
Oikos              OIK-01795 

Bajer, P. G., Parker, J. E., Cross, T. K., Venturelli, P. A. and 

Sorensen, P. W. 2015. Partial migration to seasonally-

unstable habitat facilitates biological invasions in a predator-

dominated system. – Oikos doi: 10.1111/oik.01795 

 

 

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 
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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. 

 7 



 

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
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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 
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