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Original Article

Habitat fragmentation induces rapid 
divergence of  migratory and isolated 
sticklebacks
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Ecology group, Groningen Institute for Evolutionary Life Sciences, University of Groningen,  
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The adaptive capacity of many organisms is seriously challenged by human-imposed environmental change, which currently hap-
pens at unprecedented rates and magnitudes. For migratory fish, habitat fragmentation is a major challenge that can compromise 
their survival and reproduction. Therefore, it is important to study if fish populations can adapt to such modifications of their habitat. 
Here, we study whether originally anadromous three-spined stickleback populations (Gasterosteus aculeatus; “migrants”) changed 
in behavior and morphology in response to human-induced isolation. We made use of a natural field-experiment, where the con-
struction of pumping stations and sluices in the 1970s unintendedly created replicates of land-locked stickleback populations (“resi-
dent”) in the Netherlands. For two years, we systematically tested populations of residents and migrants for differences in morphology 
and behavioral traits (activity, aggressiveness, exploration, boldness, and shoaling) in lab-based assays. We detected differences be-
tween migrant and resident populations in virtually all phenotypic traits studied: compared with the ancestral migrants, residents were 
smaller in size, had fewer and smaller plates and were significantly more active, aggressive, exploratory and bolder, and shoaled less. 
Despite large ecological differences between 2018 and 2019, results were largely consistent across the two years. Our study shows 
that human-induced environmental change has led to the rapid and consistent morphological and behavioral divergence of stickleback 
populations in about 50 generations. Such changes may be adaptive but this remains to be tested.

Key words:  animal personality, anthropogenic changes, behavioral syndrome, Gasterosteus aculeatus, migration.

INTRODUCTION
Humans induce unprecedented fast changes in many habitats, 
thereby imposing new selective pressures to animal populations. 
Animals thus need to implement quick adaptive responses to these 
changes to maintain their ability to survive and reproduce. One 
of  the first responses to these challenges is often behavioral as be-
havior directly mediates how individuals interact with their envi-
ronment. Consequently, it is expected that individuals will respond 
to human-induced changes through behavioral modifications as 
a first step, which then may pave way for other morphological 

and/or physiological adaptations (Sih et al. 2011; Tuomainen and 
Candolin 2011; Wong and Candolin 2015).

Animal personalities are behavioral traits that are consistent 
across time or contexts and are often correlated to form “behav-
ioral syndromes” (Stamps and Groothuis 2010). Animal personal-
ities presumably have significant consequences for the speed and 
the outcome of  adaptation processes to changing environments 
(Bolnick et  al. 2011; Dall et  al. 2012; Sih et  al. 2012; Wolf  and 
Weissing 2012). For example, personality variation may slow-
down or speed-up rate of  microevolution depending on whether 
personality structure retards adaptive evolution (Dochtermann 
and Dingemanse 2013)  or provides “pre-adapted” phenotypes, 
which drive faster adaptation in multiple dimensions (Wagner and 
Altenberg 1996; Barrett and Schluter 2008; Wolf  and Weissing 
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2012; Van Gestel and Weissing 2018). Furthermore, existence of  
personalities and mechanisms maintaining such intraspecific varia-
tion within populations can have an immense effect on the adaptive 
potential of  these populations in response to environmental change 
(Réale et al. 2007; Bolnick et al. 2011; Dall et al. 2012; Wolf  and 
Weissing 2012; Moran et al. 2016).

Human-driven changes have disproportionately affected fresh-
water species, which have suffered the largest declines of  84% on av-
erage (WWF living planet report 2020). One of  the greatest threats 
is habitat fragmentation that decreases habitat size and functional 
connectivity between habitats (Legrand et al. 2017). Migratory fish 
species, in particular, rely on moving between sea and freshwater 
or between other habitats to reach spawning and nursery habitats 
(Fullerton et al. 2010). Hence, blocking access to these habitats can 
compromise the reproduction and survival of  such migratory species 
(Lucas and Baras 2001). The important questions that connect the 
fields of  animal personality, conservation, ecology, and evolution are 
whether and how migratory fish can adapt to the sudden isolation. 
Our study system in the north of  the Netherlands is well-suited to 
address such questions: In the last 50 years, man-made barriers (such 
as pumping stations and sluices) have been extensively built in rivers 
to maintain water levels below sea-level, with the consequence that 
it has blocked some of  the side arms of  main river channels. This 
created an unintended natural field experiment, wherein several 
populations of  anadromous three-spined sticklebacks (Gasterosteus 
aculeatus) (“migrants”) have become land-locked (“residents”) in some 
of  these replicate side-arms of  the river. Over contemporary time-
scales, we expect resident populations of  sticklebacks to have experi-
enced very different selection pressures by completing their life-cycle 
entirely in freshwater as opposed to their ancestral migrants, that 
spend a significant part of  juvenile growth at the sea, during winter. 
We used this opportunity to study whether resident populations ex-
hibit consistent phenotypic differences (morphology and personality) 
compared with ancestral anadromous sticklebacks, as a result of  this 
recent human-driven change.

Three-spined sticklebacks have become a model system for 
studying rapid phenotypic divergence because populations generally 
harbor high standing phenotypic variation (e.g. Jones et  al. 2012), 
which enables them to adapt to a multitude of  environments and 

through various proximate mechanisms (genetic, hormones, de-
velopmental plasticity, parental effects) (see review for freshwater 
colonization in Table 1). Likewise, other examples are phenotypic 
differences that have been repeatedly among populations with and 
without exposure to predation (Bell and Sih 2007; Dingemanse et al. 
2007, 2009; Stein et al. 2018; Dingemanse et al. 2020). Yet, little is 
known about population phenotypic divergence (including behavior 
and morphology) following habitat fragmentation over shorter time-
scales. To fill this knowledge gap, we sampled resident and migrant 
stickleback populations more than two years and quantified differ-
ences in morphology and in behavioral traits involved in movements 
and anti-predator strategies: activity, aggressiveness, exploration, 
boldness, and sociability (Seghers and Magurran 1994; Wolf  et al. 
2008, 2011; Cote et al. 2010, 2013; Chapman et al. 2011; Trompf  
and Brown 2014; Sommer-Trembo et al. 2017). In this species, these 
behaviors are moderately repeatable (e.g. for the classical behav-
ioral assays in Dingemanse et al. 2007, repeatability ranges between 
0.339 and 0.552,) and can be phenotypically integrated (Bell and 
Stamps 2004; Bell 2005; Bell and Sih 2007; Dingemanse et al. 2007, 
2020; Kim and Velando 2015). Our field system provides a good 
opportunity to answer whether ~50 years of  isolation have been suf-
ficient to induce morphological and behavioral differences between 
resident and migrant populations. We thus studied populations of  
residents and migrants in our system more than two study years. 
Based on the synthesized literature on freshwater adaptation in this 
species (Table 1), we expect that individuals in resident populations 
should exhibit smaller body size with less armature as well as de-
creased levels of  activity, exploration, boldness, and shoaling com-
pared with the ancestral migratory population.

METHODS
Study populations and data collection

Our study sites were located along two main rivers, Termunterzijldiep 
and Westerwoldse Aa originating from the Ems Dollard estuary in 
the province of  Groningen, the Netherlands. We caught incoming 
migrants at the two sea locks (“TER” [53°18′7.24ʺ’, 7°2′17.11ʺ] 
and “NSTZ” [53°13′54.49ʺ, 7°12′30.99ʺ]), whereas resident stickle-
backs were caught in two adjacent land-locked polders (“LL-A” 

Table 1
Overview of  freshwater adaptations from marine and migratory three-spined sticklebacks. Sticklebacks can adapt to freshwater via 
a multitude of  proximate mechanisms. This table provides a non-exhaustive overview of  these mechanisms that may be at play in 
our migrant-resident study system

Trait Change following freshwater adaptation Mechanism Reference

Life history Younger and smaller at maturity, Lower growth rates, 
association between growth rate and plate morphology in 
freshwater (low-plated morphs grow faster in freshwater 
compared with high-plated morphs)

Genetic and/or developmental 
plasticity

(Snyder 1991; Marchinko 
and Schluter 2007; Robinson 
2013) 

Morphology Reduction in number and size of  lateral plates, reduction in 
size of  dorsal spines, diminution or absence of  pelvic spines

Genetic and/or developmental 
plasticity

(Bell et al. 1993; Colosimo 
2005)

Physiology Lower thyroid levels, lower metabolic rates, osmoregulation, 
tolerance to freshwater

Genetic, Developmental plasticity, 
Transgenerational plasticity, 
Parental effects

(Lam and Hoar 1967; 
Kitano et al. 2010, 2012a; 
b; Kitano and Lema 2013; 
Kusakabe et al. 2017)

Swimming 
ability / 
Buoyancy

Lower swimming endurance, interaction between plates and 
size of  swim-bladder (reduce tissue density / lateral plates or 
increase size of  swim-bladder)

Genetic (Tudorache et al. 2007; 
Dalziel et al. 2012)

Behavior Decrease in schooling, shoaling, anti-predator behavior 
toward freshwater predators, parental care

Genetic, Developmental plasticity, 
Transgenerational plasticity, 
Parental effects

(Wark et al. 2011a; Di-Poi 
et al. 2014; Stein and Bell 
2014 2019; McGhee et al. 
2015)
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[53°17′56.14ʺ, 7°2′1.28ʺ] and “LL-B” [53°17′16.52ʺ, 7°2′26.46ʺ]) 
(Supplementary Information 1a). The land-locked populations are a 
part of  a network of  isolated freshwater ditches from the side arms 
of  the main river, with depths less than three meters and width up 
to 8 meters with ample vegetation. LL-A is blocked from the main 
river by a historic sluice that is not functional (Supplementary 
Information 1b) and LL-B is separated by a pumping station 
(Supplementary Information 1c). To prevent sampling biases, we 
used lift-, hand- and fyke-nets in resident populations and lift netting 
for incoming migrants directly at the fish passages at the sea locks, 
ensuring that fish of  all behavioral types were caught. Apart from 
the spatial separation, which aided us in assigning migrant and resi-
dent status to fish, we also repeatedly sampled either in and outside 
the land-locked polders as well as in and outside of  the migratory 
season (with electrofishing) in order to confirm our assignment of  
“residents”. We consistently found resident fish all year round while 
migrants were absent outside the breeding season.

All individuals were transported to the laboratory within 2 h of  
capture in aerated bags. After acclimatization to the laboratory con-
ditions (temperature and 1% salinity water) for 1 h, we took the fol-
lowing morphological measurements of  all individuals: total length 
(the length from the tip of  the snout to the end of  the tail), standard 
length (the length from the tip of  the snout to the base of  the tail), 
body mass, category of  lateral plating (fully-plated, partially-plated 
and low-plated forms) (Bell and Foster 1994), and clipped fins and/
or spine of  individuals for unique individual identification. We 
could not count the plates accurately in live specimens and used a 
rule of  thumb that follows this description: low-plated (10 or fewer 
plates), partially-plated (11–20 plates), or fully-plated (21–30 plates). 
When we applied this classification to fish where the plates could be 
counted accurately (e.g. dead specimens), it turned out to be quite 
reliable. Sometimes, partially-plated resident fish were classified as 
completely-plated (or vice versa), but we are confident that our clas-
sification is largely correct. We used standard length as proxy for size 
in all analyses because this measure is highly correlated with the 
two other measures namely, total length and body mass and was 
less error prone than total length (Supplementary Information 3).

Thereafter, we placed each fish in an individual “home tank” 
(30  × 16  × 18  cm [L × W × H]) that was visually isolated from 
others and enriched with one artificial plant. Fish were fed frozen 
blood worms and brine shrimps (3F Frozen Fish Food bv.), ad lib-
itum. On the following day, the fish were allowed to acclimatize 
to the new environment and laboratory conditions (day 0). From 
day 1 to day 4, fish were subjected to a range of  behavioral tests 
(Figure 1). On day 6 or 7 fish were released in the wild at their site 
of  origin or kept in the lab for further breeding experiments. The 
laboratory conditions were set to mimic the natural conditions in 
terms of  air temperature (range 5 to 20 °C, depending on season) 
and photoperiod (range 10:14 L:D to 16:8 L:D, cycled with natural 
levels). Fish were monitored every day and individuals that showed 
signs of  injury or sickness were removed immediately or before the 
behavioral assay (n = 65).

Data collection occurred between March and May in the years 
2018 and 2019. These years were drastically different in terms of  
the weather conditions of  the summer and winter of  the previous 
years (see Supplementary Information 2). Compared with winter of  
2017, the winter of  2018 was particularly cold with frozen ditches 
and main canals until March and the following summer was in con-
trast very warm and dry leading to small ditches partly drying up 
(Maximum daily temperature (2017 vs. 2018): 29.9 °C vs. 35.7 °C; 
mean annual precipitation (2017 vs. 2018): 25.9 cm vs. 17.88 cm; 

data from Royal Netherlands Meteorological Institute). In 2018, a 
total of  251 fish were caught (189 migrants and 62 residents) and 
in 2019, 74 fish were caught (38 migrants and 36 residents). It is 
noted that in 2019, we were successful in capturing migrants from 
only one population (“NSTZ”). Our sample size was determined 
by the number of  fish we could successfully catch, while ensuring 
that batches were caught at different time intervals to avoid con-
founding effects of season.

Wild animals were sampled using a fishing permit from Rijksdienst 
voor Ondernemend Nederland (The Netherlands) and an angling permit 
from the Hengelsportfederatie Groningen-Drenthe. Housing and 

Acclimatize for 24 Hrs

Activity Aggressiveness

Exploration

Boldness

Shoaling A Shoaling B

Figure 1
Behavioral assays. The flow chart represents the order in which assays 
were performed along with illustration of  different behavioral assays and 
the placement of  grids used for extracting different parameters.
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testing of  behaviors were in adherence to the project permit from 
the Centrale Commissie Dierproeven (The Netherlands) under license 
number AVD1050020174084.

Behavioral assays

Five behaviors were scored for both migrants and residents: ge-
neral activity in home tank, aggression towards a conspecific from 
the same location, exploration of  a novel environment, boldness 
in a predator inspection trial, and shoaling tendency (Figure 1). 
Activity, aggression, and exploration were live-scored by five ob-
servers whereas the boldness tests and shoaling assays were filmed 
and subsequently scored using the software BORIS v.6.2.4. (Friard 
and Gamba 2016). Details of  each assay are given below. The tests 
were performed during the light period (usually between 9 am and 
6 pm). The sequence of  fish to be tested was drawn at random. It 
was not possible to be blind to the status of  fish, as migrants and 
residents exhibited large size differences.

Several variables were measures for behavioral traits (except 
shoaling) and morphology. We used one of  these variables as a 
proxy of  the behavior of  interest, as it is easier to interpret. We 
thus performed principal component analyses (PCA) including all 
measured variables per behavior under study and used the first 
principal component PC1 (explaining most of  the variance) as a 
proxy for the activity and exploration (Supplementary Information 
3) and we chose other variables or a composite of  it based on bi-
ological reasons for aggression and boldness, as mentioned below. 
The PCA-based results (not reported), did not differ from the re-
sults on the single variables.

Activity

The general activity level of  each individual was recorded in 
their home tank using a grid at the bottom of  the tank (Figure 
1). Each individual was observed for a period of  60  s and its po-
sition in a 10 × 6 square grid space was recorded every 5 s. With 
the recorded position the following values were calculated: unique 
squares visited, number of  square changes, and total distance trav-
elled (adapted from Dingemanse et  al. 2007). In the analyses re-
ported in the main text, we used number of  square changes as a proxy 
for “activity”.

Aggression

Immediately after the activity test, we introduced an empty trans-
parent glass in one corner of  the home tank, in order to accli-
matize the focal fish to the new object (120  s). Subsequently, the 
empty glass was replaced with a similar one containing a smaller 
conspecific from the same population (“intruder”). During the fol-
lowing 120  s, we scored the position of  the focal individual and 
its response towards the intruder (bites, spine-up display) every 10 s 
(Figure 1). The mean and minimum distance to the intruder and 
the total number of  bites were then calculated (adapted from Bell 
and Stamps 2004). Spine-up threat display was hard to notice for 
residents because of  their smaller spines and subsequently dropped 
from observations. We re-used intruders for a maximum of  five dif-
ferent trials and controlled for intruder identity in the later analyses. 
To disentangle aggression from sociability, we used the total number 
of  bites as a proxy for “aggression”, rather than the time spent near 
the intruder.

Exploration

For studying exploration in a novel environment, the focal fish was 
placed into an opaque acclimatization compartment (4  × 6  cm) 

within a tank of  size equal to the home tank, a water level of  5 cm, 
and with a 10 × 6 square grid at the bottom. The tank included 
five stones that extend to the top of  the water surface to block the 
view and force the fish to swim around them to gather information 
about the environment (Figure 1). After an acclimatization period 
of  120  s, the compartment was gently removed, releasing the fish 
into the arena and the subject started the exploration test, lasting 
for 300 s. During this period, the position of  the focal fish was re-
corded every 5  s. With the recorded position the following values 
were calculated: unique squares visited, number of  square changes, 
and total distance travelled (adapted from Dingemanse et al. 2007). 
In the analyses reported in the main text, we used number of  square 
changes as a proxy for “exploration”.

Boldness

In the boldness tests, we measured the responses of  the focal fish 
toward a model of  a predator, European perch (Perca fluviatilis), with 
jointed soft body that moves realistically when displaced remotely 
using a thread (Kozak and Boughman 2012). European perches 
naturally occur in our field sites and are considered one of  the pri-
mary predators of  sticklebacks (Hoogland et  al. 1956). The focal 
fish was moved from its home-tank into a bigger, novel tank (60 × 
30 × 30 cm) with three compartments, filled with 10 cm of  water. 
Of  the three compartments, the predator model was presented in 
the left compartment while the focal fish was released from the right 
compartment. The space between the “fish” compartment and 
“predator” compartment was divided into 8 equally spaced grids 
with one fish-distance (6 cm) between the subsequent grids (Figure 
1). The focal fish was first placed into the fish compartment of  
the tank. The barrier at the fish compartment was removed while 
the opaque barrier at the predator compartment was retained. 
Subsequently, the focal fish could explore the novel tank for a pe-
riod of  120 s without the predator being visible. After that period, 
the focal fish was gently pushed back into the fish compartment 
and the barrier was replaced. Meanwhile, the opaque barrier to the 
predator model was removed and replaced by a transparent barrier. 
After this was done, the barrier of  the fish compartment was re-
moved again to allow the focal fish to view the predator. The bold-
ness trial of  300 s was recorded with a camera. In the subsequent 
video-scoring, the latency to exit the fish compartment, the number 
of  inspection bouts (i.e. directed swimming towards the predator 
crossing at least one square and ending when the fish swam back 
into the opposite direction), the total duration of  inspection bouts, 
the number of  predator visits (i.e. visiting the last grid next to the 
predator compartment, <6  cm), the total duration spent near the 
predator compartment, and the minimum distance to the predator 
compartment were recorded. If  a fish did not exit, its latency to exit 
amounted to the maximum or 300 s and all other values were re-
corded as NA (adapted from Wilson and Godin 2009). At least half  
of  the water was replaced after testing 10 fish in the arena.

We used the number of  inspection bouts towards the predator 
(number of  inspection bouts performed in the first minute after 
the focal fish entered the arena) as a proxy for “boldness”. This 
measure is preferable to latency to exit, as it is less related to activity 
(an early exit may reflect higher activity level) and to time spent near 
predator, as it takes into account the total time the fish spent in the 
test arena.

Shoaling – A

In 2018, individual shoaling tendency was scored in a group of  
ten fish. Fish that were captured on the same day and within the 
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testing of  behaviors were in adherence to the project permit from 
the Centrale Commissie Dierproeven (The Netherlands) under license 
number AVD1050020174084.

Behavioral assays

Five behaviors were scored for both migrants and residents: ge-
neral activity in home tank, aggression towards a conspecific from 
the same location, exploration of  a novel environment, boldness 
in a predator inspection trial, and shoaling tendency (Figure 1). 
Activity, aggression, and exploration were live-scored by five ob-
servers whereas the boldness tests and shoaling assays were filmed 
and subsequently scored using the software BORIS v.6.2.4. (Friard 
and Gamba 2016). Details of  each assay are given below. The tests 
were performed during the light period (usually between 9 am and 
6 pm). The sequence of  fish to be tested was drawn at random. It 
was not possible to be blind to the status of  fish, as migrants and 
residents exhibited large size differences.

Several variables were measures for behavioral traits (except 
shoaling) and morphology. We used one of  these variables as a 
proxy of  the behavior of  interest, as it is easier to interpret. We 
thus performed principal component analyses (PCA) including all 
measured variables per behavior under study and used the first 
principal component PC1 (explaining most of  the variance) as a 
proxy for the activity and exploration (Supplementary Information 
3) and we chose other variables or a composite of  it based on bi-
ological reasons for aggression and boldness, as mentioned below. 
The PCA-based results (not reported), did not differ from the re-
sults on the single variables.

Activity

The general activity level of  each individual was recorded in 
their home tank using a grid at the bottom of  the tank (Figure 
1). Each individual was observed for a period of  60  s and its po-
sition in a 10 × 6 square grid space was recorded every 5 s. With 
the recorded position the following values were calculated: unique 
squares visited, number of  square changes, and total distance trav-
elled (adapted from Dingemanse et  al. 2007). In the analyses re-
ported in the main text, we used number of  square changes as a proxy 
for “activity”.

Aggression

Immediately after the activity test, we introduced an empty trans-
parent glass in one corner of  the home tank, in order to accli-
matize the focal fish to the new object (120  s). Subsequently, the 
empty glass was replaced with a similar one containing a smaller 
conspecific from the same population (“intruder”). During the fol-
lowing 120  s, we scored the position of  the focal individual and 
its response towards the intruder (bites, spine-up display) every 10 s 
(Figure 1). The mean and minimum distance to the intruder and 
the total number of  bites were then calculated (adapted from Bell 
and Stamps 2004). Spine-up threat display was hard to notice for 
residents because of  their smaller spines and subsequently dropped 
from observations. We re-used intruders for a maximum of  five dif-
ferent trials and controlled for intruder identity in the later analyses. 
To disentangle aggression from sociability, we used the total number 
of  bites as a proxy for “aggression”, rather than the time spent near 
the intruder.

Exploration

For studying exploration in a novel environment, the focal fish was 
placed into an opaque acclimatization compartment (4  × 6  cm) 

same population were placed into a larger tank (60 × 30 × 30 cm) 
filled with 10  cm of  water where they could interact freely with 
each other (Figure 1). After 120 s, all shoaling fish and then all non-
shoaling fish were caught, identified, and shoal composition noted. 
Fish were considered to shoal if  they associated with another fish 
within one-fish distance (<6 cm) at the end of  the test. The proce-
dure was repeated three times to calculate a shoaling score or ratio 
(1.0 is when individual was found to be associated with the shoal in 
all three trials, adapted from Wark et al. 2011).

Shoaling – B

The shoaling assay conducted in 2018 adopted a setting where 
individuals were able to interact with one another. However, this 
captured very little among-individuals differences. Hence, we re-
adjusted this test in 2019 by assaying individual shoaling in a large 
tank divided into three compartments: a central testing arena where 
the focal fish was released and two end compartments containing 
the stimulus shoal (n = 5 unfamiliar conspecifics) and two distracter 
fish (n  =  2 unfamiliar conspecifics) (Figure 1; adapted from Wark 
et  al. 2011). The stimulus shoal and distracter fish comprised of  
migrants if  the focal fish was migrant and residents otherwise. The 
stimulus shoal and distracter fish compartments were switched in 
sides to prevent a place or side bias and the fish were replaced 
with new stimulus shoal and distractor fish after five trials. At the 
start of  the test, the focal fish was allowed to acclimatize for 120 s 
in the central arena without viewing the ends compartments that 
were covered with opaque barriers. The focal fish was returned to 
its home-tank momentarily and the opaque barriers were replaced 
with transparent barriers. The focal fish was then reintroduced to 
the center of  the focal arena to record its shoaling behavior for 
300  s (shoaling time, spending one fish-distance (<6 cm) from the 
shoal). The water was partially replaced after testing 10 fish in the 
arena.

Statistical analyses

To test whether resident and migrant fish differ in the propor-
tions of  the three common lateral plate morphs, we used a Chi-
squared test for each year separately. We then analyzed variation 
in standard length and all the behavioral traits measured (activity, 
aggression, exploration, standardized scores for predator inspec-
tion, and shoaling) in Linear Mixed Models (LMMs) with Gaussian 
errors. Status (resident vs. migrant, with migrant being the reference 
category), year (2018 vs. 2019, 2019 being the reference category), 
and status × year interactions were included as fixed effects. Date 
and time of  testing did not have a significant effect and were thus 
removed from the models. In all models, observer ID and the combi-
nation of  population ID-year (four populations in 2018 and 3 popula-
tions in 2019, giving 7 levels, as population is the unit of  replication 
for our inferences) were fitted as random effects. We did not de-
tect any sex differences in any of  the behaviors (Supplementary 
Information 4), and thus decided to pool data from both sexes. All 
GLMMs were constructed in R v. 3.6.1, R Core Team (2019) using 
the lmer function of  the “lme4” package (Bates et  al. 2015). The 
statistical significance of  fixed effects was assessed based on the 
95% confidence interval (CI): an effect was considered significant 
when its 95% CI did not include zero. The sample sizes slightly 
varied between tests due to missing data and are reported with the 
outcome of  each statistical test.

To establish the existence and structure of  behavioral syndromes 
in migrants and residents, we ran multivariate mixed models that 

estimate covariances and correlations among all traits. However, 
due to lack of  model convergence, covariances could not be esti-
mated this way. Other advocated methods (e.g. Structural equation 
modelling [SEM]; Dingemanse et  al. 2010) could not be applied 
due to limited sample sizes. Hence, we estimated syndromes based 
on pairwise Spearman correlation with sequential Benjamini-
Hochberg correction for multiple testing (Benjamini and Hochberg 
1995). Data were zero-inflated in some behaviors (Aggression in 
residents; Activity and Aggression in migrants). We discarded these 
behaviors from the correlational analyses to prevent spuriously 
high correlation coefficients. Correlation analyses focus on pair-
wise relationships between traits, thus ignoring higher-order effects 
(Dingemanse et al. 2010). To overcome this, we also compared the 
results of  a PCA approach to summarize the structure of  relation-
ship between all the behaviors within categories of  migrants and 
residents between the years, which did not yield qualitatively dif-
ferent results (not shown).

RESULTS
Morphological differentiation

Residents had more low-plated forms compared with migrants 
in 2018, but not in 2019 (Figure 2a), although the difference be-
tween migrants and residents seem to display a similar pattern in 
both years. This is confirmed by chi-square test on the relative pro-
portions of  lateral plate morphs between residents and migrants 
(Proportions of  fully, partial and low plated morphs in 2018 = 0.44, 
0.47, 0.09 in migrants and 0.15, 0.30, 0.56 in residents respectively; 
χ 2 (df = 2, N = 247) = 64.536, P < 0.01 and in 2019 = 0.68, 0.18, 
0.15 in migrants and 0.56, 0.16, 0.28 in residents respectively; χ 2 
(df = 2, N = 66) = 1.785, P = 0.410). Residents were significantly 
smaller than migrants in both years (Table 2; Figure 2b). All fish 
were also larger in 2019 compared with 2018 (Table 2; Figure 2b).

Behavioral differentiation

In both years, residents were significantly more active (87.5% of  the 
migrants did not exhibit movements at all in their home-tanks), more 
exploratory and bolder compared with migrants (Table 2, Figure 2c, 
e, f, respectively). Compared with previous studies in sticklebacks 
(Huntingford 1976; Bell 2005; Dingemanse et  al. 2007), we found 
only a marginal proportion of  aggressive individuals outside of  the 
breeding period. In 2018, residents were significantly more aggres-
sive than migrants and in 2019, this pattern disappeared (significant 
status × year in Table 2; Figure 2d). The shoaling A assay performed 
in 2018 did not reveal differences between residents and migrants. 
However, the shoaling B assay performed in 2019 showed that resi-
dents shoaled much less than migrants (Table 2; Figure 2h).

Behavioral syndromes

Behaviors were not correlated and there was little evidence for 
the existence of  syndromes in both populations: only 2 of  the 32 
pair-wise correlations were significant after correcting for multiple 
testing and the correlation structure was not stable across years 
in either group (Figure 3). In 2018, the only significant result was 
the positive correlation between exploration and predator inspec-
tion in migrants (Figure 3, Supplementary Information 5; ρ = 0.29, 
corrected P  =  0.009). In 2019, the only significant result was the 
positive correlation between activity and exploration in residents 
(Supplementary Information 5; ρ  =  0.68, corrected P  =  0.002). 
Most of  the other correlations were far from significant.
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DISCUSSION
This study investigated if  resident populations of  sticklebacks, which 
are cut off from the sea due to human water management measures 
in the 1970s, exhibit consistent morphological and behavioral differ-
ences compared with their ancestral migrant counterparts. Our re-
sults reveal that ~50 generations of  isolation were sufficient to induce 
substantial morphological and behavioral differences.

Phenotypic divergence between derived 
residents and ancestral migrants

We found clear phenotypic differentiation between migrants 
and residents in almost all traits studied in both years. In line 
with previous literature on morphological adaptations of  stickle-
backs to freshwater that occurred over the last glaciation event 
(~12 000 years), we found that residents were about half  the size 
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Figure 2
Individual size and behaviors (median ± quartiles) of  populations of  residents and migrants more than two years. (a) Lateral plate 
morph distribution (N2018 = 247, N2019 = 66). (b) Standard length (N2018 = 249, N2019 = 72). (c) Activity – number of  square changes (N2018 = 203, N2019 = 56). 
(d) Aggression – number of  bites to intruder (N2018 = 187, N2019 = 44). (e) Exploration – number of  square changes (N2018 = 183, N2019 = 54). (f) Boldness 
– number of  inspection bouts / minute (N2018 = 164, N2019 = 48). (g) Shoaling A – only 2018, fraction of  trials spent with shoal (N2018 = 180). (h) Shoaling 
B – only 2019, fraction of  time spent near stimulus shoal (N2019 = 46).
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of  migrants and were characterized mostly by low-plated forms. 
Although the resident fish from 2019 comprised of  more fully 
plated forms than the residents in 2018, they showed reduction in 
plate width (personal obs.) in contrast to the robust armature span-
ning the width of  the body, in fully- or partially-plated migrants. 
Lateral plate polymorphisms take many forms in sticklebacks, from 
variation in the number of  plates (Reimchen et al. 2013; Eriksson 
et al. 2021) to variation in thickness and width of  plates (Leinonen 
et  al. 2012; Wiig et  al. 2016), depending on the ecological condi-
tions. In our case, we find reduction in lateral plate coverage via 
reduction in the width of  plates, similar to that observed in popula-
tions with limited allelic variation for low-plated morph (Leinonen 
et al. 2012).

The morphological difference between populations is most 
easily explained by the necessity for flexibility to maneuver 
through vegetation in residents as compared with the demanding 
robustness and swimming abilities for migrants (Tudorache et al. 
2007; Dalziel and Schulte 2012; Dalziel et  al. 2012) and de-
creased resource availability in freshwater during growth (Snyder 
1991; Wund et al. 2012). Furthermore, the reduction in number 
and size of  lateral plates are also known to occur in response 
to different predator regimes present in the freshwater system 
(with fewer piscivorous predators and mainly dominated by in-
vertebrate predators like dragonfly naiads) through selection on 
eda gene underlying lateral plate polymorphism (Colosimo et al. 
2005; Marchinko and Schluter 2007; Leinonen et  al. 2011). 
These observations therefore suggest that the reduced size and 
the reduced armament of  our resident fish likely follow the same 
pattern of  adaptive evolution seen during freshwater coloniza-
tion of  marine sticklebacks over the last glaciation event.

As for individual behavioral scores, we found that residents 
were more active, aggressive (in the year 2018), exploratory, 
bolder and showed lower shoaling tendencies than migrants (in 
the year 2019). The majority of  our findings with wild-caught 
sticklebacks are in line with the only other study that compared 
similar behaviors in populations of  residents and migrants in 
lab-bred F1 sticklebacks (Di-Poi et  al. 2014). In this study, the 
authors found that residents were more active, more aggressive, 
and shoal less than migrants. Functional explanations for the be-
havioral differences can be given, but they include quite some 
speculation. Compared with the sea, land-locked ditches in our 
study sites are characterized by small and shallow streams, en-
riched with vegetation, low mean annual productivity (Gross 
et al. 1988), lower density of  piscivorous fish yet with the pres-
ence of  invertebrate predators (Reimchen 1980; Marchinko 
2009) and birds. Hence for residents selection may favor higher 
levels of  aggression and exploration that facilitate the discovery, 
acquisition, and monopolization of  limited resources (Budaev 
1997; Brown et  al. 2005; Huizinga et  al. 2009; Herczeg et  al. 
2013; Greenwood et  al. 2016; Moran et  al. 2017). Such “risk-
prone” behaviors may then be traded-off against shoaling, ex-
plaining why residents shoaled less compared with migrants 
(Ward et  al. 2004). Differences in shoaling tendencies may 
also stem from the fact that migratory lifestyle involves group 
schooling during migration and presumably high shoaling ten-
dencies in the sea due to “openness” of  habitats. In migrants, 
lowered activity level could further be an indication that 
freezing is an adaptive response to higher perceived predation 
when not protected by a shoal (Huntingford and Wright 1993). 
Furthermore, the robust armature and larger spines, character-
istic of  migrants, are known to impede them in escape behavior, T
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thus potentially favoring freezing behavior (Andraso and Barron 
1995). In addition, reduced aggressive interactions could be due 
to the highly shoaling lifestyle of  migrants as these two behav-
iors were shown to be incompatible in sticklebacks (Lacasse and 
Aubin-Horth 2014). Despite the substantial differences in eco-
logical conditions across the two study years, the differences in 
morphology and behavior between migrants and residents were 
relatively consistent, suggesting that the observed population dif-
ferences are related to the different life styles of  migrants and 
residents, rather than due to stochastic annual changes.

In our system, we know with reasonable certainty that the resi-
dent populations have been isolated from the migratory ancestors 
about fifty generations ago due to barriers. However, some diver-
gence may already have taken place before the isolation event. For 
example, local stickleback populations that are located further away 
from the sea may exhibit partial migration (McKinnon et al. 2004), 
that is, a polymorphism where only part of  the population migrates 
to the sea, while the rest of  the population overwinters on site. If  
our “resident” populations originated from such partially migrating 
populations, the adaptations to a resident lifestyle may, to a certain 
extent, already have been in place. Additionally, the barriers to mi-
gration, especially the pumping station at LL-B (Supplementary 
Information 1c) pose as impenetrable barriers only to adult stickle-
backs. Juveniles and fry may potentially cross over, especially to 
the open river with the direction of  water flow and consequently 
making it possible to have reduced and biased gene flow from res-
ident to ancestral migrant population. There exist many other 

possibilities for gene flow, for example transportation of  eggs/fry 
via birds. In any case, it is even more surprising that that the stark 
behavioral differences in wild-caught fish from these resident and 
migrant populations exist, despite the potential of  reduced gene 
flow to hamper local adaptation (Raeymaekers et al. 2014). Further 
population genetic studies are needed to uncover exact population 
structure and divergence in our system.

Rates of phenotypic change

Is the rate of  phenotypic differentiation observed in our study 
comparable to other documented instances of  rapid evolution? 
The literature on population differentiation in response to anthro-
pogenic changes (Hendry et al. 2008), specifically in sticklebacks, 
acts as a useful yardstick (even though most of  this literature only 
considers morphological traits). Quantifying rates of  change in 
“haldanes” (Haldane 1949; Gingerich 1993) yields a measure that 
allows comparisons across populations and study systems. One 
way of  calculating this is by quantifying absolute change in trait 
standard deviations per generation. In our study, we found that 
rate of  change in size was −0.007 haldanes; in other words, the 
size of  resident fish decreased by 0.007 standard deviations per 
generation. The rates of  change in our behavioral measures were 
0.01 haldanes for activity, 0.001 haldanes for exploration, 0.014 
haldanes for boldness, and −0.149 haldanes for shoaling behavior. 
Overall, these values are quite comparable to the evolutionary 
rates reported for diverse traits in sticklebacks (Bell and Aguirre 
2013) and other organisms (Hendry et al. 2008). In contrast, the 
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Figure 3
Syndrome structure of  migrants and residents in two years. Significant correlations after sequential Benjamini–Hochberg correction are 
represented with bold black lines. The numerical values represent pairwise Spearman correlation coefficients (rho).
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rate of  change in size was much smaller than the rate reported 
in another anadromous-freshwater system of  three-spined stickle-
backs (0.234 haldanes for females and 0.365 haldanes for males, 
Baker et al. 2011). It is possible that the values reported above are 
underestimates of  the rates of  change that occurred in the ini-
tial phase after isolation: we averaged the rates of  change linearly 
more than 50 generations, while a major part of  differentiation 
typically occurs in the first few generations of  isolation. Indeed 
more recent studies on sticklebacks isolated from marine to fresh-
water habitats have found evidence for evolution on contempo-
rary timescales of  decades to even seasons (Lescak et  al. 2015; 
Hosoki et al. 2019; Garcia-Elfring et al. 2021).

Population differences in syndromes

A previous study with twelve freshwater stickleback populations 
reported a positive correlation between boldness and aggression 
toward a conspecific in five out of  the six populations where pred-
ators were present (Dingemanse et  al. 2007, 2009). There were 
also tight correlations among other behaviors including activity, 
exploration, aggressiveness, and boldness in predator–sympatric 
populations (correlation coefficients range from 0.03 to 0.74). 
These tight behavioral correlations are thought to result from pre-
dation that enhances habitat heterogeneity by creating risky and 
non-risky areas and thus favors alternative behavioral strategies 
(e.g. Bell and Sih 2007; Dingemanse et al. 2007; Dhellemmes et al. 
2020). Surprisingly, (but in line with an earlier study on fresh-
water and marine sticklebacks, Di-Poi et  al. 2014), none of  our 
stickleback populations, including migrants that should be ex-
posed to higher predation pressure, exhibited stable syndromes 
across years and only few correlations between traits were de-
tected. Boldness-Exploration was one of  the stronger correl-
ations in migrants (ρ = 0.289), but still was weaker compared with 
previous studies (ρ  =  0.667, Dingemanse et  al. 2007). Activity-
Exploration syndrome in residents was observed in the second 
study year (ρ  =  0.680), which was comparable to those reported 
from predator-sympatric populations (ρ  =  0.754, Dingemanse 
et al. 2007). This lack of  syndromes could be because the behav-
iors selected are not under correlated selection or that we lack the 
power to detect syndromes. Alternatively, in our system, predation 
risk and change in life-history may not systematically select for 
phenotypic trait integration (Sommer-Trembo et al. 2017).

CONCLUSIONS
We have shown that behavior and morphology diverged in 
sticklebacks after human disturbance, blocking migration over 
about 50 generations. The observed phenotypic differences be-
tween migrants and residents clearly show that barriers to mi-
gration have thus major consequences for the phenotype and 
potentially life-histories and population dynamics of  sticklebacks 
as correlated life-history characteristics (growth rate, size at ma-
turity, number, and size of  eggs) are also known to change on 
adaptation to freshwater in sticklebacks. Nevertheless, at least 
some populations can cope to a drastic loss of  migration oppor-
tunity as they seem to thrive in land locked conditions. Next step 
would be to test whether the observed divergence is adaptive and 
to identify how it came about. One way to delineate the relative 
roles of  genetic inheritance, non-genetic inheritance, develop-
mental plasticity, and phenotypic plasticity is through common-
garden experiments combined with cross-fostering experiments 
and through experiments where juveniles are exposed to different 

selective regimes in semi-natural mesocosms. This would give us 
insight into role of  personality in adaptation to novel environ-
mental conditions.

SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.

ACKNOWLEDGEMENTS
We thank Louis de Vries, Colleen Illing, Diederik Blaauw, Lisette Borchers 
for helping with data collection, the animal care takers and Suma Murthy 
for helping with animal care and lab work. We thank Peter Paul Schollema, 
at the Water Authorities Hunze en Aa’s and Jeroen Huisman at van Hall 
Larenstein, university of  applied sciences for help with acquiring samples of  
sticklebacks. We thank Jakob Gismann for commenting on the manuscript. 
We also thank two anonymous reviewers for their useful comments, which 
greatly improved the manuscript.

FUNDING
This work is supported by PhD fellowship of  the Adaptive Life programme 
of  the University of  Groningen to AR. FJW acknowledges funding from 
European Research Council (ERC Advanced Grant No. 789240). This 
work was also supported by grants from the Waddenfonds - Ruim Baan 
voor Vissen 2 (01755849/WF-2019/200914) and the Dr. J.L. Dobberke 
Foundation (KNAWWF/3391/1911).

Conflict of  interest: The authors declare no competing interests.

Data availability: Analyses reported.

Handling editor: Ulrika Candolin 

REFERENCES 
Andraso  GM, Barron  JN. 1995. Evidence for trade-off between defensive 

morphology and startle-response performance in the brook stickleback 
(Culaea inconstans). Can J Zool. 73:1147–1153.

Baker  JA, Heins DC, King RW, Foster SA. 2011. Rapid shifts in multiple 
life history traits in a population of  threespine stickleback. J Evol Biol. 
24:863–870.

Barrett, RD, Schluter D. 2008. Adaptation from standing genetic variation. 
Trends Ecol Evol. 23(1), 38–44.

Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67.

Bell AM. 2005. Behavioural differences between individuals and two popu-
lations of  stickleback (Gasterosteus aculeatus). J Evol Biol. 18:464–473.

Bell  MA, Aguirre  WE. 2013. Contemporary evolution, allelic recycling, 
and adaptive radiation of  the threespine stickleback. Evol Ecol Res. 
15:377–411.

Bell  AM, Sih  A. 2007. Exposure to predation generates personality in 
threespined sticklebacks (Gasterosteus aculeatus). Ecol Lett. 10:828–834.

Bell MA, Foster SA. 1994. The evolutionary biology of  the threespine stick-
leback. Oxford University Press, New York.

Bell  MA, Ortí  G, Walker  JA, Koenings  JP. 1993. Evolution of  pelvic re-
duction in threespine stickleback fish: a test of  competing hypotheses. 
Evolution. 47:906–914. 

Bell AM, Stamps J. 2004. Development of  behavioural differences between 
individuals and populations of  sticklebacks, Gasterosteus aculeatus. Anim 
Behav. 6:1339–1348. 

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J R Stat Soc Series B Stat 
Methodol. 57(1), 289–300.

Bolnick  DI, Amarasekare  P, Araújo  MS, Bürger  R, Levine  JM, Novak  M, 
Rudolf  VH, Schreiber  SJ, Urban  MC, Vasseur  DA. 2011. Why intra-
specific trait variation matters in community ecology. Trends Ecol Evol. 
26:183–192. 

Brown  C, Jones  F, Braithwaite  V. 2005. In situ examination of  
boldnessshyness traits in the tropical poeciliid, Brachyraphis episcopi. Anim 
Behav. 70:1003–1009. 

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/33/1/167/6433565 by U

niversity of G
roningen user on 02 M

ay 2022



Behavioral Ecology176

Budaev  SV. 1997. Alternative styles in the European wrasse, Symphodus 
ocellatus: boldness-related schooling tendency. Environ Biol Fishes 
49:71–78. 

Chapman  BB, Hulthén  K, Blomqvist  DR, Hansson  LA, Nilsson  JÅ, 
Brodersen  J, Nilsson PA, Skov C, Brönmark C. 2011. To boldly go: in-
dividual differences in boldness influence migratory tendency. Ecol let. 
14(9), 871–876.

Colosimo  PF, Hosemann  KE, Balabhadra  S, Villarreal  G Jr, Dickson  M, 
Grimwood  J, Schmutz  J, Myers  RM, Schluter  D, Kingsley  DM. 2005. 
Widespread parallel evolution in sticklebacks by repeated fixation of  
Ectodysplasin alleles. Science. 307:1928–1933. 

Cote J, Clobert J, Brodin T, Fogarty S, Sih A. 2010. Personality-dependent 
dispersal: characterization, ontogeny and consequences for spatially 
structured populations. Philos Trans R Soc Lond, B Biol Sci. 365(1560), 
4065–4076.

Cote J, Fogarty S, Tymen B, Sih A, Brodin T. 2013. Personality-dependent 
dispersal cancelled under predation risk. Proc Royal Soc B. 280(1773), 
20132349.

Dall SR, Bell AM, Bolnick DI, Ratnieks FL. 2012. An evolutionary ecology 
of  individual differences. Ecol Lett. 15:1189–1198. 

Dalziel AC, Schulte PM. 2012. Correlates of  prolonged swimming perfor-
mance in F2 hybrids of  migratory and non-migratory threespine stickle-
back. J Exp Biol. 215:3587–3596. 

Dalziel AC, Vines TH, Schulte PM. 2012. Reductions in prolonged swim-
ming capacity following freshwater colonization in multiple threespine 
stickleback populations. Evolution. 66:1226–1239. 

Dhellemmes  F, Finger  JS, Laskowski  KL, Guttridge  TL, Krause  J. 2020. 
Comparing behavioural syndromes across time and ecological conditions 
in a free-ranging predator. Anim Behav. 162:23–33.

Di-Poi  C, Lacasse  J, Rogers  SM, Aubin-Horth  N. 2014. Extensive behav-
ioural divergence following colonisation of  the freshwater environment in 
threespine sticklebacks. PLoS One. 9:e98980. 

Dingemanse  NJ, Barber  I, Dochtermann  NA. 2020. Non-consumptive ef-
fects of  predation: does perceived risk strengthen the genetic integration 
of  behaviour and morphology in stickleback? Ecol Lett. 23:107–118. 

Dingemanse N, Dochtermann N, Wright  J. 2010. A method for exploring 
the structure of  behavioural syndromes to allow formal comparison 
within and between data sets. Anim Behav. 79:439–450. 

Dingemanse NJ, Van der Plas F, Wright J, Réale D, Schrama M, Roff DA, 
Van der Zee E, Barber  I. 2009. Individual experience and evolutionary 
history of  predation affect expression of  heritable variation in fish per-
sonality and morphology. Proc Biol Sci. 276:1285–1293. 

Dingemanse NJ, Wright J, Kazem AJ, Thomas DK, Hickling R, Dawnay N. 
2007. Behavioural syndromes differ predictably between 12 populations 
of  three-spined stickleback. J Anim Ecol. 76:1128–1138. 

Dochtermann NA, Dingemanse NJ. 2013. Behavioral syndromes as evolu-
tionary constraints. Behav Ecol. 24(4), 806–811. 

Eriksson  BK, Yanos  C, Bourlat  SJ, Donadi  S, Fontaine  MC, Hansen  JP, 
et  al. 2021. Habitat segregation of  plate phenotypes in a rapidly ex-
panding population of  three-spined stickleback. Ecosphere. 12(6):e03561. 

Fullerton  AH, Burnett  KM, Steel  EA, Flitcroft  RL, Pess  GR, Feist  BE, 
Torgersen  CE, Sanderson  BL. 2010. Hydrological connectivity for riv-
erine fish: measurement challenges and research opportunities. Freshw 
boil. 55(11), 2215–2237. 

Garcia-Elfring A, Paccard A, Thurman TJ, Wasserman BA, Palkovacs EP, 
Hendry AP. et al. 2021. Using seasonal genomic changes to understand 
historical adaptation to new environments: Parallel selection on stickle-
back in highly-variable estuaries. Mol Ecol. 30(9):2054–2064. 

Gingerich PD. 1993. Quantification and comparison of  evolutionary rates. 
Am J Sci. 293A:453–478. 

Greenwood AK, Mills MG, Wark AR, Archambeault SL, Peichel CL. 2016. 
Evolution of  schooling behavior in threespine sticklebacks is shaped by 
the Eda gene. Genetics. 203:677–681. 

Gross MR, Coleman RM, McDowall RM. 1988. Aquatic productivity and 
the evolution of  diadromous fish migration. Science. 239:1291–1293. 

Haldane JB. 1949. Suggestions as to quantitative measurement of  rates of  
evolution. Evolution. 3:51–56. 

Hendry AP, Farrugia TJ, Kinnison MT. 2008. Human influences on rates 
of  phenotypic change in wild animal populations. Mol Ecol. 17:20–29. 

Herczeg G, Ab Ghani NI, Merilä J. 2013. Evolution of  stickleback feeding 
behaviour: genetics of  population divergence at different ontogenetic 
stages. J Evol Biol. 26:955–962. 

Hoogland  R, Morris  D, Tinbergen  N. 1956. The spines of  sticklebacks 
(Gasterosteus and Pygosteus) as means of  defence against predators (Perca 
and Esox). Behaviour. 10:205–236. 

Hosoki T, Mori S, Nishida S, Kume M, Sumi T, Kitano J. 2019. Diversity 
of  gill raker number and diets among stickleback populations in novel 
habitats created by the 2011 Tōhoku earthquake and tsunami. Evol Ecol 
Res. 20:213–230. 

Huizinga M, Ghalambor CK, Reznick DN. 2009. The genetic and environ-
mental basis of  adaptive differences in shoaling behaviour among popula-
tions of  Trinidadian guppies, Poecilia reticulata. J Evol Biol. 22:1860–1866. 

Huntingford  FA. 1976. The relationship between anti-predator behav-
iour and aggression among conspecifics in the three-spined stickleback, 
Gastrosteus aculeatus. Anim Behav. 24:245–260. 

Huntingford FA, Wright PJ. 1993. The development of  adaptive variation 
in predator avoidance in freshwater fishes. Mar Behav Physiol. 23:45–61. 

Jones  FC, Grabherr  MG, Chan  YF, Russell  P, Mauceli  E, Johnson  J, 
Swofford R, Pirun M, Zody MC, White S, et al.; Broad Institute Genome 
Sequencing Platform & Whole Genome Assembly Team. 2012. The 
genomic basis of  adaptive evolution in threespine sticklebacks. Nature. 
484:55–61. 

Kim  SY, Velando  A. 2015. Phenotypic integration between antipredator 
behavior and camouflage pattern in juvenile sticklebacks. Evolution. 
69:830–838. 

Kitano  J, Ishikawa  A, Kume  M, Mori  S. 2012. Physiological and genetic 
basis for variation in migratory behavior in the three-spined stickleback, 
Gasterosteus aculeatus. Ichthyol Res. 59:293–303. 

Kitano  J, Lema SC. 2013. Divergence in thyroid hormone concentrations 
between juveniles of  marine and stream ecotypes of  the threespine stick-
leback (Gasterosteus aculeatus). Evol Ecol Res. 15:143–153. 

Kitano  J, Lema  SC, Luckenbach  JA, Mori  S, Kawagishi  Y, Kusakabe  M, 
Swanson  P, Peichel  CL. 2010. Adaptive divergence in the thyroid 
hormone signaling pathway in the stickleback radiation. Curr Biol. 
20:2124–2130. 

Kozak  GM, Boughman  JW. 2012. Plastic responses to parents and pred-
ators lead to divergent shoaling behaviour in sticklebacks. J Evol Biol. 
25:759–769. 

Kusakabe  M, Ishikawa  A, Ravinet  M, Yoshida  K, Makino  T, Toyoda  A, 
Fujiyama A, Kitano J. 2017. Genetic basis for variation in salinity toler-
ance between stickleback ecotypes. Mol Ecol. 26:304–319. 

Lacasse J, Aubin-Horth N. 2014. Population-dependent conflict between in-
dividual sociability and aggressiveness. Anim Behav. 87:53–57. 

Lam TJ, Hoar WS. 1967. Seasonal effects of  prolactin on freshwater osmo-
regulation of  the marine form (Trachurus) of  the stickleback (Gasterosteus 
Aculeatus). Can J Zool. 45:509–516. 

Legrand  D, Cote  J, Fronhofer  EA, Holt  RD, Ronce  O, Schtickzelle  N, 
Travis  JMJ, Clobert  J. 2017. Eco-evolutionary dynamics in fragmented 
landscapes. Ecography. 40:9–25.

Leinonen T, Herczeg G, Cano  JM, Merilä  J. 2011. Predation-imposed se-
lection on threespine stickleback (Gasterosteus aculeatus) morphology: a test 
of  the refuge use hypothesis. Evolution: International Journal of  Organic 
Evolution. 65(10), 2916–2926.

Lescak  EA, Bassham  SL, Catchen  J, Gelmond  O, Sherbick  ML, 
von Hippel FA, Cresko WA. 2015. Evolution of  stickleback in 50 years 
on earthquake-uplifted islands. Proc Natl Acad Sci U S A. 112: 
E7204–E7212. 

Lucas  MC, Baras  E. 2001. Migration of  Freshwater Fishes. Blackwell 
Science, London.

Marchinko KB. 2009. Predation’s role in repeated phenotypic and genetic 
divergence of  armor in threespine stickleback. Evolution. 63:127–138. 

Marchinko  KB, Schluter  D. 2007. Parallel evolution by correlated re-
sponse: lateral plate reduction in threespine stickleback. Evolution. 
61:1084–1090. 

McGhee KE, Feng S, Leasure S, Bell AM. 2015. A female’s past experience 
with predators affects male courtship and the care her offspring will re-
ceive from their father. Proc R Soc B. 282:20151840.

McKinnon JS, Mori S, Blackman BK, David L, Kingsley DM, Jamieson L, 
Chou  J, Schluter  D. 2004. Evidence for ecology's role in speciation. 
Nature. 429(6989), 294–298. 

Moran  EV, Hartig  F, Bell  DM. 2016. Intraspecific trait variation across 
scales: implications for understanding global change responses. Glob 
Chang Biol. 22:137–150. 

Moran NP, Mossop KD, Thompson RM, Chapple DG, Wong BBM. 2017. 
Rapid divergence of  animal personality and syndrome structure across 
an arid-aquatic habitat matrix. Oecologia. 185:55–67. 

Raeymaekers  JA, Konijnendijk  N, Larmuseau  MH, Hellemans  B, 
De  Meester  L, Volckaert  FA. 2014. A gene with major phenotypic ef-
fects as a target for selection vs. homogenizing gene flow. Mol Ecol. 23(1), 
162–181.

Ramesh A, Groothuis AGG, Weissing FJ, Nicolaus M. 2021. Habitat frag-
mentation induces rapid phenotypic divergence of  migratory and iso-
lated sticklebacks. Behav Ecol. doi:10.5061/dryad.n5tb2rbwr 

Réale  D, Reader  SM, Sol  D, McDougall  PT, Dingemanse  NJ. 2007. 
Integrating animal temperament within ecology and evolution. Biol Rev 
Camb Philos Soc. 82:291–318. 

Reimchen  TE. 1980. Spine deficiency and polymorphism in a popula-
tion of  Gasterosteus aculeatus: an adaptation to predators? Can J Zool. 
58:1232–1244. 

Reimchen TE, Bergstrom C, Nosil P. 2013. Natural selection and the adap-
tive radiation of  Haida Gwaii stickleback. Evol Ecol Res. 15:241–269. 

Robinson  BW. 2013. Evolution of  growth by genetic accommodation in 
Icelandic freshwater stickleback. Proc Biol Sci. 280:20132197. 

Seghers BH, Magurran AE. 1994. Predator inspection behaviour covaries 
with schooling tendency amongst wild guppy, Poecilia reticulata, popula-
tions in Trinidad. Behaviour, 128(1-2), 121–134.

Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012. Ecological implications of  
behavioural syndromes. Ecol Lett. 15:278–289. 

Sih A, Ferrari MC, Harris DJ. 2011. Evolution and behavioural responses 
to human-induced rapid environmental change. Evol Appl. 4:367–387. 

Snyder RJ. 1991. Migration and life histories of  the threespine stickleback: 
evidence for adaptive variation in growth rate between populations. 
Environ Biol Fishes. 31:381–388. 

Sommer-Trembo C, Petry AC, Gomes Silva G, Vurusic SM, Gismann J, 
Baier  J, Krause  S, Iorio  JAC, Riesch  R, Plath  M. 2017. Predation 
risk and abiotic habitat parameters affect personality traits in extrem-
ophile populations of  a neotropical fish (Poecilia vivipara). Ecol Evol. 
7:6570–6581. 

Stamps  J, Groothuis  TG. 2010. The development of  animal person-
ality: relevance, concepts and perspectives. Biol Rev Camb Philos Soc. 
85:301–325. 

Stein  LR, Bell  AM. 2014. Paternal programming in sticklebacks. Anim 
Behav. 95:165–171. 

Stein LR, Bukhari SA, Bell AM. 2018. Personal and transgenerational cues 
are nonadditive at the phenotypic and molecular level. Nat ecol evol. 
2(8), 1306–1311. 

Stein LR, Bell AM. 2019. The role of  variation and plasticity in parental 
care during the adaptive radiation of  three-spine sticklebacks. Evolution. 
73:1037–1044. 

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/33/1/167/6433565 by U

niversity of G
roningen user on 02 M

ay 2022

https://doi.org/10.5061/dryad.n5tb2rbwr


Ramesh et al. • Rapid divergence of  migratory and isolated sticklebacks 177

Ramesh A, Groothuis AGG, Weissing FJ, Nicolaus M. 2021. Habitat frag-
mentation induces rapid phenotypic divergence of  migratory and iso-
lated sticklebacks. Behav Ecol. doi:10.5061/dryad.n5tb2rbwr 

Réale  D, Reader  SM, Sol  D, McDougall  PT, Dingemanse  NJ. 2007. 
Integrating animal temperament within ecology and evolution. Biol Rev 
Camb Philos Soc. 82:291–318. 

Reimchen  TE. 1980. Spine deficiency and polymorphism in a popula-
tion of  Gasterosteus aculeatus: an adaptation to predators? Can J Zool. 
58:1232–1244. 

Reimchen TE, Bergstrom C, Nosil P. 2013. Natural selection and the adap-
tive radiation of  Haida Gwaii stickleback. Evol Ecol Res. 15:241–269. 

Robinson  BW. 2013. Evolution of  growth by genetic accommodation in 
Icelandic freshwater stickleback. Proc Biol Sci. 280:20132197. 

Seghers BH, Magurran AE. 1994. Predator inspection behaviour covaries 
with schooling tendency amongst wild guppy, Poecilia reticulata, popula-
tions in Trinidad. Behaviour, 128(1-2), 121–134.

Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012. Ecological implications of  
behavioural syndromes. Ecol Lett. 15:278–289. 

Sih A, Ferrari MC, Harris DJ. 2011. Evolution and behavioural responses 
to human-induced rapid environmental change. Evol Appl. 4:367–387. 

Snyder RJ. 1991. Migration and life histories of  the threespine stickleback: 
evidence for adaptive variation in growth rate between populations. 
Environ Biol Fishes. 31:381–388. 

Sommer-Trembo C, Petry AC, Gomes Silva G, Vurusic SM, Gismann J, 
Baier  J, Krause  S, Iorio  JAC, Riesch  R, Plath  M. 2017. Predation 
risk and abiotic habitat parameters affect personality traits in extrem-
ophile populations of  a neotropical fish (Poecilia vivipara). Ecol Evol. 
7:6570–6581. 

Stamps  J, Groothuis  TG. 2010. The development of  animal person-
ality: relevance, concepts and perspectives. Biol Rev Camb Philos Soc. 
85:301–325. 

Stein  LR, Bell  AM. 2014. Paternal programming in sticklebacks. Anim 
Behav. 95:165–171. 

Stein LR, Bukhari SA, Bell AM. 2018. Personal and transgenerational cues 
are nonadditive at the phenotypic and molecular level. Nat ecol evol. 
2(8), 1306–1311. 

Stein LR, Bell AM. 2019. The role of  variation and plasticity in parental 
care during the adaptive radiation of  three-spine sticklebacks. Evolution. 
73:1037–1044. 

Trompf  L, Brown  C. 2014. Personality affects learning and trade-offs be-
tween private and social information in guppies, Poecilia reticulata. Anim 
Behav. 88, 99–106.

Tudorache C, Blust R, De Boeck G. 2007. Swimming capacity and ener-
getics of  migrating and non-migrating morphs of  three-spined stickle-
back Gasterosteus aculeatus L. and their ecological implications. J Fish Biol. 
71:1448–1456. 

van Gestel J, Weissing FJ. 2018. Is plasticity caused by single genes? Nature. 
555:E19–E20. 

Wagner GP, Altenberg L. 1996. Perspective: complex adaptations and the 
evolution of  evolvability. Evolution. 50(3), 967–976.

Ward  AJW, Thomas  P, Hart  PJB, Krause  J. 2004. Correlates of  boldness 
in three-spined sticklebacks (Gasterosteus aculeatus). Behav Ecol Sociobiol. 
55:561–568.

Wark AR, Wark BJ, Lageson TJ, Peichel CL. 2011. Novel methods for discrim-
inating behavioral differences between stickleback individuals and popula-
tions in a laboratory shoaling assay. Behav Ecol Sociobiol. 65:1147–1157.

Wiig E, Reseland JE, Østbye K, Haugen HJ, Vøllestad LA. 2016. Variation 
in lateral plate quality in threespine stickleback from fresh, brackish 
and marine water: a micro-computed tomography study. PLoS One. 
11:e0164578. 

Wilson  AD, Godin  JGJ. 2009. Boldness and behavioral syndromes in the 
bluegill sunfish, Lepomis macrochirus. Behav Ecol. 20(2), 231–237.

Wolf M, Van Doorn GS, Weissing FJ. 2011. On the coevolution of  social 
responsiveness and behavioural consistency. Proc Biol Sci. 278:440–448. 

Wolf M, Weissing FJ. 2012. Animal personalities: consequences for ecology 
and evolution. Trends Ecol Evol. 27:452–461. 

Wolf  M, van  Doorn  GS, Weissing  FJ. 2008. Evolutionary emergence of  
responsive and unresponsive personalities. Proc Natl Acad Sci U S A. 
105:15825–15830. 

Wong  B, Candolin  U. 2015. Behavioral responses to changing environ-
ments. Behav. Ecol. 26(3), 665–673.

Wund  MA, Singh  OD, Geiselman  A, Bell  MA. 2012. Morphological ev-
olution of  an anadromous threespine stickleback population within one 
generation after reintroduction to Cheney Lake, Alaska. Evol Ecol Res. 
17:203–224. 

WWF. 2020. Living planet report 2020 - bending the curve of  biodiversity 
loss. Almond REA, Grooten M, Petersen T, editors. Gland, Switzerland: 
WWF.

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/33/1/167/6433565 by U

niversity of G
roningen user on 02 M

ay 2022

https://doi.org/10.5061/dryad.n5tb2rbwr

