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ARTICLE INFO _ ) ) o
Parental influences on offspring phenotype occurring through pathways other than via inherited DNA

sequences are known as parental effects. Parental effects profoundly influence offspring behaviour,
including behaviour laterality and personality, two traits that are widespread and of fundamental
importance in the animal kingdom with clear fitness consequences. However, the impact of parental
effects on the interaction between behavioural laterality and personality within the same species has not
been previously explored. If such a link exists, it would deepen our understanding of personality traits,
extending them to brain laterality and its underlying neurobiology. In addition, if both traits are causally
linked, it may constrain evolution as changing one of these traits would affect the other. The aim of this
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'(ey‘fvordS’ study was to examine whether offspring personality traits and behavioural laterality are related and can
Comsql simultaneously be influenced by parental effects, suggesting a common underlying mechanism. Here we
i_acti\r/?sll/t]\s/lls exposed parents of an egg-laying species, the stickleback Gasterosteus aculeatus, to a predator cue or not
parental effect and examined the impact of this exposure on two behavioural traits of their offspring. Shortly after
personality laying, clutches were split: half were reared without predator cues for 12 weeks before behavioural
predation testing, and the other half were used for cortisol analysis. We found that both parents and offspring from
stickleback predator-exposed parents were bolder, with the offspring more likely to show lateralized behaviour, and

were smaller than offspring from parents that were not exposed to predation. The egg cortisol levels
were too low to be detected by LC-MS/MS. To our knowledge, these results are the first to indicate that
parental effects under varying predation conditions can influence laterality, personality and growth of
offspring within the same individuals, although further evaluation and experiments are needed to

determine the role of maternal cortisol.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Parents can modify the phenotype of their offspring outside the
bounds of inherited genetic material, a process called parental ef-
fects (Mousseau & Fox, 1998). Such modifications have been found
to affect a wide array of offspring traits (e.g. behaviour, morphology,
physiology), often simultaneously (Burgess & Marshall, 2014; Lind
et al.,, 2020). It is thought that through these modifications, parents
prepare their offspring for the environment that they are likely to
encounter in the future, although a demonstration in the literature
of adaptive and predictive parental effects is inconsistent.
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The pathways inducing parental effects are highly diverse,
ranging from habitat choice and parental rearing behaviour to
transfer of food and exposure to immune factors and hormones.
These effects can be prenatally induced through modifications to
the eggs or sperm/seminal fluid (Bell et al., 2011; Giesing et al.,
2011; Hellmann et al., 2021; Lelono et al., 2019; McGhee et al,,
2020; Moisiadis & Matthews, 2014; Rakers et al., 2020; Rivera
et al., 2021; Rogers & Deng, 2005; von Engelhardt & Groothuis,
2011). For example, stressed human mothers who have higher
levels of circulating cortisol can pass this on to their young in utero
and thereby influence the developing embryos (Moisiadis &
Matthews, 2014; Rakers et al., 2020). In this way, the parental
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environment causes changes in the offspring’s morphology, phys-
iology and behaviour. Many maternal effects are claimed to be
mediated by prenatal exposure to glucocorticoids (birds: Hayward
& Wingfield, 2004, Saino et al., 2005; fish: Gagliano & McCormick,
2009; reptiles: Meylan & Clobert, 2005; mammals: Hayward &
Wingfield, 2004). However, these results are controversial
because they relied on ELISA (enzyme-linked immunosorbent
assay) or RIA (radioimmunoassay), which are not appropriate for
glucocorticoid determination in eggs samples (Henriksen et al.,
2011; Rettenbacher et al., 2013).

One well-studied context in which parental effects shape
offspring traits is in response to environmental pressures such as
predation risk. The effect of predation pressure on parents and the
subsequent influence on offspring behaviour is one of the most
well-studied contexts of parental effects. In several species,
mothers exposed to predators generate offspring with enhanced
antipredator behaviour (invertebrates: Storm & Lima, 2010;
reptiles: Bestion et al., 2014; Shine & Downes, 1999; fish: Giesing
et al., 2011; birds; Coslovsky et al.,, 2012; Morales et al., 2018;
mammals: St-Cyr & McGowan, 2015; metanalysis studies: MacLeod
etal., 2022; Tariel et al., 2020b). For example, in the common lizard,
Zootoca vivipara, gravid females exposed to predator cues gener-
ated offspring with more successful antipredator tactics, longer
tails and higher dispersal tendencies than offspring from unex-
posed females (Bestion et al., 2014). In mice, parental exposure to
predator odour increased the antipredator behaviour of their
offspring (St-Cyr & McGowan, 2015), while in fish, female stickle-
backs, Gasterosteus aculeatus, exposed to predation risk produced
eggs with higher concentrations of cortisol and their offspring
shoaled more (Giesing et al., 2011; but see Henriksen et al., 2011;
Rettenbacher et al., 2013 for methodological issues), which is an
effective antipredator behaviour in fishes (Queiroz & Magurran,
2005).

In addition to these maternal effects, fathers may also affect
offspring development. Indeed, Stein and Bell (2014) showed that
the brood-nursing stickleback father produced offspring that ten-
ded to be smaller in size and had reduced body condition but had a
stronger antipredator response and lower general activity under
predation pressure. Much of this is mediated by the paternal care,
which involves chasing and collecting the fry to return them to the
nest (Tulley & Huntingford, 1987, 1988).

Egg laying species are good study species for studying such
prenatal effects, as egg components can be analysed and manipu-
lated to identify potential underlying mechanisms without inter-
fering with the mother. The prenatal stage is an important
developmental phase for parental effects because offspring have
relatively low costs for plasticity as most of the tissue has still to be
formed and the embryo relies almost entirely on the parents for
environmental information (T. G. Groothuis & Taborsky, 2015).
Research has demonstrated that hormone-mediated maternal ef-
fects influence not only egg size and egg components but also
various offspring traits including growth, physiology, behaviour
and survival (Eriksen et al., 2006; Giesing et al., 2011; Henriksen
et al,, 2011; von Engelhardt & Groothuis, 2011).

These prenatal influences can also interact with the develop-
ment of personality. Personality is described as consistent indi-
vidual differences in behaviour across time and contexts (Stamps &
Groothuis, 2010) and has wide-ranging ramifications for individual
fitness, with potential consequences at the level of the ecosystem
(Mittelbach et al., 2014; Smith & Blumstein, 2008). Personality has
been identified in a wide range of animals (Carere & Maestripieri,
2013) including invertebrates (Tariel et al., 2020a), fish (Byrnes &
Brown, 2016; Colléter & Brown, 2011), lizards (Barrett et al.,
2022), birds (T. G. G. Groothuis & Carere, 2005) and mammals
(Mazza et al., 2019). Boldness, which is the propensity to take risks,

is one of the most studied personality traits and has repeatedly
been shown to vary with exposure to predation. In the tropical
poeciliid Brachyrhaphis episcopi, fish from high-predation areas
were bolder compared to those from low-predation areas (Brown
et al, 2005). Indeed, fish tend to be bolder in high-predation
areas because they must continue to live their lives conducting
important activities like foraging despite the greater threat (Brown
et al., 2005).

Exposing sticklebacks to predation pressure generated a
boldness—aggressiveness behavioural correlation that did not
emerge in nonexposed fish (Bell & Sih, 2007). Also, in sticklebacks,
simulated predation risk generated repeatable behaviour for
boldness and aggression (Edenbrow & Croft, 2012; Stein & Bell,
2014). Collectively these studies indicate that personality traits
can be affected by predation pressure.

Behavioural lateralization results from an asymmetrical orga-
nization of the brain with respect to behavioural domains and
functions, where one hemisphere is functionally different from the
other (Bisazza et al., 1998). Laterality has been suggested to provide
fitness benefits across multiple domains (Bibost & Brown, 2013;
Dadda et al,, 2015; Magat & Brown, 2009). Lateralization is often
manifested as behavioural side biases such as turning or hand
preferences. For example, in animal species where the visual fields
do not overlap much, an individual can prefer to use one eye for
predator observation and the other for foraging (Lucon-Xiccato &
Dadda, 2017). Similarly, toads are more likely to strike a prey
moving in their right lateral field than in the left (Bisazza et al,,
1998). As with personality, predation pressure plays a crucial role
in the development of lateralized behaviour in fish (C. Brown &
Braithwaite, 2004; Brown, Burgess, & Braithwaite, 2007; Brown,
Western, & Braithwaite, 2007; Dadda et al., 2020). Brown et al.
(2004), for example, found that fish from high-predation areas
were more lateralized compared to those from low-predation areas
(Brown et al., 2004). Moreover, laterality has a heritable and an
experiential component (Bisazza et al., 2000; Brown, Burgess, &
Braithwaite, 2007; Paracchini, 2021), and there is some evidence
that parental effects play a role in shaping laterality. Dadda et al.
(2020), exposed topminnows to simulated predation threats dur-
ing pregnancy and found that predator exposure increased both
visual and motor lateralization in their offspring (Dadda et al.,
2020).

However, since laterality is not entirely under genetic control
(Bisazza et al., 2000) and some lateralized functions cannot be
artificially selected (Bisazza et al., 2005), environmental factors
may play a significant role. Relevant stimuli, such as exposure to
predators are well known to influence both the development and
evolution of laterality (Dadda et al., 2009; Lucon-Xiccato et al.,
2016; Rogers, 2002; Vallortigara & Rogers, 2005). This idea is
largely based on the concept that increased neural capacity,
dominance of one brain hemisphere and multitasking capability
can help prey more effectively avoid predators, thereby improving
their chances of survival in environments with high predation
threats (Hulthén et al.,, 2021). Indeed, some studies have shown
that more strongly lateralized individuals exhibit increased per-
formance in antipredator behaviours, such as escape behaviour
(Dadda et al., 2010) and predator recognition (Ferrari et al., 2017;
Lucon-Xiccato et al., 2016).

Since personality and lateralization encompass a wide array of
partly overlapping behavioural and cognitive domains, they may be
causally related. Specific emotions that can affect some personality
traits are mainly processed by a specific hemisphere and are
therefore lateralized (Rogers, 2010). Thus, it can be expected that
some personality traits, such as boldness and aggression, may be
expressed behaviourally in a lateralized fashion (C. Brown & Bibost,
2014; Byrnes et al., 2016; Irving & Brown, 2013; Reddon & Hurd,
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2008, 2009). For example, emotions that give rise to aggression or
fear (e.g. of novel objects) are strongly lateralized and are well-
known personality traits (Leliveld et al., 2013). Aggression is often
processed in the right hemisphere in a wide range of animals,
ranging from invertebrates (Rogers et al., 2016) to reptiles (Bisazza
et al., 1998; Deckel, 1995), fish (Ariyomo & Watt, 2013; Reddon &
Hurd, 2008), birds (Lemaire et al., 2019) and mammals (Austin &
Rogers, 2012, 2014). In addition, both can be affected by early
experience, including prenatal hormone exposure, of which
cortisol may be one possible candidate (Deckel, 1998; Jutfelt et al.,
2013; Ocklenburg et al., 2016; Raoult et al., 2012, 2017). There-
fore, both may be correlated perhaps via a common underlying
mechanism. However, both traits are mostly studied separately and
only more recently has their relationship received attention. A link
between laterality and personality traits has been studied in a few
animal species, including teleost fish (C. Brown & Bibost, 2014),
sharks (Byrnes et al., 2016) and mammals (Barnard, Wells, Hepper,
& Milligan, 2017; Goursot et al., 2019). For example, in rainbowfish,
nonlateralized fish were bolder than strongly lateralized fish
(C. Brown & Bibost, 2014). In cichlids, the strength of laterality was
linked to stress and aggressiveness (Reddon & Hurd, 2008). That
such a correlation may be causal is suggested by several studies
finding a link between individual stress levels, laterality and per-
sonality traits in nonhuman primates (e.g. Fernandez-Lazaro et al.,
2019). It is possible that a common causal factor connects laterality
and personality. In such a scenario, the manipulation or evolution
of laterality might also influence personality, and vice versa. To
date, however, there are no studies that have determined if the link
between laterality and personality traits can both be influenced by
the same parental effects in a single study system and may there-
fore be causally linked.

Here we used three-spined sticklebacks, G. aculeatus, as our
model to determine if parental exposure to simulated predation
influenced the development of both laterality and personality in
their offspring, suggestive of a causal link between the two. Stick-
lebacks are a key species for the study of behavioural neurosciences
and genetics, and for ecoevolutionary studies, including maternal
effects and personality (Aguirre et al, 2022; Arai et al., 2020;
McGhee et al.,, 2012, 2020; Minter et al., 2017; Ramesh et al., 2021;
Stein & Bell, 2014). Sticklebacks are an egg laying species, which
facilitates the study of prenatal parental effects. Here we exposed
parents to simulated predation threat or not and examined the
behaviour of the parents and of their offspring, which were reared
without parents in a predator-free environment (to exclude any
further parental effects). We hypothesized that offspring from
parents exposed to simulated predation would be consistently
more strongly lateralized and bolder relative to offspring from
nonexposed individuals and that parental exposure to predation
would induce a stronger correlation between both traits. Addi-
tionally, concerning shoaling behaviour, fishes exposed to preda-
tion threats should display tighter shoal cohesion. Using liquid
chromatography tandem mass spectrometry (LC-MS/MS) we also
checked whether mothers exposed to predation pressure deposited
more cortisol in their eggs and, if so, whether this would correlate
with the shifts in offspring behaviour.

METHODS
Study System

The three-spined stickleback is a widespread anadromous fish
species found in the northern hemisphere (Fang et al., 2018; Giles,
1987). Some populations inhabit freshwater environments all year
round, while others migrate from a marine environment to fresh-
water for reproduction (Clavero et al., 2009). Sticklebacks are

gregarious fish forming schools outside the reproductive season
and are sexually dimorphic, which is most pronounced in the
breeding period from spring until summer. The male crafts a nest
using plant materials, and females lay eggs inside it, which are
subsequently fertilized by the male. The male guards and ventilates
the eggs and young (Scott, 2004; Wootton, 1973). In the present
study we used adult fish derived from a wild anadromous popu-
lation and their offspring bred at our facility at the University of
Groningen, The Netherlands.

Housing and Experimental Design

Adult fish used as parents in this experiment were born be-
tween May and June 2020 from wild sticklebacks caught in April
2020 at the Ems-Dollard Estuary, on the northern Dutch—German
border, and were reared in a seminatural environment (Ramesh
et al.,, 2021).

In March 2021, fish were housed in a seminatural system that
comprised five interconnected ponds (Fig. 1), each with a diameter
1.6 m, connected by four pipes of length 1.5 m and diameter 11 cm
(ca. 600-litre tanks filled with freshwater from the tap) under
natural temperature and light conditions (described by Ramesh
et al., 2023). The floor of each pond was covered with a thin layer
of sand and plastic plants. Green cotton threads were provided to
facilitate nest building. Fish were fed a mixture of artemia and
bloodworms once a day, ad libitum. We had two systems; each
system contained 50 fish.

Both pond systems were located in the same aviary (to protect
against predation), exposed to the same environmental conditions,
fed with water from the same source and treated (apart from the
experimental manipulation) exactly the same way. Therefore, the
likelihood that differences between the pond systems would have
overruled the effect of manipulation is unlikely. Additionally, after
the collection of the egg clutches, they were each housed in their
own tank (35 x 45 cm).

Fish started to breed in April 2021 at which time we started the
predation treatment (see below). Fish from one system were
designated as ‘treatment’ and from the other system ‘control’. The
fish in each pond in the treatment system were exposed to 50 ml of
conspecific alarm cues, 50 ml of predator alarm cues (perch, Perca
fluviatilis) and chased by a model perch-like ‘predator’ for 5 min.
Perch chasing occurred five times a week, while conspecific and

Figure 1. Arrangement of the ponds for the treatment and control groups.
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predator alarm cues were presented three times a week during the
five instances of predator chasing, on random days each week.

The treatment simulated a real predation risk that sticklebacks
experience in the natural environment. Conspecific alarm cues
were created from 200 g of frozen sticklebacks with their head and
organs removed. The tissue was homogenized with 600 ml of tap
water, passed through a sieve (Cattelan et al., 2020; Evans et al.,
2007; Speedie & Gerlai, 2008) and then stored in 10 ml aliquots
at —20 °C until the day of use. Each pond received a 10 ml dose of
alarm cue diluted with an additional 40 ml of pond water (250 ml
total volume for the entire system). Predator odour was collected
from a separate pond (ca. 600 litres) housing three perch, one of the
primary piscivorous predators of sticklebacks in The Netherlands
(Jacobson et al., 2019). The parental predation treatment lasted
from March 2021 to July 2021. We started collecting eggs to be
analysed later for hormonal analysis and to obtain offspring three
weeks after the treatment began.

We removed the eggs from the males' nests every 2 days,
thereby limiting the exposure of eggs themselves to predation cues
and paternal care. It is improbable that the eggs were sufficiently
developed at 2 days postfertilization to perceive alarm cues
(Swarup, 1958). Clutches were divided in half; one half was placed
in smaller (ca. 20 litre) ponds to let them hatch (see below) and the
other half was frozen at —80 °C awaiting hormonal analysis by
extraction and LC-MS/MS (see Appendix). LC-MS/MS is the tech-
nique that can reliably detect concentrations of the target hor-
mones with very high specificity. Mass spectrometry (MS)
associated with liquid chromatography (LC-MS) is the principal
antibody-free method used for the detection of cortisol. Cortisol,
extracted from the sample is isolated by liquid chromatography
(LC). The stationary and adsorbent octadecylsilane-bonded phase
(C18) is often used at high pressure (HPLC) to separate chemical
species in the sample. MS then ionizes isolated components,
measures the separation of the molecules according to their mass-
to-charge ratio (M/z) and determines the relative abundance of
each ion produced. This technique is much more reliable and spe-
cific for determining hormone concentrations than techniques us-
ing antibodies, such as the traditional and commonly used RIA or
ELISA, as their antibodies cross-react with hormones other than the
target hormones. This is especially relevant for eggs that contain
many hormones, both their precursors and metabolites (Henriksen
et al., 2011; Rettenbacher et al., 2009, 2013).

We used offspring that were sexually immature; therefore, we
could not discriminate their sex throughout the experiments.

Parental Boldness

To confirm that prolonged exposure to simulated predation
influenced the parents, we observed their responses to a predator
model under controlled lab conditions. We tested 26 fish from the
predation treatment and 24 from the control. These fish were
moved from their home pond a day before the test and placed into
one of four aquaria (80 x 35 cm and 40 cm high) to allow them to
acclimatize.

A focal fish was selected from the housing aquarium and gently
placed in a novel experimental tank (40 x 30 cm and 40 cm high).
The experimental tank was furnished with a tube as shelter
(5 x 10 cm), gravel on the floor and a tethered perch model, the
movement of which was remotely controlled by hand (Fig. 2). To
further simulate the presence of predators in the environment, we
added perch odour (5 ml) to the test aquarium. The experimental
tank was positioned in an illuminated wooden box to avoid
external disturbance. The duration of the experiment was 10 min
and the behaviour of the subjects was recorded using an overhead
camera (Raspberry Pi NoIR Camera Board V2 8MP, Raspberry Pi

N
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|
|
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|
|
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|
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|
.
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Figure 2. Test aquarium set-up for the boldness test. Predator zone is where the perch
model was positioned and the safe zone was supplied with a tube as shelter.

Foundation, UK., https://www.raspberrypi.org). We replaced the
water in the experimental tank with freshwater and new predator
odour each time after four fish were tested.

Behaviour was scored using the software BORIS 7.10.2 (Friard &
Gamba, 2016). We recorded the time spent in the safe zone (the
third of the arena nearest to the shelter) and the predator zone (the
third of the tank nearest the predator model; Fig. 2).

Offspring Housing Conditions

Half of each clutch collected was placed in small ponds (ca.
20 litres) and allowed to hatch in the absence of parental care to
avoid potential posthatch paternal effects on juvenile behaviour.
The larvae hatched 5-—7 days after fertilization and started to
independently forage around 1 week after hatching. Larvae were
then fed daily with frozen cyclops and freshly hatched Artemia.
Larvae remained in the small ponds for 3 weeks after which they
were moved into submerged cages (40 x 40 cm and 60 cm high)
inside larger ponds (ca. 600 litres). We placed 40 larvae per cage,
twelve cages in total (six cages per pond per treatment and six
cages per pond per control). The larvae remained in this semi-
natural set-up for 4 weeks, after which the fish were pooled by
treatment, divided into groups of eight and moved to a standard-
ized environment in a climate room. Subsequently, fish were placed
in rectangular tanks (30 x 16 cm and 18 cm high) connected to a
recirculating water system at 17(+1) °C. The photoperiod was set at
14:10 h light:dark. Each tank had a plastic plant, PVC tube hides and
a gravel substrate. Three months after hatching fish were lightly
anaesthetized using a buffered MS-222 solution (see Ethical Note)
and tagged with a visible implant elastomer (VIE; NorthWest Ma-
rine Technology, https://www.nmt.us) for individual identification.
VIE was implanted underneath the dorsal fin at the subcutaneous
level using an insulin syringe (29G). The whole tagging procedure
lasted about 20 s per individual. The fish were then allowed to
recover in tanks with freshwater oxygenated with air stones. We
tagged 100 juveniles from the treatment group and 100 from the
control group.

Fish were exposed to a series of behavioural assays and tested in
the following order: predator inspection test, shoaling test, mirror
test and, after 2 weeks, the second predator inspection test. All four
tests for each fish occurred on 2 subsequent days, so on the first day
they were tested with predator inspection test and shoaling test,
and the following day with a mirror test. The second predator test
took place 2 weeks after the first predator inspection test.
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Offspring Boldness

Offspring were tested at 4 months old with a predator inspec-
tion test twice, 3 weeks apart, to assess consistency in boldness
(following Ramesh et al., 2023). The sample size tested was 100 fish
from the control group and 94 from the treatment group. Two tanks
were placed side-by-side; one (40 x 20 cm and 30 cm high) housed
a live perch, P. fluviatilis, and the other (25 x 20 cm and 20 cm high)
housed the focal fish and a shelter (Fig. 3). The tanks were posi-
tioned in an illuminated wooden box to avoid external disturbance.
The duration of the experiment was 10 min. We scored the time
spent inside the shelter (B) and outside the shelter (A) as proxies for
shyness and boldness respectively.

Offspring Shoaling (Antipredator Behaviour)

To measure shoaling behaviour, five individuals from the same
home tank were placed in a novel arena (33 x 18 cm and 33 cm
high), which was surrounded with black plastic. The test lasted
10 min. Every 10 s a snapshot of the video was taken and the x,y
coordinates of each fish's head were identified. The area of the
polygon generated by the coordinates (Fig. 4) was calculated using
Image] 13.1 (Schneider et al., 2012) as a measure of shoal cohesion.
We averaged the area generated by the shoal at each snapshot
over the total observation time (Bibost & Brown, 2013; Bisazza &
Dadda, 2005).

Offspring Laterality

We employed a rotational mirror test to score laterality in a
social context (sensu Sovrano et al., 1999). Fish were placed in a
circular glass tank (diameter 19 cm, water depth 4 cm) where the
wall was covered with mirror foil to create a continuous mirror for
the subject to swim alongside their reflection (Fig. 5). Subjects were
gently placed in the arena, and we recorded which eye the indi-
vidual used to observe their mirror image every 5 s for 10 min.
When the fish was perpendicular to the mirror it was scored as
nonlateralized. If the fish was not looking at the mirror, as indicated
with B in Fig. 5, it was not included in the lateralized formula. When
the fish was looking at the mirror with one eye (<90° to the mirror)
we noted if it was using the right or left eye, and if the fish was at
>90° to the mirror it was excluded from the data set (Sovrano et al.,
1999). We then calculated the total number of times each fish
watched the mirror with its left, right or both eyes. The sample size
tested was 100 fish from the control group and 94 from the treat-
ment group.

Figure 4. Shoaling test. The shoal area was determined by the size of the area, in cm?,
enclosed by connecting the fish's heads with hypothetical straight lines (shaded area).

19 cm

Figure 5. Rotational mirror test. R indicates when the fish was looking at the mirror
with the right eye, L with the left eye, N with both eyes (nonlateralized) and B if the
fish was not oriented towards the mirror.

Egg Cortisol Analysis
Eggs sampled during the treatment period were preserved in a

freezer —80 °C and later analysed for cortisol concentrations using
LC-MS/MS. Due to the required sample volume, we pooled eggs

20 cm

20 cm

) 25 cm

40 cm

Figure 3. Boldness test in offspring. The tank on the left housed a live perch. In the tank on the right, Zone A is the predator zone and zone B (the shelter) is the safe zone.
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from the same clutch, resulting in a sample size of 10 clutches of the
treatment and 10 clutches of controls. Two procedures were used
for cortisol extraction: SPE and liquid extraction (LLE; see
Appendix). The limit of detection (LOD) was 0.5 ng/ml and limit of
quantification (LOQ) was 2.5 ng/ml, as determined by the [UPAC
method.

Ethical Note

The parents were descended from wild-caught fish in 2020
(Ramesh et al., 2021). Adult three-spined sticklebacks were housed
in different ponds as previously described (100 individuals, 50 in
the treatment group and 50 in the control group). The adults bred
during this period, and we simulated predation risk. Adult fish had
sufficient space and physical structure to avoid the simulated
predator. We then tested 26 adult fish from the predation treat-
ment group and 24 from the control group to generate sufficient
power to test our hypotheses. Since we moved them from their
home ponds to the aquarium, we allowed them to acclimatize
before testing, for 1 day.

We tagged the fish using Visible Implant Elastomer (VIE). The
tagging procedure was as follows: the fish were first placed in a
pretagging and recovery tank, which was the same size as their
home tank. After approximately 20 min, the fish were transferred
to a container with buffered MS-222 (tricaine methane sulfonate;
0.3 g/litre; pH ca. 7.0) anaesthetic. The fish remained in the
anaesthetic solution for about 1 min, until they lost equilibrium.

Once the fish were anesthetized, they were removed from the
solution and placed on a wet sponge with a groove to facilitate
tagging. Prefilled microfine 0.5 ml insulin syringes containing the
VIE elastomer were prepared for use. Each fish was gently held in
the wet sponge, and the needle was inserted at a shallow angle
beneath the first layer of skin on the dorsal side.

After tagging, the fish were returned to the pretagging and re-
covery tank, which was aerated to aid in their recovery. The entire
tagging process took approximately 2 min per fish. Following the
procedure, the fish quickly resumed their typical swimming and
exploratory behaviours. We observed a 100% recovery rate after the
tagging process.

Eggs from the adults were collected from nests in each treat-
ment. Male parental care primarily protects the eggs from preda-
tion and increases water flow, so removing them and rearing them
to hatch in the laboratory has limited welfare implications. We
tested 100 offspring from the control group and 94 offspring from
the treatment group. Six fish from the treatment group were not
tested because they appeared stressed prior to experimentation
(their behaviour and eating habits were abnormal).

We always minimized the stress of handling and moving the
fish, allowing them to acclimatize when necessary.

Fish were kept in the animal facility at the University of Gro-
ningen for future experiments. Indeed, after 6 months, 62 fish were
used in another study (Berlinghieri et al., 2024). Additionally, we
donated around 40 fish to another research group at the University
of Leiden in The Netherlands, while the remaining fish were
released into the Reitdiep canal near the Zernike Campus of the
University of Groningen.

Housing and testing of behaviours were in adherence to the
project permit from the CCD (Centrale Commissie Dierproeven, The
Netherlands) under licence number AVD1050020174084 and the
IVD (Instantie voor Dierenwelzijn) under the licence number
174084-01-006 (University of Groningen, The Netherlands).
Further, the research conducted here adheres to the ASAB Ethical
Committee & ABS Animal Care Committee guidelines for the ethical
treatment of nonhuman animals.

Data Analyses

We tested the personality and laterality data for normality using
the Shapiro—Wilk test and because the data were not normally
distributed, we analysed the data using nonparametric procedures.
We used the Mann—Whitney U test (MWU) to check for differences
in personality traits (shyness: time spent in the safe zone) between
the treatments in both the parental and the offspring generations
and length in the latter. To check for a relationship between size
(length) and laterality (strength and direction, see below) or per-
sonality traits we used Spearman rank correlations. Nonparametric
tests were performed using SPSS 26.0.

We also used Spearman correlation to assess the repeatability of
the personality trait during the predator inspection test (Mazué
et al.,, 2015; Svartberg et al., 2005).

For the laterality test, we calculated, the laterality index and
absolute laterality using the formulas:

Left eye — Right eye
Left eye + Right eye
Left eye — Right eye
Left eye + Right eye

Laterality index =

Absolute laterality = |

To analyse the data, we followed the methods used by Dadda
et al. (2015) and categorized right and left lateralized respectively
when the index was >0.75 (right) or <0.75 (left). Otherwise, the
fish were classified as nonlateralized (NL). Because of this catego-
rization, we conducted a two-sample Z proportion test to compare
the number of lateralized individuals between control and treat-
ment groups.

Because the data were highly skewed, we analysed the rela-
tionship between personality (boldness) and laterality (categorized
in three levels: right lateralized, left lateralized and nonlateralized)
with a multinomial logistic regression (MLR). For the estimation,
we used the R package VGAM (Yee, 2010). Offspring shoaling test
results were also analysed with a nonparametric analysis,
Mann—Whitney U test (MWU), comparing the difference between
the treatment and the control group.

RESULTS
Parents Boldness Test

Adult fish exposed to simulated predation spent less time in the
safe zone compared to the control fish (MWU: U = 207.000,
P = 0.017; Fig. 6) confirming that the predator treatment was
effective in changing the behaviour of the adults.

Offspring Standard Length

Offspring (N = 93 treatment, N = 132 control) of predator-
exposed parents (SD = 28.63; 95% confidence interval,
Cl = 18.544—19.717; median = 18.700; interquartile range = 3.500)
were smaller than offspring from the control parents (SD = 3.885;
Cl = 21.063—-22.391; median = 21.600; interquartile
range = 5.5750; MWU: U = 3638.000, P < 0.001). These results
confirm that exposing parents to predation had an effect on the
growth of their offspring.

Offspring Boldness Test

Similar to the parents, offspring from control parents spent
more time in the safe zone than offspring from the treatment group
(N control = 83, treatment = 77; MWU: U = 2581.000, P = 0.034;
Fig. 6). The repeatability of the personality trait (shyness) during
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Figure 6. Box plots with jittered raw data showing the time spent in the safe zone (s) by adult parents and offspring in the control and treatment groups. The box plots show the
median and 25th and 75th percentiles; the whiskers indicate the values within 1.5 times the interquartile range. *P<0.05.

the predator inspection assay was significant only in the treatment
group (treatment: Spearman rho = 240, P = 0.036; control:
Spearman rho = 179, P = 0.106). Furthermore, the time spent in the
shelter was weakly positively correlated with body length in the
control group (Spearman rho = 239, P = 0.049) but not in the
treatment group (Spearman rho = 091, P = 0.534).

Offspring Shoaling Behaviour

Shoaling behaviour of the control (median = 2259;
Cl = 2001—2848) and predator-exposed offspring (median = 2731;
Cl = 2168.096—3248) did not differ (MWU: P = 0.55, control N = 16
versus treatment N = 15; Fig. 7).

Laterality and the Association with Boldness

The proportion of lateralized fish in the rotational mirror test
was significantly higher in the treatment group (43%) than in the
control group (24%; treatment N = 76 versus control N = 90; two-
sample Z proportion test: P = 0.015).

The multinomial logistic regression indicated that the parame-
ters associated with boldness and its interaction with treatment

were not significant, suggesting the two traits were not correlated
(Table 1). However, the parameters associated with treatment were
significant (B,g) or approached significance (B,;). This indicates
that there is a trend of being more lateralized in the treatment
group, especially towards the right (B,g), than fish in the control
group (Table 1, Fig. 8).

Cortisol

In all egg samples, cortisol concentrations were below the level
of detection limit. The limit of detection was 0.5 ng/ml and the limit
of quantification was 2.5 ng/ml, determined according to the [UPAC
method.

DISCUSSION

The aim of the study was to test whether offspring personality
and laterality are related and can simultaneously be influenced by
parental effects, suggesting a common underlying mechanism. We
found that our treatment simulating a high predation risk envi-
ronment for the parents was effective in two ways. First, parents
exposed to predators spent less time in the safe zone (i.e. they were

6000 -
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Figure 7. Shoaling behaviour. Average area of the polygon generated by coordinates every 10 s from a 10 min video, representing shoal cohesion for the control and treatment
groups in the first and second tests. The box plots show the median and 25th and 75th percentiles; the whiskers indicate the values within 1.5 times the interquartile range.
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Table 1
Strength of laterality as dependent variable
Parameters Estimate SE P
BoL —2.178 0.489 8.40 x 108 ##*
Bor -2.188 0.507 1.59 x 10% #*x
Bir 0.003 0.002 0.1355
Bir 0.002 0.003 0.4577
Bar 0.966 0.561 0.0849
Bor 1.136 0.570 0.0464*
BaL —0.003 0.003 0.2096
B3r —0.003 0.003 0.3188

Estimates of the parameters of the MLR with their standard error and P value. The
dependent variable is the categorized laterality score (right and left lateralized
respectively when the index was >0.75 or <0.75) . The subscript letters R and L
indicates laterality, specifically right and left. Bog and Pg are the two intercepts, B
and B, are the regression parameters associated with shyness, B,z and B,; are the
regression parameters associated with treatment and B3 and B3 are the regression
parameters associated with the interaction between shyness and the treatment.
*P < 0.05; **P < 0.01; ***P < 0.001.

W Control
M Treatment

Mean proportion of population

Left Nonlateralized Right

Figure 8. The mean proportion of the population that was either left, right or non-
lateralized for the control and treatment groups.

bolder) compared to parents in the control group, and second the
parental environment affected size, laterality and personality traits
in the offspring even though the offspring themselves had not
experienced the treatment. In particular, relative to control
offspring, offspring from predator-exposed parents (1) were
smaller in size; (2) were bolder as exemplified by the increased
time spent close to the predator, mirroring the behaviour of their
parents; (3) showed repeatability in boldness; (4) were more lat-
eralized. However, we found no differences in shoaling cohesion.

Contrary to our hypothesis, however, laterality and boldness
were not linked; rather they were affected by the treatment inde-
pendently. We also assumed that the underlying causal mechanism
would involve cortisol, but our analysis indicated that cortisol
levels in the eggs from both treatments were extremely low (below
threshold detection levels).

Many fish alter their behaviour long after being exposed to
stressful cues such as alarm signals and predator exposure
(C. Brown, 2003; G. E. Brown, 2003; Crane et al., 2022). Consistent
with previous studies (e.g. Brown et al., 2004), we found that par-
ents exposed to such cues spent more time close to a predator (i.e.
bolder) compared to the control group, indicating that exposure to
simulated predation threat altered the behaviour of the parents.
However, it is important to note that we did not test the parents
before starting the treatment, so there is a possibility that their
behaviour differed initially. This seems highly unlikely, since we
randomly chose the fish for the treatment groups. We also found
that offspring from predator-exposed parents spent more time
close to the predator than the control offspring, providing evidence

for a parental effect on offspring behaviour. Intriguingly, boldness
was repeatable for offspring from predator-exposed parents, but
not in those from control parents, suggesting that exposure to
predation generates personality in their offspring. This finding is
consistent with previous research showing that exposure to pre-
dation in adult fish leads to behavioural repeatability (i.e. person-
ality traits) in sticklebacks (Bell & Sih, 2007). As far as we are aware,
this is the first demonstration of parental exposure to predators
inducing repeatability in a behaviour, generating a personality trait
in offspring at the juvenile stage.

As predicted, we also found evidence for parental effects on
laterality. We discovered that predator-exposed parents were more
likely to produce strongly lateralized offspring than those of the
control group, as tested in the mirror assay. This result is consistent
with the theory that laterality probably provides a fitness benefit in
the context of antipredator behaviour since strongly lateralized fish
can perform two tasks simultaneously, such as looking out for a
predator with one hemisphere while shoaling with shoal mates
using the other hemisphere (Bisazza & Brown, 2011). This result
mirrors that found in poeciliids, where fish from high-predation
areas are more strongly lateralized than those from low-
predation areas (Brown, Burgess, & Braithwaite, 2007). Research
in the guppy, Poecilia reticulata, found that laterality appeared only
in fish that had received previous experience with predators (De
Santi et al., 2000) and exposure of pregnant goldbelly topminnow
mothers to a visual predator increased offspring lateralization.
(Dadda et al., 2020). Importantly, here we removed the eggs after a
maximum of 2 days of oviposition, which probably prevented
embryos from being influenced by the predator and conspecific
odour (Horn & Chivers, 2021; Swarup, 1958). Our results add to the
growing literature suggesting that the laterality of young animals
can be heavily influenced by maternal effects and that laterality is
highly plastic very early in development.

Surprisingly we found no difference in shoal cohesion between
offspring from the treatment groups, which is often one of the first
traits to respond to increased predation threat. Although the tank
used was relatively small and rectangular, it was the same di-
mensions as their home tank. Given that the fish were only 4
months old, their small body size allowed them to move freely
within the tank. Thus, we think this null result is real, but it could be
revisited in future studies using larger circular arenas.

If we had found evidence for maternal effects affecting both lat-
erality and personality, this would still not necessarily present evi-
dence for a causal link between the two traits, as the physiological
mechanisms by which maternal effects influence these traits may
differ. We initially hypothesized that laterality and personality would
have similar underlying mechanisms, such as circulating hormones,
specifically maternally derived cortisol (Eriksen et al., 2011; Giesing
et al., 2011). Such evidence would only be correlative, warranting
experimental manipulation of the hormone to conclude on a po-
tential causal mechanism. Instead, our results suggest that these
traits developed independently in offspring whose parents were
exposed to predation. Previous authors have found that cortisol can
impact both laterality and personality in a range of animals
(Schaafsma & Groothuis, 2011, 2012). While we did find that
predator-exposed parents delivered smaller offspring, a common
finding after maternal treatment with corticosterone or cortisol (von
Engelhardt et al., 2009), contrary to expectation, cortisol levels in the
eggs were below detection limits in both treatment groups. This
indicates that prenatal exposure to cortisol is probably not under-
lying any differences found in laterality or personality, but there may
be other hormones or derivatives responsible.

The failure to demonstrate the presence of cortisol in the eggs may
be due to the following reasons. First, the sensitivity of the LC-MS/MS
could have been insufficient. However, a study by Reyes-Contreras
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et al. (2023) did not detect cortisol in unfertilized and fertilized eggs
of a cichlid species with a 20-fold increase in sensitivity by LC-MS/
MS, whereas they detected several of its metabolites that are
thought to be mostly biologically inactive (Reyes-Contreras et al.,
2023). Also, egg cortisol levels have been reported to be much
higher than our threshold. Giesing et al. (2011) did report cortisol
concentrations in stickleback eggs, but this was determined by ELISA,
a much less reliable technique due to its cross-reactivity with the
many gestagens in the egg (Rettenbacher et al., 2013). Second, it may
have been that cortisol was initially present but very rapidly con-
verted to its metabolites, such as 11-deoxo forms and cortison, before
eggs were collected, as early conversion of steroids has been
demonstrated in avian eggs (e.g. Wang et al., 2023). However, this
conversion mostly results in biologically inactive hormones. More-
over, this conversion takes place by the embryo and, in the above-
mentioned study of eggs of cichlid fish, authors did not detect
corticosterone in unfertilized eggs where such conversion would not
have taken place (Reyes-Contreras et al., 2023). Nevertheless, as our
eggs were collected 1—2 days after fertilization, this may be a possible
reason for not detecting cortisol. Third, the hormone may have
lowered in concentration between oviposition and sampling because
the hormone migrated to the water. We did not expect this, as eggs
are lipophilic in contrast to water and thus the steroids will have
difficulty leaving the egg. However, Paitz et al. (2016) demonstrated a
very rapid embryo-mediated efflux of cortisol from the egg to the
water by using radioactively labelled cortisol. Such a defence
mechanism against maternal cortisol, in addition to rapid conversion
to other metabolites from cortisol, is known in placental animals.
Although the authors used pharmacological doses, the current stage
of the field suggests that embryos are well protected against maternal
stress hormones. Finally, McGhee et al. (2020) did not detect an
elevation in cortisol concentrations in adult sticklebacks exposed to
predator cues relative to controls, making differences in egg cortisol
levels unlikely. So, although we cannot exclude the possibility that
cortisol was present in very low concentrations in the eggs and still
biologically relevant, the current state of knowledge suggests that the
hormone is not mediating maternal effects in this (and several other)
species. Although we clearly found evidence of multiple parental
effects, we failed to identify the underlying mechanism, but cannot
exclude a role for maternal hormones. For example, glucocorticoids
other than cortisol or those of the androgenic pathway (Schaafsma &
Groothuis, 2012) could have been responsible for the changes in
offspring behaviour.

Lastly, predation is a well-known selective agent for life history
traits. Here we found that offspring from parents that had been
exposed to predation threat were significantly smaller than those
whose parents had not been exposed to predation. The fact that
mothers that are placed under predation threat or are stressed tend to
produce smaller offspring is well established in the literature. For
example, great tits, Parus major, exposed to a model predator pro-
duced smaller nestlings with higher wing growth rates (Coslovsky &
Richner, 2011). Similarly in fishes, females exposed to predation
tend to produce smaller offspring (Johnson & Belk, 2001; Reznick &
Endler, 1982).

In conclusion, our results support the hypothesis that predation
pressure on parents enhances lateralization and boldness in the
offspring via parental effects. Although both traits were affected by
the treatment, we found no evidence that they are correlated,
suggesting that they are not expressions of the same proximate
mechanism. Whether the effects are transferred through the eggs
by maternal hormones other than cortisol remains an open ques-
tion. Offspring from predator-exposed parents displayed person-
ality (boldness) that might suggest that consistent behaviour
(predictability) could be beneficial in high-threat social contexts.
Future research should examine the possibility that other

hormones or their by-products are responsible for maternal effects
and thereby shape the behavioural trajectories of their offspring.
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Appendix
Chemicals and Reagents

For extraction and analyses we used hydrocortisone (HO888,1G
Sigma), water (LC-MS grade water from PanReac Applichem,

https://www.itwreagents.com), methanol (LC-MS grade methanol
from Honeywell, https://www.researchchemicalsconnect.com),
ethyl acetate (ACS grade from Sigma-Aldrich, https://www.
sigmaaldrich.com), formic acid (eluent additive for LC-MS from
Honeywell), acetonitrile (LC-MS grade from Honeywell) and C18
SPE (500 mg/3 ml from Chromabond).

Egg Cortisol Analysis

Hydrocortisone was used both as a reference for calibration in
the range 1-100 ng/ml before each round of analyses with linear
response R?> >0.999 and as an internal standard added in spiked
samples before extraction. Spiked samples underwent the same
procedure as the corresponding unspiked samples.

For sample preparation 2 g of eggs were divided in four aliquots
in order to perform cortisol extraction in duplicate with 10 ng of
standard cortisol and without the addition of standards. Each
subsample was homogenized with 0.5 ml of PBS1x (phosphate
buffered saline). In the specific case of solid phase extraction (SPE)
at each aliquot, 4.5 ml of water was added and vortexed, centri-
fuged (4000 rpm, 10 min, 4 °C) before loading into the cartridge.
Two procedures were used for cortisol extraction SPE and liquid
extraction (LLE).

SPE extraction was performed according to the protocol of
McGhee et al. (2020) with some modifications using cartridges
C18 SPE. These were conditioned with 5 ml methanol and equil-
ibrated with 5 ml water, then the sample was loaded and washed
with 5 ml water. After drying the cartridges, elution was per-
formed with 2 ml of methanol. The eluate was lyophilized and
reconstituted in 200 pl methanol, centrifuged (4000 rpm, 10 min,
4 °(C), transferred to an autosampler vial and stored at —18 °C until
LC-MS/MS analysis.

The procedure for LLE extraction was adapted from Silva et al.
(2015) and Bussy et al. (2017). Each sample was vigorously mixed
with 5 ml of ethyl acetate and stored at —18 °C overnight. Once the
aqueous and fat layers were frozen, the sample was centrifuged
(4000 rpm, 10 min, 4 °C) and the organic layer was withdrawn,
transferred to a new tube, stored at —18 °C and the procedure was
repeated. The 10 ml of ethyl acetate per sample was dried under
gentle flow of nitrogen (N5) and the residues were reconstituted in
200 pl of methanol, centrifuged, transferred to an autosampler vial
and stored at —18 °C until LC—MS/MS analysis.

The extraction procedure was carried out in duplicates while LC-
MS/MS analyses were carried out in triplicates. Analyses were
performed on an HPLC-ESI-QTOF Agilent 6540 (https://www.
agilent.com), operating in the positive ion monitoring mode and
injecting 20 pl of a sample in a Luna Omega 5 um Polar C18 LC
Column 150 x 2.1 mm using a mixture of water (with 0.1% formic
acid) and acetonitrile (with 0.1% formic acid) as eluents with a fixed
flow of 0.8 ml/min with the following gradient: O min (5% B), 10 min
(95% B), 12 min (5% B) maintaining this gradient for a further 3 min.

The analyses were conducted in multiple reaction monitoring
(MRM) with transitions m/z selected of 363.21 — 121.06 and
retention time recorded was 5.52 min.

In order to avoid any cross-contamination during the HPLC-MS
analysis of subsequent samples, blank solvent (methanol) and no
injection runs were performed in between one sample analysis.
Quality checks were performed by analysing a 10 ng/ml (10 ppb) of
a standard solution every four samples, followed by a blank solvent
injection and a no injection run. No traces of cortisol were detected
in blank analyses. The relative standard deviations (RSDs) on four
replicates of quality checks were less than 10% and the analyses
were corrected accordingly. Limit of detection (LOD) of 0.5 ng/ml
and limit of quantification (LOQ) of 2.5 ng/ml were determined
according to the IUPAC method.
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The percentage of recovery R was calculated according to
equation (1), where Cgpjre is the known concentration (ng/g) of
spiked internal standard, Dspjkeq is the instrumental (LC-MS)
analytical response of the spiked sample (i.e. the ‘detected’ con-
centration) and Dypspiked is the analytical response of the unspiked
sample. R was then used in equation (2) to calculate the actual
values of each PAEs concentration in unspiked analysed samples.

R(%) =100 x (Dspiked - Dunspiked) /Cspike (1)

[Cortisol](ng / g) =100 x Dunspiked/R (2)

The best average of recovery was obtained from LLE extraction
of 80% while from SPE extraction was of 60%.



	Parental predator exposure affects offspring boldness and laterality in the stickleback
	Methods
	Study System
	Housing and Experimental Design
	Parental Boldness
	Offspring Housing Conditions
	Offspring Boldness
	Offspring Shoaling (Antipredator Behaviour)
	Offspring Laterality
	Egg Cortisol Analysis
	Ethical Note
	Data Analyses

	Results
	Parents Boldness Test
	Offspring Standard Length
	Offspring Boldness Test
	Offspring Shoaling Behaviour
	Laterality and the Association with Boldness
	Cortisol

	Discussion
	Author Contributions
	Data Availability
	Declaration of Interest
	Acknowledgments
	References
	Appendix
	Chemicals and Reagents
	Egg Cortisol Analysis



