
http://www.diva-portal.org

This is the published version of a paper published in PLoS ONE.

Citation for the original published paper (version of record):

Berggren, H., Nordahl, O., Tibblin, P., Larsson, P., Forsman, A. (2016)
Testing for local adaptation to spawning habitat in sympatric subpopulations of pike by
reciprocal translocation of embryos.
PLoS ONE, 11(5): e0154488
https://doi.org/10.1371/journal.pone.0154488

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:umu:diva-141405



RESEARCH ARTICLE

Testing for Local Adaptation to Spawning
Habitat in Sympatric Subpopulations of Pike
by Reciprocal Translocation of Embryos
Hanna Berggren, Oscar Nordahl, Petter Tibblin, Per Larsson, Anders Forsman*

Centre for Ecology and Evolution in Microbial Model systems, EEMiS, Department of Biology and
Environmental Science, Linnaeus University, SE-391 82 Kalmar, Sweden

* anders.forsman@lnu.se

Abstract
We tested for local adaption in early life-history traits by performing a reciprocal transloca-

tion experiment with approximately 2,500 embryos of pike (Esox lucius) divided in paired

split-family batches. The experiment indicated local adaptation in one of the two subpopula-

tions manifested as enhanced hatching success of eggs in the native habitat, both when

compared to siblings transferred to a non-native habitat, and when compared to immigrant

genotypes from the other subpopulation. Gene-by-environment effects on viability of eggs

and larvae were evident in both subpopulations, showing that there existed genetic variation

allowing for evolutionary responses to divergent selection, and indicating a capacity for

plastic responses to environmental change. Next, we tested for differences in female life-

history traits. Results uncovered that females from one population invested more resources

into reproduction and also produced more (but smaller) eggs in relation to their body size

compared to females from the other population. We suggest that these females have

adjusted their reproductive strategies as a counter-adaptation because a high amount of

sedimentation on the eggs in that subpopulations spawning habitat might benefit smaller

eggs. Collectively, our findings point to adaptive divergence among sympatric subpopula-

tions that are physically separated only for a short period during reproduction and early

development—which is rare. These results illustrate how combinations of translocation

experiments and field studies of life-history traits might infer about local adaptation and evo-

lutionary divergence among populations. Local adaptations in subdivided populations are

important to consider in management and conservation of biodiversity, because they may

otherwise be negatively affected by harvesting, supplementation, and reintroduction efforts

targeted at endangered populations.

Introduction
Local adaptation is typically studied among populations that are allopatric [1, 2]. Hence, there
exists considerably fewer examples of local adaptations among sympatric populations (but see
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Richter-Boix et al. [3], Fraser and Bernatchez [4]). Within fine spatial scales, high connectivity
among adjacent areas may facilitate gene flow, thus potentially preventing genetic subdivision
and evolution of local adaptations—especially in aquatic ecosystems where organisms are not
normally as limited by dispersal boundaries [5].

As put forth by Williams [6]; an adaptation is a phenotypic feature which is a product of
past natural selection. If environmental conditions vary among locations and influence survival
of early life stages, such as eggs or larvae, this may lead to local adaptation in early life-history
traits [7] or reproductive strategies [8]. Such strategies may manifest as variation among popu-
lations in, for example, reproductive effort, egg size, growth rate, and size at maturity [8–12].
For instance, females may either produce many eggs of lesser quality, or fewer eggs of higher
quality [13, 14]. However, empirical support for the occurrence of local adaptations in the
aforementioned traits among sympatric populations is rare.

Adaptations to local environment could give individuals higher relative fitness in their
native habitat compared to alternative habitats [2], and also higher relative fitness in their local
environment than immigrant individuals. However, few traits are strictly genetically influenced
[15–17]. Phenotypic variation among individuals and populations may represent underlying
genetic differences, be a consequence of environmentally induced phenotypic plasticity, or
reflect a combination of the two [17–22]. The range of phenotypes that can be produced by a
given genotype within a population in combination with different extrinsic and intrinsic fac-
tors can be described by a reaction norm [15, 16]. The shape of the reaction norm may vary
among genotypes (i.e. genotype by environment interactions), and this can contribute to phe-
notypic differences both within and among populations [23, 24]. High levels of phenotypic and
genetic variation help populations to withstand environmental changes and can facilitate evo-
lutionary modifications [25–28]. Knowledge of population genetic structures and local adapta-
tions is a key to developing successful management strategies for harvested and protected
populations [29, 30].

One classical approach to experimentally test for local adaptation is to perform reciprocal
translocation experiments [2, 31, 32]. Such experiments can also be used to evaluate whether
there exists genetic variation and gene-by-environment interactions within populations [23].

In this study, we tested for evolutionary divergence and local adaptation in traits associated
with reproduction in two sympatric subpopulations of anadromous pike (Esox lucius) on the
southeast coast of Sweden in the Baltic Sea. Esox lucius is a long-lived, iteroparous, large key-
stone predator fish species that is an emerging model organism for studies in ecology and evo-
lutionary biology [33]. Baltic Sea pike spawn for the first time at an age of 1–4 years and then
normally on a yearly basis. Previous studies in our study system suggest that the majority of
individuals mature at age 3–4 [34]. Esox lucius is widespread in the northern hemisphere [35,
36] and inhabits both fresh and brackish water environments.

Our model system consists of genetically distinct subpopulations that spawn in different
freshwater wetlands separated by a short geographic distance (~10 km, see Fig 1) relative to the
dispersal capacity of E. lucius [34, 37]. Individuals spend only a few weeks in the freshwater
spawning habitats during the reproductive and larval periods; hence, subpopulations are only
physically separated for a fraction of the life cycle [37–39]. Outside the reproductive period,
individuals are mixed and share a sympatric foraging habitat in the coastal areas of the Baltic
Sea [34]. This study system thus offers good opportunities to study divergence and local adap-
tation in sympatric subpopulations that only encounter different environmental conditions
and divergent selection for a short period [34, 37]. Local adaptations of sub-populations to
spawning habitats in this system has previously been demonstrated with regards to divergence
in growth of early life stages [34], and number of vertebrae [40].
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We evaluated two assumptions regarding local adaptation to spawning environments by
performing a reciprocal translocation experiment that included approximately 2500 E. lucius
embryos in the wild. First, we tested the hypothesis that offspring should perform better at
“home” than “away” [2] by investigating whether hatching success and survival was higher in
the population’s native spawning habitat than in a foreign spawning habitat. Second, we tested
the hypothesis that native population offspring should outperform non-native population off-
spring [31] by examining whether hatching success and survival was higher in the populations
native spawning habitat compared to that of immigrants. Data from the reciprocal transloca-
tion experiment were also used to test for genotype by environment interactions [23] and to
evaluate whether there was genetic variation within subpopulations upon which natural selec-
tion could act. Finally, we tested for differences in female reproductive effort (measured as the
gonad mass in relation to somatic body mass) and size of eggs (measured as dry egg mass)
between subpopulations.

Materials and Methods

Ethics
All applicable national guidelines for the care and use of animals were followed. Ethical
approval for the study was granted by the Ethical Committee on Animal Research in Linkö-
ping, Sweden (approval 9–06 & 39–10). Permission for field studies was granted by County
Administrative Board in Kalmar (approval 623-1681-13).

Fig 1. Map of study area in the Baltic Sea, southeast coast of Sweden, with marked spawning
locations of the two studied populations of Esox lucius, Lervik (L) and Okne (O). The sites are
separated by approximately 10 km. The map was reprinted from [34] under a CC BY license, with permission
from [The University of Chicago Press], original copyright [2015]. Photographs show the different wetlands
with the five experimental enclosures containing one raft each, and a single raft with holes for ten batches.

doi:10.1371/journal.pone.0154488.g001
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Study area
Esox lucius used in this study originated from two subpopulations that spawned in different
wetlands supplied by water from small streams, Lerviksbäcken and Oknebäcken (width rang-
ing between 1–3 m, mean annual water flow of less than 0.5 m3/s). Both streams flowed
through similar woodlands and agriculture areas, and had outlets located approximately 10 km
apart on the southeast Baltic coast of Sweden [39] (Fig 1). The biotic and abiotic ecological con-
ditions in the two wetlands differed. In Okne, the wetland consisted of flooded grassland with
much submersed vegetation and hard-bottom. In Lervik, the wetland had soft-bottom, less
submersed vegetation and higher amounts of suspended material in the water phase. During
spring, between 500–1500 E. luciusmigrate upstream from the Baltic to the actual spawning
site in the wetlands [37] and reproduction predominately occurs over submerged vegetation
[39, 41]. Natal homing behaviour has been inferred based on comparisons of elemental finger-
printing in the otoliths [42], and spawning migration and site fidelity established based on
recapture histories of marked individuals [37, 43]. Analysis of microsatellite genetic markers
confirm that gene flow between these two subpopulations is restricted (pairwise FST = 0.0668,
P< 0.001) [34, 37].

Reciprocal translocation experiment
Embryos used in the experiment were produced by artificial fertilization in the field. From each
subpopulation, we made up parental pairs consisting of one male and one female (Lervik = 22
pairs, Okne = 18 pairs). We then employed a split-brood experimental design where half of the
offspring was planted in the native habitat and the other half transplanted to the non-native
habitat. We used only one male and one female for each split-brood, and each parental individ-
ual was only used for one split-brood.

During six days (between 15-Apr-2013 and 22-Apr-2013) E. lucius from both subpopula-
tions were captured with fyke nets placed in the streams, thus caught during the migration to
their own choice of spawning ground. Individuals were stripped of gametes into sterile tubes
(50 ml falcon tubes for eggs and 2 ml Eppendorf tubes for milt). To ensure high quality of gam-
etes, and because eggs may have been exposed to water if they lay close to the urogenital open-
ing, we discarded the first batch from each ovulating female. Gametes were kept on ice (up to
2h) until fertilization. Without getting harmed, all E. lucius were safely returned to their natural
habitats immediately after handling, to be able to spawn naturally as well.

Fertilization and subsequent distribution of batches to experimental set-ups were performed
simultaneously in each wetland by two teams of researchers. This was to safeguard against
results being influenced by different handling time. Eggs were counted (approximately 30 eggs
per batch yielding a total of 2466 eggs divided amongst 40 families) and then mixed with milt
(0.2 ml) for 10 seconds in a small glass dish (ø = 5cm). Thereafter, water from the current
spawning habitat was added and the eggs were left for two minutes to promote egg hardening.
The fertilization begins immediately when the egg gets in contact with water and opens up for
the sperm [35, 44]. After two minutes the fertilized eggs were rinsed two times with water and
then placed in separate plastic bins (height = 99 mm, ø = 99–116 mm from bottom to top) in
which the bottoms had been replaced by a net (made of plastic with a mesh size of 1.5x1.5 mm)
to allow water from the wetland to circulate in and out. The split-brood batches were randomly
distributed among five different enclosures in each of the two wetlands (Fig 1). Each enclosure
contained a 50x50x5 cm squared raft made of floating polythene with closed cells (LD45 –Rec-
ticel, Mönsterås, Sweden). Each raft had 10 holes in which the plastic bins with the fertilized
eggs were placed.

Divergence in Sympatric Populations
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Quantification of hatching success and viability of larvae
All batches were examined and photographed (Sony Cybershot DSC-HXI100V digital camera,
focal length 4.8–144 mm) every second to every third day. Hatching of 70 batches occurred
approximately 13 days post fertilization (mean = 13.1, range = 11–16 days) We counted how
many of the eggs that hatched (hatching success) and how many of the hatched larvae that sur-
vived through the yolk sac phase, resulting in binary data that also could be displayed as pro-
portions. Experiment ended by an overdose of benzocaine at the end of the yolk sac phase (6–7
days post hatching).

Evaluating female reproductive effort and egg size
To test for differences between subpopulations in reproductive investment strategies we sam-
pled and sacrificed ripe but not ovulating females (n per subpopulation = 23), when animals
were collected for the translocation experiment. Females with a total length up to 90 cm were
used to achieve a sample of similar sized individuals from both subpopulations. Gonad dry
mass, adjusted for body size, was used as an indicator of reproductive effort, and total length
served as body size measurement. Female total length was measured to the closest millimetre
using a measuring board prior to a careful dissection during which gonads were removed.

Egg dry mass was used as a measure of egg size and quality (in terms of nutrient content)
[45]. Subsamples of ovarian tissue weighing 1 g (0.001 g accuracy, Milligram Balance PB303-s,
Mettler-Toledo) were sampled from each of the anterior, middle and posterior parts of both
ovaries, resulting in six subsamples per individual. The mean value computed across the six
subsamples was used for the analyses of egg size. The numbers of yolked eggs in each subsam-
ple were counted, and egg mass was obtained by converting number of eggs per unit mass to
dry mass per egg. Dry mass of gonads were obtained after drying to a constant mass at 50°C.

Statistical analysis
We treated eggs as individual data points, rather than using family means for each batch, and
applied Generalized linear models (GLMs) and Generalized linear mixed models (GLMMs) to
binary data on hatching success and survival through yolk sac phase.

To evaluate whether subpopulations responded differently to translocation we tested for an
effect of the interaction between treatment and origin by using GLMs with a binomial fit and a
logit-link power function. Then we moved on to analyse populations separately to evaluate
effects of treatment on hatching success and survival through yolk sac phase, respectively, in
separate analyses. In these analyses we also evaluated whether the response to translocation
varied among families by testing for an interaction effect of genotype (family) and environment
on both hatching success and on survival through yolk sac phase. For these analyses we applied
GLMMs with binomial fit where treatment was set as fixed effect, and family and the interac-
tion between family and treatment were set as random effects. Statistical significance of the
random factors was assessed using the log-likelihood ratio test with one degree of freedom per
random effect [46]. Statistical significance of the fixed effects was assessed using the Wald z
test.

Next, we tested for effects of translocation treatment between subpopulations (within
spawning habitats) by using Generalized linear models (GLMs) with a binomial fit and a logit-
link power function.

Statistical analyses were performed in the statistical software R Studio (Version 0.99.879–
2009–2016 RStudio, Inc) using the lme4 package.

Divergence in Sympatric Populations
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To test for differences between subpopulations in reproductive effort and egg size we used
full factorial ANCOVA models. Each response variable was analysed separately, with IBM
SPSS statistics 20.

Results

Effects of translocation on hatching success and survival through yolk
sac phase
For hatching success, subpopulations responded differently to translocation treatment (Gener-
alized linear model, effect of treatment: z = 8.51, P< 0.0001; effect of population: z = 8.73,
P< 0.0001, effect of interaction; z = 7.83, P< 0.0001) (Fig 2a). For survival through yolk sac
phase, subpopulations did not respond differently to translocation treatment (GLM, effect of
treatment: z = 0.72, P = 0.47; effect of population: z = 0.76, P = 0.45; effect of interaction: z =
-0.45, P = 0.65) (Fig 2b). Families from Okne had higher hatching success in their native habi-
tat compared to their non-native habitat (Generalized linear mixed model, effect of treatment:
z = 3.81, P< 0.0001) (Fig 2a). No such difference between spawning habitats was detected
amongst families from Lervik (z = 1.34, P = 0.18) (Fig 2a).

When testing for differences between populations in the Okne wetland, native families had
higher hatching success compared to translocated non-native families from Lervik (GLM,
effect of population: z = 6.64, P< 0.0001) (Fig 2a). In Lervik, there was no difference in hatch-
ing success between native families from Lervik and non-native families from Okne (z = 0.16,

Fig 2. Within- and between-population comparisons of a) hatching success (%) and b) survival
through yolk sac phase (%) for E. lucius reared in native and non-native environments using a
reciprocal translocation experiment. The boxes are indicated with habitat treatment (native vs non-native)
and population origin with grey colour for Okne and white colour for Lervik. The solid lines within the boxes
indicate medians, the boundaries of the box indicate 25th and 75th percentiles, whiskers below and above
indicate 10th and 90th percentiles, and dots indicate outlying observations.

doi:10.1371/journal.pone.0154488.g002
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P = 0.87) (Fig 2a). Survival through yolk sac phase did not differ between native and non-native
families neither within the spawning habitat Okne (GLM, effect of population: z = 0.82,
P = 0.42) nor within the spawning habitat Lervik (z = 1.3, P = 0.19) (Fig 2b).

Effects of family and genotype by environment interactions
The effect of translocation treatment on hatching success depended on family both in the
Okne subpopulation (GLMM, effect of family by environment interaction: χ2 = 74.45, df = 1,
P< 0.0001) and in the Lervik subpopulation (χ2 = 26.84, df = 1, P< 0.0001) (Fig 3a). The effect
of translocation on survival through yolk sac phase also depended on family in Okne (family
by environment interaction: χ2 = 19.05, df = 1, P< 0.0001), but no such interaction effect was
apparent in Lervik (χ2 = 0.61, df = 1, 0.1< P< 0.5) (Fig 3b).

Reproductive investment strategies differed between subpopulations
Females from the two subpopulations invested different amounts of energy into their repro-
ductive tissue in relation to their body size (ANCOVA, effect of population: F1, 43 = 32.7,
P< 0.001; effect of body size: F1, 43 = 299.7, P< 0.001; effect of interaction: F1, 42 = 3.9,
P = 0.055). Females from Lervik had a higher reproductive investment (140.3 g, SE = 4.92)
than females from Okne (99.83 g, SE = 4.92) when compared at estimated marginal mean body
length of 62 cm (Fig 4a).

Females allocated their reproductive effort between number and size of eggs differently
depending on subpopulation and body size (ANCOVA, effect of population: F1, 44 = 18.43,
P< 0.001; effect of body size: F1, 44 = 7.32, P = 0.01; effect of interaction: F1, 44 = 11.45,

Fig 3. Genotype by environment interactions as indicated by pairwise within-family comparisons of a)
hatching success (%), and b) survival through yolk sac phase (%) of Esox lucius depending on habitat
translocation treatment (native vs non-native). Figure show results for Okne to the left and Lervik to the
right. After removal of the outlier families showing the largest differences between treatments (one outlier for
each of the Okne plots), the effect of translocation treatment still depended on family both for hatching
success (χ2 = 1068, df = 1, P = 0.006) and survival through yolk sac phase (χ2 = 74.73 df = 1, P < 0.0001) in
the Okne population.

doi:10.1371/journal.pone.0154488.g003
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P = 0.002). Egg size increased with increasing female body size in Lervik but not in Okne (Fig
4b).

Discussion
We report on differences in life-history traits between two sympatric subpopulations of anad-
romous pike (E. lucius) that spawn in separate wetlands but share a common forage habitat in
the Baltic Sea outside the reproductive period. A reciprocal translocation experiment pointed
to genetic variation and genotype by environment interaction effects on egg hatching success
and larval viability within populations. The results from the translocation experiment further
indicated local adaptation in one of the two subpopulations, manifested as enhanced hatching
success of eggs (but not survival of yolk sac larvae) in the native habitat, both when compared
to siblings transferred to a non-native habitat and when compared to immigrant genotypes
from the other subpopulation. Moreover, data for adult females revealed differences between

Fig 4. Between population comparisons of Esox lucius female reproductive allocation strategies. a)
reproductive effort measured as gonad dry mass as a function of female body size, and b) egg size measured
as dry mass per egg as a function of female body size. Every dot represents one individual and the same
individuals are represented in both graphs. Grey dots indicate individuals from Okne (n = 23) and open circles
indicate individuals from Lervik (n = 23).

doi:10.1371/journal.pone.0154488.g004
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subpopulations in reproductive effort and egg size. We suggest that the observed differences in
hatching success and reproductive strategies represented responses to abiotic and biotic condi-
tions in the local spawning environments, and that responses manifested in different life-his-
tory stages in the different populations.

Genotype by environment interaction effects on offspring viability
Local adaptations can only evolve if there is genetic variation for natural selection to act upon.
Our translocation experiment demonstrated genetically based variation in traits associated
with offspring viability, and that variation was present among families within subpopulations
as well as between subpopulations. Non-genetic maternal effects may have contributed to the
variation seen among families and subpopulations [47, 48], but the crossing norms of reaction
(Fig 3) demonstrated that genetic components also were involved.

There were genotype by environment interaction effects on hatching success in both sub-
populations. For survival through yolk sac phase, there was an interaction effect only in the
Okne subpopulation. These findings showed that some families suffered from decreased off-
spring viability and some families benefitted from increased offspring viability after being
translocated to a non-native spawning habitat. Such variation in reaction norms is necessary
for the evolution of phenotypic plasticity [20, 49, 50] and could help subpopulations to better
withstand environmental changes [17, 21, 27]. This is important for E. lucius (and other spe-
cies) that use spawning habitats with large spatial and temporal variation in environmental
factors.

Subpopulations responded differently to reciprocal translocation
experiment
Theory posits that locally adapted subpopulations have higher fitness in their native habitat
than in alternative habitats, and predicts that there should be a negative effect of translocation
to a foreign habitat [2, 31]. Such a negative effect was evident for hatching success in the sub-
population that naturally spawned in Okne (Fig 2a), suggesting that this subpopulation was
adapted to the local spawning habitat. However, there was no effect of translocation on survival
through yolk sac phase in neither of the studied subpopulations. Theory also posits that native
individuals in locally adapted subpopulations should have higher relative fitness than immi-
grant individuals from foreign subpopulations [2, 31]. This prediction was fulfilled in the Okne
subpopulation; eggs in these families had higher hatching success in their native habitat
(Okne) compared with non-native eggs originating from the Lervik subpopulation (Fig 3a).
For survival through yolk sac phase, there were no differences depending on population origin
within the different spawning habitats. Egg and larval phases are known periods of high mor-
tality in many fish species [51, 52]. That we found no effect of translocation on larvae viability
in neither of the subpopulations suggests that the embryonic phase of E. lucius was more sensi-
tive to extrinsic mortality factors than the first post-hatch period when living on the yolk.

Female reproductive allocation strategies differed between populations
The reciprocal translocation experiment revealed signs of local adaptation in one of the sub-
populations, but the processes behind adaptive divergence might have been operating in both
[31]. Local adaptations related to early life stages can impact on life-history traits expressed
later in life, for example parental reproductive investment strategies [8]. If mortality is high
during early life stages, any adaptations that reduce mortality may have profound fitness
advantages. Our data from the field study uncovered differences between subpopulations in
reproductive effort and in egg dry mass. Egg size can be used as an indicator of egg quality in
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the form of nutrient content and furthermore, it has been shown that larger egg size is associ-
ated with increased larval survival—once hatched [45]. Females from Lervik invested more
resources into reproduction and also produced more eggs in relation to their body size com-
pared to females from Okne (Fig 4a). Females from Okne invested less in gonads in total, but
allocated more energy into each egg compared to females from Lervik (Fig 4b). Changes in
early life stages can impact on life-history traits expressed later in life, for example parental
reproductive investment strategies [8]. In accordance with this notion, we suggest that females
from subpopulation Lervik may have adjusted their reproductive strategies as a response to less
favourable abiotic conditions in the spawning habitat, to increase the number of recruiting off-
spring and thereby spreading their chances (i.e. bet-hedging). We discuss this possibility in
more detail below.

What environmental factors might have contributed to the divergence
between populations in different life-history traits?
The Lervik wetland was less vegetated, had a different bottom substrate [39], and higher
amounts of suspended materials in the water phase. This caused considerable sedimentation
onto the eggs (Fig 5). Sedimentation of finer particles on eggs reduces hatching success in E.
lucius [35, 44, 53] and other anadromous fish species [54]. This might explain the lowered
hatching success for Okne offspring in the Lervik wetland. However, if the observed differences
are due to habitat quality alone, why did Okne offspring outperform Lervik offspring in the
Okne wetland? One reason for the observed difference in hatching success could be that
females from Lervik produced smaller eggs. This reasoning builds on the assumption that egg
size is positively correlated with hatching success and survival of larvae [55]. However, Murry
et al. [45] found a negative correlation between egg size and hatching success in pike. An expla-
nation based on lower hatching success of small compared with larger eggs also is inconsistent
with the finding that hatching success was similar for both subpopulations in the Lervik wet-
land (Fig 2). We propose another explanation: that higher fecundity and smaller eggs produced
by females from Lervik represent counter-adaptations or physiological adjustments caused by

Fig 5. The two spawning wetlands differed in bottom substrate, causing sedimentation and particles
that adhered to the surfaces of the Esox lucius eggs in Lervik. The pictures show egg batches from the
same family, hence planted at the same time but in different wetlands: the batch to the left in Okne and the
batch to the right in Lervik. This split-brood is two days old.

doi:10.1371/journal.pone.0154488.g005

Divergence in Sympatric Populations

PLOS ONE | DOI:10.1371/journal.pone.0154488 May 3, 2016 10 / 15



a feed-back loop from local abiotic conditions. In Lervik, smaller eggs may permit sufficient
oxygen transfer and promote embryonic development and hatching success despite sedimenta-
tion [56]. It is thus possible that lower hatching success caused by sedimentation in Lervik has
selected for increased fecundity in females originating from this population (Fig 4) [8, 13].
Conversely, females from Okne may produce fewer but larger eggs to increase survival proba-
bility of their offspring, under the assumption that biotic interactions such as competition and
cannibalism were more intense in this environment compared with Lervik. This suggestion is
based on the observation that when the numbers of emigrating fry were quantified in 2008, the
number in Okne exceeded that in Lervik by>80000 whilst the number of spawning adults was
similar in the two wetlands [34, 37, 39, 42].

Based on the present study approach we cannot determine whether the differences in repro-
ductive allocation strategies between subpopulations were of genetic origin. However, for dif-
ferences to represent phenotypic plasticity, adult females from the two subpopulations would
probably need to utilize different foraging habitats. This seems not to be the case. Past investi-
gations show that the subpopulations of E. lucius used in this study mix in the coastal waters
outside of the reproductive period and thus share a common foraging habitat, utilizing similar
resources [34]. The sympatric foraging area can be considered as an homogeneous ecosystem
based on community analyses of macrophytes, invertebrates and fish showing very high simi-
larities across sampling sites [34]. It is therefore plausible that the observed differences in
reproductive strategies between females from Lervik and Okne reflected differences either in
their ability to acquire resources or in the way they allocated resources between competing
demands [57], not that they utilized different environments.

We cannot identify with certainty what extrinsic selective factor(s) might have contributed
to the differences seen in our study system. Predation regimes and intensity of competition can
shape the evolution of life-history strategies [10, 58–60]. However, it is unlikely that any of
these factors was responsible for the variation in hatching success seen in our study. Differences
in the intensity of competition for food, or cannibalism, also cannot account for the observed
variation among families in survival of hatched larvae, because the experiment was terminated
at the end of the yolk sac phase before larvae started to feed. Because performance of eggs and
larvae was monitored in cages, predation can be excluded from the list of potential sources of
variation in the experiment. Although predation and competition cannot have influenced the
results of the translocation experiment, these factors might affect the success of naturally
deposited eggs and free-living larvae and may thus have contributed to the evolution and main-
tenance of the differences between subpopulations.

Another mechanism that may have shaped experimental results and driven local adaptation
is susceptibility to disease [61]. Host species are exposed to a multitude of parasites and patho-
gens in their natural habitat [62], and fish ecotypes are often confronted with contrasting para-
site communities [63, 64]. Future studies should investigate whether differences in pathogen
and parasite faunas between these spawning habitats have played a role in shaping the patterns
reported in the present study.

Natal homing and spawning migration may reinforce population
divergence
Differences among populations may evolve as a result of divergent selection and local adapta-
tion [65, 66], random processes such as drift [65], or as a consequence of matching habitat
choice [67], or even spatial sorting [68]. In our study system, natal homing and spawning
migration behaviour may have promoted population differentiation by constraining gene flow
[34, 37, 43]. Legget [69] suggests that homing to natal spawning areas can facilitate evolution
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of local adaptations through reproductive isolation, and ensure that populations continue to
occupy habitats compatible with their life-history. This fits well with our present results. Esox
lucius seem to choose the same spawning habitat from which they originate and this may have
led to reproductive isolation, reinforced local adaptations of juvenile life stages, and possibly
resulted in different reproductive allocation strategies. With increasing degree of adaptations
to local spawning habitats, selection for natal homing and the differential allocation strategies
documented in this study should become stronger.

Conclusions
Our findings provide support of evolutionary divergence among sympatric subpopulations in
which individuals only are physically separated for a short period during reproduction and
early development. Results further uncovered differences in reproductive effort and egg size
between females from the two subpopulations. These differences in number and size of eggs
might reflect counter-adaptations to differences between spawning habitats, such as sedimenta-
tion on eggs, or in the intensity of competition and cannibalism. This study emphasizes the sig-
nificance of investigating life-history traits across different life stages when studying divergence
among populations, which makes it important from a pure scientific perspective. Our results
are also important in the light of management and conservation of biodiversity. If local adapta-
tions of sympatric subpopulations are overlooked or not taken into consideration, supplemen-
tation and reintroduction efforts might have consequences that are detrimental for population
fitness.
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