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Temporal spawning divergence in European whitefish (Coregonus 
lavaretus) 

The first steps toward reproductive isolation in young populations (70-

171 years) 

By Petter Johansson 

Abstract 

A critical step in ecological speciation is the development of reproductive isolation. The 

processes leading up to reproductive isolation are difficult to study since they often occur over 

very long time periods. Populations of European whitefish (Coregonus lavaretus) has gone 

through reticulate divergent evolution in many Scandinavian lakes during the last 10 000 

years. Some populations even exhibit morphological and genetic divergence that involves 

adaptations to different niches during the first 100-200 years after introduction. This observed 

rapid diversification into different ecological niches makes whitefish a useful model species for 

studying ecological speciation and early population divergence. By assessing divergence for 

three traits in recently introduced whitefish populations, this study aims to elucidate the 

processes that lead to adaptive phenotypic divergence and reproductive isolation. Whitefish 

populations of known age (71-170 years) were sampled on their spawning grounds and 

characterized with respect to, 1) length of spawning season, 2) temporal segregation based on 

body size, and 3) temporal segregation based on the number of gill rakers. I found that the 

length of the spawning season and body size differences between early and late spawners 

increased with population age. No such trend was observed for differences in gill rakers 

between early and late spawners, but significant divergence within some of the older 

populations was detected. I conclude that these young whitefish populations have taken the 

first steps toward reproductive isolation between ecotypes that differs in body size (a highly 

plastic trait) and gill raker numbers (a trait under strong genetic control). 

 

Key Words: Population divergence, Coregonus lavaretus, spawning whitefish, reproductive 

isolation, young populations. 
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1 Introduction 

1.1 Background 

Phenotypic diversification in adaptive radiations has been documented in many groups of 

animals. This process of adaptive diversification is most pronounced on species-poor islands 

and lakes where species can diverge into separate “unoccupied” niches (Coyne and Orr 2005, 

Seehausen 2006, Losos 2010). Unfortunately, most of the empirical evidence for adaptive 

radiations derives from systems that have evolved over millions of years, which causes 

difficulties if you want to isolate and understand the processes that are important at initial 

stages of population divergence. Various theoretical and laboratory studies have provided 

some insight into the mechanisms of early population divergence (Dobshansky 1946, Rice and 

Hostert 1993) but evidence from natural environments are scarce. 

Lakes in northern Europe are relatively young and formed after the retreat of the ice during 

the last deglaciation around 10 000 years ago. In these relatively new lacustrine habitats, 

diversification and specialization for certain lake niches (pelagic and benthic) have been 

documented repeatedly for numerous fish species (Gislason et al. 1999, Østbye et al. 2005a, 

Seehausen and Wagner 2014). The phenotypic and genetic divergence in these populations 

show wide variation, ranging from non-diverging populations to populations where different 

demes show high degrees of reproductive isolation (Svärdsson 1998, Østbye et al. 2005b, 

Praebel et al. 2013). This wide variation in population polymorphism combined with the young 

age of these habitats provide great opportunities to study ongoing divergence at a very early 

stage.  

A species that has colonized lakes all over this region is the European whitefish (Coregonus 

lavaretus, henceforth referred to as whitefish). Whitefish is a highly polymorphic species that 

often divergeinto specific ecotypes that are adapted to different lake habitats. The most 

common pattern is the coexistence of a small-bodied pelagic specialist and a large-bodied 

littoral/benthic specialist. There are also monomorphic populations where niche specialization 

is less distinct at the population level (Öhlund 2012). The most common traits used to classify 

morphs is body size and gill raker morphology. The littoral benthic morph grows big and has 

few widely spaced gill rakers. The pelagic morph is smaller and has higher numbers of gill 

rakers in a denser structure (Kahilainen et al. 2007, Østbye et al. 2005a). Öhlund (2012) 

documented that many lakes in northern Sweden and Norway have introduced whitefish 

populations that are less than 200 years old. These lakes can be viewed as natural experiments 

where we can track the rate of divergence during the earliest stages of the speciation process. 

The rate of divergence differs between traits depending on the mechanisms controlling them. 

Behavioral traits usually diverge first, followed by morphological traits, and genetically 

controlled traits (West-Eberhard 1989). Here I test this idea by examining divergence in traits 

under different types of control.  

1.2 Aim 

This thesis focus on divergence in spawning time, a trait that can potentially lead to 

reproductive isolation. This is important because reproductive isolation is a prerequisite for 

incipient speciation to proceed towards genetic divergence. To study how divergence during 

spawning develops I first investigated if the length of the spawning season increases with 

population age in lakes where whitefish were introduced between 71-170 years ago. I then 

examined if divergence in spawning time was associated with divergence in body size, a highly 

plastic and ecologically important trait (Kahilainen et al. 2007), and gill rakers, which is a 
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genetically controlled trait (Bernatchez 2004). The main goal was to investigate and compare 

different divergence patterns in natural populations to increase understanding of the processes 

that initiates population divergence. 

2 Materials and Methods 

2.1 Study sites 
Eight lakes in the counties of Västerbotten and Jämtland with introduced whitefish 

populations of known age were sampled during spawning season. Time since introduction vary 

between 71-171 years for the different populations. Besides whitefish, the lakes also hold 

populations of pike (Esox lucius) and perch (Perca fluviatilis). A few lakes also have 

populations of roach (Rutilus rutilus), trout (Salmo trutta), burbot (Lota lota) and grayling 

(Thymallus thymallus) in various configurations. All lakes are big, deep and located in the 

boreal or the alpine regions (see table 1 for a summary of lake characteristics). 

Table 1. Table showing lake characteristics, fish species composition, and introduction year for the whitefish 

populations sampled in this study. 

 

Spawning grounds were located based on previous sampling efforts, interviews with local 

fishermen, and/or by studying aerial photos in search of shallow rocky/gravelly areas, which 

are preferred spawning habitats for whitefish. The spawning sites were located in inlet/outlet 

streams, littoral areas, or shallows (approximate depth 1-5 m).  

2.2 Sampling and lab work 
Spawning whitefish were caught using two benthic multimesh gillnets of the type “Nordic” 

(1.5x30 m, 12 different mesh sizes, Appelberg et al. 1995) and two custom made benthic nets 

with three different mesh sizes (35, 43 and 50 mm). Sampling was done in weekly intervals 

(this was the goal but sometimes the intervals was closer to 2 weeks) with consistent sampling 

effort through the whole period. Nets were set just before dusk and retrieved 3-4 hours later. 

The main goal with this sampling was to classify the length of the spawning season for each 

population. To maximize the catch of spawning fish complementary fishing was also 

conducted. During this complementary fishing nets were left out for longer time periods 

ranging from 8 hours to several days. Sampling begun before the start of spawning in late 

October 2015 and continued until end of December when no or very few spawning fish were 

caught. Netting was done wading, from boat, or through holes in the ice if the lakes were frozen. 

After the fish had been removed from the nets they were measured, weighed and sexed (into 

male, female and juvenile). Spawning state was classified using five categories (not spawning, 

spawning soon, peak spawning activity, most of the egg/milt spent, completely spent). To 

determine spawning state the bellies were lightly pressed in a backward motion towards the 

vent and then classified according to the flow of milt or eggs. Some individuals were cut open 

so the gonads could be examined to properly determine sex and spawning state. Each fish was 

Lake Intro year Latitude Longitude Temp Altitud Area (ha) Max depth (m) Other species

Gysen 1845 63.6414 14.3934 750 396 1190 40 Pike, perch, roach, trout, burbot

Sörvikssjön 1845 63.5520 15.8496 807 331 575 23 Pike, perch, roach, trout, burbot

Bomsjön 1895 64.6009 17.1052 689 409 423 24 Pike, perch, roach, burbot

Rissjön 1926 64.0289 17.8095 778 334 371 36 Pike, perch, roach, burbot

Stor-Skirsjön 1945 64.0659 16.0843 825 272 882 30 Pike, perch, trout

Oxvattensjön 1926 64.0905 17.8637 740 379 313 26 Pike, perch, roach, burbot

Sällsjön 1870 63.2376 13.6940 773 394 467 27 Pike, perch, roach, trout, burbot

Skarvsjön 1903 64.0320 15.2939 657 425 866 25 Pike, perch, roach, trout, burbot, grayling, European minnow
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given a unique ID before being frozen so lab work could be conducted and matched with this 

information. 

Back in the lab, the number of gill rakers on the outer left gill arch were counted under a 

stereomicroscope. To make sure that the counting was done in a standardized way some of the 

individuals were counted by two persons. 

The ethical permission for this project was provided by Göran Englund under the registration 

number A20-17.  

2.3 Data selection and statistics 

Statistical analyses only include spawning whitefish at peak spawning activity. The reason for 

this selection is to make the results more accurate in the description of divergence related to 

spawning behavior by eliminating noise from individuals that are present for other reasons. 

The spawning period for a population was defined as the number of days that included 95% of 

the fish classified as being in peak spawning activity, the first and last 2.5% were excluded to 

reduce the influence of outliers. For this analysis, whitefish caught during the complementary 

mass fishings was excluded since the variable effort during those samplings would bias the 

estimates of the length of the spawning season. To investigate if spawning behavior diverged 

among morphs and if assortative mating plays a role during spawning within these 

populations, body size and the number of gill rakers in early and late spawning whitefish were 

compared for each population. The idea here was to investigate if differences in a plastic trait 

and a heritable trait increase with time between temporally separated groups of spawning 

whitefish. To get a sample size that would be suited for statistical testing and still maintaining 

temporal separation between early and late spawning whitefish, the earliest 20% of the 

spawners were compared to the latest 20% of the spawners. These analyses included all 

individuals in peak spawning activity from both sampling methods. 

All statistical analyses were done in RStudio. 

3 Results 

There was a positive relationship between the number of spawning days and population age in 

these eight young whitefish populations (linear regression, t=2.71, p<0.05, r2=0.55, Fig. 1A).  

The size difference between early and late spawning fish showed a significant increase with 

increasing population age (linear regression, t=2.81, p<0.05, r2=0.57, Fig 1B).  Three 

populations also showed a significant difference in mean length between early and late 

spawners (Gysen, Sörvikssjön, and Oxvattensjön, marked with asterisks in Fig. 1B). There were 

significant differences in gill rakers numbers between early and late spawners in two lakes 

(Gysen and Bomsjön). However, no significant relationship between divergence in gill raker 

numbers and population age was detected (Fig 2C).   
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Figure 1. Relationships between population age and different measures of divergence. A) Divergence measured as 

the duration of the spawning period. B) Divergence measured as length differences between early and late spawning 

fish). Significant size difference among early/late spawners is represented by asterisks (t-test, p<0.05) and non-

significant differences by black dots. Note that the y-axis is logarithmic. C) Divergence measured as differences in 

gill raker numbers between early and late spawning whitefish. . Early and late spawners were defined as the first 

20% and the last 20% out of all the fish classified as being in peak spawning activity. Regression lines are shown 

when significant.  

To further illustrate how spawning activity in whitefish differs depending on population age I 

plotted the size of spawning fish vs. number of spawning days for the oldest and the youngest 

populations (Fig. 2). The oldest population (Gysen) had a considerably longer spawning period 

and a significant negative relationship between whitefish size and date (linear regression, t=-

8.52, p<0.05, r2=0.36, Fig. 2), whereas the young population (Stor-Skirsjön) shows no 

significant trend (Fig 2). 
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Figure 2. Body size plotted against spawning date for a young population (Stor-Skirsjön, 71 years, represented by 

blue dots) and an old population (Gysen, 171 years, represented by red dots). Each dot represents an individual in 

peak spawning activity. Filled regression line significant and hatched regression line non-significant. 

Supplementary figures showing the distribution of individuals in peak spawning activity 

during spawning for the remaining six lakes is given in the appendix. Out of all these lakes only 

oned showed a significant relationship between body size and spawning date (Figure A1), the 

other lakes showed non-significant relationships (Figures A2-A6). 

4 Discussion 

Elucidating the processes that drive ecological speciation, from initial divergence to 
reproductive isolation, is challenging. These processes are typically played out over very long 
time periods, and it cannot be assumed that the processes acting today were important during 
earlier stages (Schluter 2001). This study addresses this issue by analyzing a chronosequence 
of whitefish populations of different age, thus showing how different traits diverge over time. 
The results show that temporal separation during spawning among whitefish morphs increases 
with time and suggests that this difference most likely allows for both phenotypic and genetic 
divergence to develop. 

4.1 Different measures of divergence and their relevance during early 

stages of speciation 

Temporal separation among populations can be important for achieving reproductive isolation 
in diverging populations (Schluter 2001). The results in this study supports this statement as 
groups of whitefish continuously increase the temporal window for when they spawn, thus 
reducing the chance for contact and breeding between early and late spawning individuals. If 
this continues over longer time periods I expect that the spawning activity of different groups 
will be separated by an even longer temporal window and hence that gene flow among groups 
decreases to very low levels (Ostbye et al. 2005b). This continuous increase of temporal 
spawning segregation fits well with Ohlberger’s theory (2013) where temporal spawning 
segregation develops because individuals living in different habitats experience different 
temperatures and therefore mature at different rates. Interestingly, in the two oldest lakes 
(Gysen and Sörvikssjön) the length distribution of individuals shows a significant decrease in 
size during the spawning period, which can be associated to time spent in the pelagic vs littoral 
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habitats since smaller whitefish prefer the pelagic habitat compared to bigger ones that spends 
more time in littoral zones due to feeding specialization (Kahilainen et al. 2007). In younger 
lakes where adaptive divergence has had less time to induce differences in early and late 
spawners, no significant decreases can be observed. In other salmonid species time of 
spawning has been found to be heritable (Sakamoto et al. 1999), which if true for whitefish, 
could further strengthen the processes driving temporal separation during spawning between 
differently adapted individuals with each passing generation. In the younger populations, 
where the spawning period is the shortest, gene flow among early and late individuals is likely 
to slow down the rate of divergence (Hey 2006). Even with this phenomenon occurring this 
study to show that sympatric populations can diverge quite rapidly.  

Temporal separation among populations can be important for the development of reproductive 
isolation in diverging populations (Schluter 2001). The results from figure 1 A supports this 
statement by showing that the length of the spawning period increases with population age, 
thereby reducing the chance of mating between early and late spawning individuals. If 
divergence continue to develop in these systems, I expect that spawning periods of different 
morphs will become separated by longer time periods and that gene flow among them will be 
less pronounced (Ostbye et al. 2005b). A possible mechanism that could cause different 
maturity rates within a population, thus leading to different timing of the spawning activity, is 
exposure to different environmental conditions within a lake (Saksgård et al. 2002). Olhberger 
et al. (2013) modelled the effects of temperature variation between different habitats on growth 
and maturity rates and showed how this variation could produce temporal segregation between 
individuals using different habitats. In analogy with this idea I propose that small whitefish, 
which usually are pelagic specialists, spend more time in the colder parts of the pelagic 
compared to bigger whitefish which spends most of its time in warmer, shallow littoral zones. 
This difference in habitat temperature should, everything else being equal, lead to slower 
gonad development in smaller whitefish and ultimately leading to later arrival at spawning 
grounds compared to bigger individuals. Therefore, the increasing length of the spawning 
season could be explained by varied exposure to separate temperature zones within a lake due 
to increased specialization for these habitats (in this case the pelagic and littoral zones). 
Observations in older populations of whitefish support this hypothesis as small individuals 
often mature later in the season than larger ones (Saksgård et al. 2002). Another support for 
this argument is the decreasing length of individuals during the spawning period in the two 
oldest populations Gysen (see results) and Sörvikssjön (see appendix), since length is highly 
correlated with habitat use in whitefish. This body size to habitat use correlation has been 
showed by Kahilainen et al. 2007 where smaller individuals spend more time in the pelagic 
and bigger individuals prefer littoral zones in sympatric populations of whitefish. In younger 
lakes where adaptive divergence has had less time to develop we don’t observe this trend. In 
another salmonid species time of spawning has been found to be heritable (Sakamoto et al. 
1999), which if true for whitefish, could further strengthen the processes driving temporal 
separation during spawning. In the younger populations where the spawning period is the 
shortest, gene flow among early and late individuals is likely to slow down the rate of 
divergence (Hey 2006). Despite the presence of the phenomena this study shows that 
sympatric populations can diverge quite rapidly.  

The third trait analyzed in this study, the number of gill rakers, is a genetically controlled trait, 
gill rakers. Differences in gill raker numbers between early and late spawners did not correlate 
with population age, although significant differences were observed on the population level in 
two of the older lakes, Bomsjön and Gysen. A possible explanation for why I did not find such 
a correlation is that 100 years might be too short for natural selection to produce changes in a 
trait with high heritability. For more plastic traits, like body size, environmental variability has 
a bigger impact on trait characteristics than genetics in Coregonids (Kahilainen et al. 2003, 
Pothoven et al. 2001). This could explain why this study detects a significant relationship for 
body size and population age and but not for gill rakers and population age. This observation 
agrees with the idea that genetically controlled traits diverge slower than plastic traits (West-
Eberhard 1989). With this result as a reference I would recommend that future studies cover a 
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longer temporal spectrum to get an even better view of the development of genetic divergence 
in young populations. 
 

4.2 Conclusion 

Studies investigating speciation and polymorphism in natural whitefish populations are 
abundant and has provided valuable insight into the field of speciation ecology (Praebel et al. 

2013, Siwertsson et al. 2010, Østbye et al. 2005b). However, these whitefish systems are quite 
old (> 1000 years) compared to the populations studied here (<171 years). This leaves a gap in 
the story regarding the origin of this diversification and on which temporal scales these 
population changes occur. By comparing three diverging traits in newly established 
populations this study provides rare insights into the processes of early population divergence 
and how different traits diverge with time.  Based on the results from this study I suggest that 
the method and ideas used here are a promising approach to identify mechanisms and 
processes involved in early population divergence. 
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Appendix 

Figures A1-A6 shows the distribution of individuals in peak spawning activity during 

spawning, represented by red dots. The x-axis shows sample date and y-axis represents the 

length of an individual (mm). The red line (or dashed red line) shows a linear regression. 

 

Figure A1. Length plotted against spawning date for Sörvikssjön. Dashed red line is a linear regression (t=-3.92, 

p<0.05, r2=0.04, n=366). Dots represent whitefish in peak spawning activity. 

 

 

Figure A2. Length plotted against spawning date for Rissjön. Dashed red line is a linear regression (t=-1.02, 

p>0.05, r2=0.02, n=61). Dots represent whitefish in peak spawning activity. 
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Figure A3. Length plotted against spawning date for Sällsjön. Dashed red line is a linear regression (t=-1.62, 

p>0.05, r2=0.02, n=119). Dots represent whitefish in peak spawning activity. 

 

Figure A4. Length plotted against spawning date for Skarvsjön. Dashed red line is a linear regression (t=1.72, 

p>0.05, r2=0.06, n=50). Dots represent whitefish in peak spawning activity. 
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Figure A5. Length plotted against spawning date for Bomsjön. Dashed red line is a linear regression (t=1.76, 

p>0.05, r2=0.03, n=121). Dots represent whitefish in peak spawning activity. 

 

Figure A6. Length plotted against spawning date for Oxvattensjön. Dashed red line is a linear regression (t=-1.76, 

p>0.05, r2=0.04, n=79). Dots represent whitefish in peak spawning activity. 
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