per each adult in winterkill marshes is approximately 

400 at very low adult densities, and decreases to near zero at adult densities above 600 individuals 

per hectare (Fig. A2). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure A1. Ricker stock-recruitment relationship (solid line) fitted to data collected during fourteen 
winterkill events that occurred in nine winterkill-prone marshes sampled over a three year period 
(see Bajer et al. 2012 for original data). The dashed line represents the mean number of recruits per 
adult. Recruits are age-0 carp and adults are age-3 and older carp.  

 

RCPUE

 

RCPUE = S⋅ e(1.3668−0.01⋅S )

 

RCPUE / A = 3.9228⋅ e(−0.01⋅S )

 

τ

 

τ =106.6⋅ (3.92⋅ e(−0.01⋅S ))
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Juvenile dispersal  

We used two approaches to estimate the probability that age-0, age-1 or age-2 carp dispersed to the 

adjacent water body by the end of the year. First, we used mean relative catch rates (CPUE) of age-

0 carp in marshes (CPUEM) and adjacent lakes (CPUEL) previously reported in Bajer et al. (2012) 

adjusted for differences in lake area (AL) and marsh area (AM) . 

These catch rates suggested that the probability of age-0 carp dispersing from the marsh into 

adjacent lakes during the first year of life was 1.6 × 10-3 (Table A4). Second, in one of these 

systems that comprised a lake and an adjacent marsh, we monitored the length structures of carp for 

three consecutive years following a recruitment event in the marsh (Fig. A3). Both the lake and the 

marsh were sampled in the fall of each year using trapnets, while boat electrofishing surveys (DC 

pulsed current, 100V, 10 A, three 20-minute transects) and a large seine (600 m pulled in late fall or 

winter) were used at least once each year in the lake. To document the movement of carp, we also 

placed a temporary fish screen between the two systems for one month (April, when migrations 

typically occur) and collected daily samples using backpack electrofishing unit (pulsed DC, 100 V, 

3 A). Length distributions of captured carp showed that the age-0 carp remained in the marsh for the 

first two years and did not move into the adjacent lake until the spring of the third year (at age-2). 

At this time, age-2 carp comprised ~33% of all carp captured in the stream and ~50% of all carp 

captured in the lake later that fall and winter (Fig. A2). These data further support our hypothesis 

that age-0 and also age-1 carp do not leave their nurseries in large numbers and that a large 

outmigration begins at age-2.  

Given these field data, we estimated a dispersal probability of 1.6 × 10-3 for age-0 and age-1 

carp that was modelled independently for each fish as an evenly distributed, random variable 

between 0.0 and 1.0 (i.e. a fish dispersed if the random value was ≤ 1.6 × 10-3). Because we lacked 

empirical data to precisely estimate how many age-2 carp disperse from marshes into adjacent 

lakes, we assumed a 0.5 probability of outmigration for age-2 carp, which is similar to the mean 

values reported for adult carp that leave the marshy areas after spawning (see Adult partial 

migration). Carp that did not disperse at age-2 had a 0.5 dispersal probability during each 

subsequent year. 

 

 

 

κ =
CPUEL ⋅ AL

CPUEL ⋅ AL + CPUEM ⋅ AM
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Table A4. Calculations of dispersal rates from marshes into lakes using mean trapnet catch rates (CPUE) of age-0 common carp in 
seasonally hypoxic shallow marshes (recruitment sites) and in adjacent, ecologically stable lakes. Both the marshes and the adjacent 
lakes were surveyed using the same effort (5 trapnets) in late summer or early fall (August-October) of each year. In each case, the 
lakes were located less than 2 km from the marshes and were connected with streams that in some cases were ephemeral. Values in 
parentheses next to lake names show lake area (ha). For lake description and sampling details see Bajer et al. (2012).  
 
 
 
 Marsh 

 
Lake 

 
  

Stream connection  
Name 

 
Age-0 carp  

 
Name 

 
Age-0 carp  

 
Year 

 
Dispersal 

Ephemeral Rice(70.0) 138.2 Hydes (65.6) 0 2008 0 
  270.2  0 2009 0 
  224.4  1.8 2010 7.5 × 10-3 
Constant St. Catherine (65.0) 70.6 Cynthia (79.2) 0 2008 0 
  0  0 2009 0 
  2.6  17.41 2010 NA 
Constant Wetland (65.6) 209.6 Staring (65.6) 1.2 2010 5.6 × 10-3 
  0  0 2011 0 
  0  0 2012 0 
Constant Markham (6.0) 47.5 Kohlman (29.6) 0 2010 0 
Mean       1.6 × 10-3 
 
1 In 2010 Lake Cynthia winterkilled and became a carp nursery itself thus this data point is not used in the analysis. 
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Figure A2. Length structure of common carp in Lake Staring, a seasonally unstable marsh 
(Wetland) located approximately 1 km upstream, and the stream that connected both systems. A 
cohort of age-0 carp occurred in the marsh in 2010 but its presence did not become evident in Lake 
Staring until the fall of 2012 after a large number of these fish were seen migrating in the stream in 
the spring of 2012. Sampling gear used in Lake Staring targeted all size classes of carp each year. 
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Growth in length and mass 

To describe carp growth in length and mass across a wide range of population densities, we first 

determined von Bertalanffy growth parameters for six carp populations of known abundance and 

age structure (Table A5, Fig. A3). The populations varied in carp density from nearly 800 carp per 

hectare to ~50 carp per hectare. Parameter  describes mean maximum length, K describes how 

quickly  is reached, and  is a theoretical value that describes the age of carp at length zero. 

These parameters varied considerably among populations. We observed no statistical relationship 

(at p = 0.1 due to small sample size) between  and carp density, but  was negatively correlated 

with population density  

 (L∞ = 712.6–0.37 D, t(5) = –5.61, p = 0.005) while K was positively correlated with carp 

density (K = 0.19 + 2.92 × 10-4 D, t(5) = 2.15, p = 0.098). 

 Using our empirical data, we modelled length at the end of the first year of life as follows:   

𝐿𝐿𝑡𝑡 = 𝐿𝐿∞ ∙ (1 − 𝑒𝑒𝐾𝐾∙(0−𝑡𝑡0))        (7) 

where 𝐿𝐿∞ and 𝐾𝐾are density-dependent as described above, and 𝑡𝑡0 =  −1.31. 

 For all other years, we modelled length using annual increments as follows: 

𝐿𝐿𝑡𝑡 = �𝐿𝐿𝑡𝑡−1 + 𝐼𝐼𝑡𝑡, 𝐼𝐼𝑡𝑡 ≥ 0
𝐿𝐿𝑡𝑡−1,  𝐼𝐼𝑡𝑡 < 0         (8) 

where 𝐼𝐼𝑡𝑡 = 𝑚𝑚 ∙ 𝐿𝐿𝑡𝑡−1 + 𝑏𝑏  

  𝑚𝑚 = −4.13 ×  10−4 ∙ 𝐷𝐷 − 0.21 

and 𝑏𝑏 = 9.33 ×  10−2 ∙ 𝐷𝐷 + 167.39 

 

 

 

 

L∞

 

L∞

 

t0

 

t0

 

L∞
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Figure A3. Length at age for six carp populations of varying density in southern Minnesota. The 

legend shows lakes in ascending carp density. Carp density in each lake is presented in Table A5.   

 

 

Table A5. Von Bertalanffy parameters of six carp populations of varying density located in 
southern Minnesota. Carp density was estimated by mark-recapture (Bajer and Sorensen 2012) 
 

Lake Carp density (ind. ha-1)  K  
Casey 793 –1.83 0.48 426 
Staring 399 –0.84 0.23 523 
Dutch 241 –0.65 0.18 683 
Echo 187 –0.69 0.24 657 
Susan 119 –1.31 0.32 646 
Riley 54 –2.55 0.24 681 
 

 

Results of model selection analysis  
Table A6. Results of AIC model selection analysis to explain observed patterns in adult common 

carp catch rates in a group of 50 lakes that included 24 lakes that were isolated and 26 that were 

connected to winterkill-prone marshes in southern Minnesota (a sub region of the Upper Mississippi 

River Basin). Shown are the top seven models (all models with ∆AICc < 2) followed by the best 

model that did not include lake connectivity as a predictor variable, the best predator model, the 

best abiotic model, and the global model. Predictor variables included lake connectivity, catch rates 
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of bluegills (BLG), crappies (CRP), northern pike (NOP), yellow perch (YEP), walleye (WAE), and 

bullheads (BUL), and abiotic variables such as lake area, maximum depth and Secchi depth. For 

each model we show its AICc scores and log likelihood values (LL). 

Models AICc ∆AICc LL 

Best model: connectivity, BLG, CRP, Secchi 38.88 0.00 –12.47 

2nd best: connectivity, BLG, CRP 38.97 0.09 –13.80 

3rd best: connectivity, BLG, CRP, NOP 40.04 1.16 –13.04 

4th best: connectivity, BLG, CRP, NOP, Secchi 40.55 1.67 –11.94 

5th best: connectivity, BLG, CRP, YEP 40.62 1.74 –13.33 

6h best: connectivity, BLG, CRP, BUL, Secchi 40.77 1.89 –12.05 

7th best: connectivity, BLG, CRP, BUL 40.80 1.92 –13.43 

Best model without connectivity: BLG, Secchi  44.13 5.24 –17.62 

Best predator model without connectivity: BLG, CRP, NOP 47.76 8.88 –18.20 

Best abiotic model without connectivity: Secchi 49.99 11.10 –21.73 

Global (all variables) 55.47 16.59 –11.52 

 

References 
Bajer, P. G. and Sorensen, P. W. 2010. Recruitment and abundance of an invasive fish, the common 

carp, is driven by its propensity to invade and reproduce in basins that experience winter-time 

hypoxia in interconnected lakes. – Biol. Invas. 12: 1101–1112. 

Bajer, P. G. and Sorensen, P. W. 2012. Using boat electrofishing to estimate the abundance of 

invasive common carp in small Midwestern lakes. – N. Am. J. Fish. Manage. 32: 817–822. 

Bajer, P. G. et al. 2011. Using the Judas technique to locate and remove wintertime aggregations of 

invasive common carp. – Fish. Manage. Ecol. 18: 497–505. 

Bajer, P. G. et al. 2012. Variation in native micro-predator abundance explains recruitment of a 

mobile invasive fish, the common carp, in a naturally unstable environment. – Biol. Invas. 14: 

1919–1929. 

Charnov, E. L. et al. 2013. Evolutionary assembly rules for fish life histories. – Fish Fish. 14: 213–

224. 

Donkers, P. et al. 2012. Validation of mark-recapture population estimates for invasive common 

carp, Cyprinus carpio, in Lake Crescent, Tasmania. – J. Appl. Ichthyol. 28: 7–14. 

Osborne, J. 2012. Distribution, abundance and overwinter survival of young-of-year carp in a 

 11 



Midwestern watershed. – MS thesis, Univ. of Minnesota. 

Phelps, Q. E. et al. 2008. First year growth and survival of common carp in two glacial lakes. – 

Trans. Am. Fish. Soc. 137: 1701–1708. 

Weber, M. J. and Brown, M. L. 2013. Density-dependence and environmental conditions regulate 

recruitment and first-year growth of common carp in shallow lakes. – Trans Am. Fish. Soc. 

142: 471–482. 

 12 


	BajerEtal2015.pdf
	oik-01795_0

