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Abstract

In a wide range of organisms, including humans, mothers can influence offspring via the care they
provide. Comparatively little is known about the effects of fathering on offspring. Here, we test
the hypothesis that fathers are capable of programming their offspring for the type of environment
they are likely to encounter. Male threespine sticklebacks, Gaster osteus aculeatus, were either
exposed to predation risk while fathering or not. Fathers altered their paternal behaviour when
exposed to predation risk, and consequently produced adult offspring with phenotypes associated
with strong predation pressure (smaller size, reduced body condition, reduced behavioural
activity). Moreover, more attentive fathers produced offspring that showed stronger antipredator
responses. These results are consistent with behaviourally mediated paternal programming: fathers
can alter offspring phenotypes to match their future environment and influence offspring traits
well into adulthood.
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In a wide range of organisms, including humans, mothers' experiences can affect offspring
(Mousseau & Fox, 1998; Uller, 2008). For example, maternal exposure to predation risk
alters offspring morphology (Agrawal, Laforsch, & Tollrian, 1999; Weisser, Braendle, &
Minoretti, 1999), physiology (Sheriff, Krebs, & Boonstra, 2010) and behaviour (Storm &
Lima, 2010). There is also an emerging literature showing that the way mothers behave
towards their offspring can have a long-lasting influence on their offspring (Champagne,
2008).

Comparatively less is known about the significance of fathers' experiences and behaviour for
offspring. At first glance it might appear that there is little opportunity for fathers'
experiences to become embedded in offspring because there is rarely intimate contact
between fathers and developing embryos. However, a growing number of studies is showing
that fathers' experiences prior to fertilization can influence offspring via, for example,
changes in sperm morphology or seminal fluid (beetles: Sirot, Lapointe, Shatters, &
Bausher, 2006), the sperm epigenome (mammals: Curley, Mashoodh, & Champagne, 2011)
and sperm microRNAs (rats: Rodgers, Morgan, Bronson, Rovello, & Bale, 2013). A
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relatively unexplored possibility is that fathers adjust their parenting in response to stressors,
and adjustments in care have long-term consequences for offspring, as has been shown for
mothers (McLeod, Sinal, & Perrot-Sinal, 2007).

Predation is a strong selective pressure that shapes many traits (Abrams & Rowe, 1996;
Endler, 1995). In a predator-rich environment, antipredator defences are key for
reproductive success and offspring survival, and predation risk often alters phenotypes in
predictable ways. For example, prey in high-predation environments tend to be smaller, less
active and have faster life history trajectories than prey from low-predation environments
(guppies: Endler, 1995; tadpoles: Relyea, 2004; lizards: Vervust, Grbac, & Van Dame,
2007). If parents can respond to cues that future predation risk is likely to be high, and if
they can prepare offspring for living in a predator-rich environment, then this
transgenerational plasticity could be adaptive.

Here, we investigate the effects of paternal experience with predation risk on offspring
morphological, behavioural and physiological traits in threespine sticklebacks, Gasterosteus
aculeatus. Sticklebacks are teleost fish in which the father is the sole provider of parental
care that is necessary for offspring survival. Therefore, there is no opportunity for
differential allocation or compensation by the mother (Curley et al., 2011). During the
approximately 5-day incubation period, male sticklebacks ‘fan’ the eggs with pectoral fins,
providing oxygen and clearing carbon dioxide, and remove rotten eggs and debris (Wootton,
1984). Once the eggs hatch, fathers continue to defend their offspring and retrieve young fry
that stray too far from the nest. Previous studies suggested that offspring learn appropriate
antipredator behaviour from their father after hatching (Feuth-De Bruijn & Sevenster, 1983;
Tulley & Huntingford, 1987).

We used a within-subjects breeding design to test the hypothesis that paternal exposure to
predation risk during parenting influences offspring traits. Specifically, males experienced
predation risk during one parenting episode (‘predator-exposed’) and were not exposed to
predation risk during the other parenting episode (‘unexposed’). We evaluated the effect of
paternal predator exposure on the morphology, behaviour and physiology of reproductively
mature adult offspring. We further examined correlations between paternal behaviour and
offspring behaviour to test the hypothesis that paternal effects on offspring are mediated by
paternal behaviour.

METHODS

Study Population and Breeding

Adult threespine sticklebacks were collected from Putah Creek, a dammed, regulated
freshwater stream in northern California, in April 2010. Sculpin (Cottus spp.), a fish
predator known to prey on stickleback eggs, fry and adults (Moodie,1972; Pressley,1981)
are present at this site. Fish were shipped to the University of Illinois at Urbana- Champaign,
and males were introduced into separate 9.5-litre (36 x 21 x 18 cm) tanks with a refuge
(plastic ‘plant’), an open plastic box (13 x 13 x 3 cm) filled with fine sand, and filamentous
algae for nest building. Following nest completion, males were presented with a gravid
female and allowed to spawn. Each male spawned with a unique female. After spawning, the
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female was removed. Fish were kept at 20 °C on a summer (16:8 h light:dark) photoperiod.
Water was cleaned via a recirculating flow-through system that consisted of a series of
particulate, biological and UV filters (Aquaneering, San Diego, CA, U.S.A.). Ten per cent of
the water volume in the tanks was replaced each day. Fish were fed a mixed diet consisting
of frozen bloodworm, brine shrimp and Mysis shrimp in excess each day.

Exposing Fathers to Predation Risk and Recording Paternal Behaviour

Males were randomly assigned to either the ‘unexposed’ or ‘predator-exposed’ treatment for
their first clutch. On the third day after males spawned (when the embryos were 3 days old),
males in the ‘predator-exposed’ treatment were chased with a 10 cm rubber model sculpin
(Jewel Bait Company, Bakersfield, MO, U.S.A.) for 2 min to simulate a nest predation
attempt. A predator of this size is a threat to the eggs and fry, but not to the adult males
(Moodie, 1972; Pressley, 1981). Previous research has shown that adult sticklebacks show
relevant antipredator behaviours when confronted with a realistically painted model (Grobis,
Pearish, & Bell, 2013). It is unlikely that the embryos were exposed to visual cues of the
model predator, as during the ‘predator-exposed’ treatment, the optic cups of the 3-day-old
embryos were still developing (Swarup, 1958) and the eggs were covered by nesting
material. For males in the ‘unexposed’ treatment, we removed the top of the tank and gently
splashed the water when the eggs were 3 days old to simulate the water disturbance caused
when the model predator entered the tank. Males were only exposed to the predator once.

After spawning, we observed paternal behaviour every day for 5 min between 1000 and
1300 hours Central Standard Time (CST) from 1 day after spawning through 5 days after the
eggs hatched (when fry from this population naturally disperse in the wild). We measured
the total time that the male was within one body length of the nest (total time at nest) and the
total amount of time that the male spent fanning his eggs, a paternal behaviour that
oxygenates the eggs (Wootton, 1984), is important for proper offspring development (von
Hippel, 2000) and consistently varies among fathers (Stein & Bell, 2012). The simulated
predation threat (or water splashing) occurred after the daily observation of paternal
behaviour. There were subtle but detectable effects of predator exposure on paternal
behaviour. For example, ‘predator-exposed’ fathers decreased total time fanning relative to
control males for 2 days following exposure to the model predator, but afterwards resumed
normal activity (Stein & Bell, 2012). More details on parental behaviour are presented in
Stein and Bell (2012).

Five days after the eggs hatched, males were placed in new tanks and allowed to construct
second nests and the entire process, including daily behavioural observations, was repeated
for the second clutch. Males that had been in the ‘predator-exposed’ treatment in the first
clutch were assigned to the ‘unexposed’ treatment for the second clutch and vice versa.

Ten males completed at least one clutch; of these, eight completed two clutches. Initial
treatment did not affect whether males completed a second clutch (of those that completed
two clutches, four were ‘unexposed’ and four were “predator-exposed’ in their first clutch),
and parental behaviour in the first clutch did not predict whether a male completed a second
clutch (Stein & Bell, 2012). We did not detect a difference in parental behaviour between
the first and second clutches or an effect of the order in which a male experienced a model
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predator (i.e. a male's experience with parenting or with a predator did not influence his
behaviour in his second clutch).

Offspring Morphology and Antipredator Behaviour

Once fry were approximately 1 cm in length (~1 month old), each full-sibling family was
split across at least two tanks at a density of six fish per tank. Offspring were fed newly
hatched Artemia nauplii shrimp in excess each day until they reached 3 cm in length, at
which time they were fed the adult slurry of frozen food. Offspring were kept this way for 1
year; during this time they experienced a simulated winter (LD 8:16) photoperiod from
November 2010 to March 2011.

At 1 year of age, when the offspring were reproductively mature, we measured their
morphology, behaviour and cortisol response to predation risk. Specifically, we measured
standard length and weight and scored colour (males only) using a ranking method
(Boughman, 2007). Throat redness was measured as the sum of throat red area and red
intensity scores (range 0-3 for each). Body brightness ranged from 0 to 5, with 5 being very
bright. Throat hue and body brightness were measured on the side of the fish.

For behavioural testing of predator responses, fish were transferred individually to an
observation tank in an opaque cylinder (10 cm in height, 10 cm diameter) plugged with a
cork. The observation tank (53 x 33 x 24 cm) had a 5 x 2 grid drawn on the front, a gravel
bottom and two plastic plants for refuge, one on each side of the tank. After a 15 min
acclimation period, we removed the cork remotely and, after emerging from the cylinder, the
fish acclimated to the observation tank for 1 h.

We recorded behaviour with a high-definition JVC Everio camcorder from behind a blind.
Behaviour was recorded (see below for details) for 3 min without a stimulus to obtain a
baseline level of behaviour (‘before’). After 3 min, we introduced a 15 cm clay sculpin
(model predator) painted with natural markings to the tank to measure antipredator
behaviour. A predator this size is a threat to adult sticklebacks (Moodie, 1972; Pressley,
1981). The model predator was attached with fishing wire to a rod that could be manipulated
from behind the blind. We introduced the model to the right side of the tank and moved it in
a clockwise direction around the tank for 1 min. We then placed the model on the gravel for
2 min, simulating the sit-and-wait predation style of sculpin, and recorded behaviour during
the 3 min period that the predator was in the tank (‘during’). After 2 min, we removed the
sculpin model and recorded behaviour for an additional 3 min to determine whether
behaviour differed from baseline after offspring observed a predator (‘after”).We recorded
the total number of squares moved (a measure of activity), total time freezing (an
antipredator behaviour) and total number of jerky swims (a quick ‘burst’ of speed, a
conspicuous behaviour) using JWatcher (http://www.jwatcher.ucla.edu/). The three
observers recording behaviours were blind to offspring family and father treatment, and we
did not detect an effect of observer on behaviour.

Behavioural observations were carried out between 1100 and 1700 hours CST during
August—September 2011. Only one fish per rearing tank was tested each day; we recorded
the behaviour of 12 fish per day. There were a total of 18 full-sibling families, with eight
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pairs of half-sibling families. Nine clutches were from predator-exposed fathers and nine
clutches were from unexposed fathers. In total, there were 91 offspring from fathers in the
predator-exposed treatment and 66 offspring from fathers in the unexposed treatment (total
N = 157 offspring).

Measuring Plasma Cortisol in Offspring

We measured circulating plasma cortisol after the behavioural assay as a means of detecting
offspring cortisol response to predation risk. Previous studies in threespine sticklebacks
showed that circulating plasma cortisol peaks 15min after a predator encounter (Mommer &
Bell, 2013). Therefore, 15 min following the introduction of the predator to the observation
tank, we quickly netted the stickleback and immediately euthanized it with an overdose
(>0.2 mM) of MS-222.We then removed the caudal peduncle just before the cloaca with
sharp scissors. We collected blood from the caudal vein using 75 mm heparinized
microhaematocrit tubes (Statspin, Westwood, MA, U.S.A.). Tubes were centrifuged on a
microhaematocrit rotor (Statspin) to pellet circulating cells. Plasma supernatant was
aspirated and kept at —20 °C until enzyme-linked immunosorbent assay (ELISA) could be
performed. At this time we also removed the caudal fin and stored it in 70% ethanol for later
determination of genetic sex using a male-specific genetic marker (Peichel et al., 2004).

To confirm that exposure to predation risk during the behavioural assays elicited a cortisol
stress response, a subset of 20 offspring (N = 10 from predator-exposed fathers, N = 10 from
unexposed fathers) were not put through the behaviour assay. Instead, these fish were
randomly selected from their home tanks and immediately euthanized with an overdose of
MS-222 (‘control’ treatment). We then measured standard length, weight, scored coloration,
collected the caudal fin and extracted plasma as above. These control measurements also
allowed us to determine whether offspring from predator-exposed fathers had higher
‘baseline’ levels of cortisol than offspring from unexposed fathers.

Plasma samples were thawed and their cortisol concentration measured in duplicate by
competitive ELISA according to the manufacturer's protocol (Enzo Life Sciences, Plymouth
Meeting, PA, U.S.A.). To extend the manufacturer's recommended standard curve for the
ELISA, we included an eighth standard of cortisol (78 pg/ml) on each plate. Plasma samples
across both levels of paternal treatment (predator-exposed and unexposed) and for
behaviourally assayed and control offspring were represented on each of the four plates. The
inter-assay coefficient of variation (CV) between all ELISA plates (N = 4 plates) was 6.65%;
intra-assay CVs averaged 6.77 + 6.20% (mean + SD). Thirty-five individuals either gave
very little blood or the plasma was lost from the capillary tube during isolation; therefore,
the final sample size for cortisol analysis was 123 offspring exposed to the model predator
and 19 control individuals.

Statistical Analysis

To determine whether paternal exposure to predation risk influences offspring, we compared
offspring between paternal treatments (‘predator-exposed’ or ‘unexposed’ fathers). We

constructed separate models to test for the effect of paternal treatment on offspring (1) body
size, (2) body condition (calculated as the residuals of length by weight regression), (3) male
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nuptial coloration, (4) activity, (5) time freezing, (6) jerky swims and (7) circulating plasma
cortisol concentration. All models included paternal treatment (predator-exposed,
unexposed) and offspring sex as fixed effects, and father ID, clutch nested within father 1D,
offspring home tank nested within clutch and order in which the father saw a predator as
random effects. We did not detect any differences between gravid and nongravid female
offspring (results not shown).

Offspring activity (total squares moved) and time freezing were measured at three time
points: before, during and after predator exposure. Therefore, for these variables, we also
included stage (before, during and after predator exposure) as a fixed effect and individual
ID as a random effect to account for multiple measurements of the same individual. To
determine whether exposure to a model predator triggered a cortisol stress response in
offspring, we used a t test comparing offspring that had or had not been exposed to the
model predator.

We wished to control for the effect of offspring body size on behaviour and cortisol, but
paternal treatment affected offspring length (see Results). Therefore, we regressed each
behaviour and cortisol concentration on length and analysed the length-corrected residuals.
Squares moved and total time freezing were In-transformed (trait + 1 to account for zeroes)
prior to regression to obtain normality; number of jerky swims was square-root (+1)
transformed.

To test the hypothesis that paternal behaviour influenced offspring traits, we examined
correlations between father behaviour (averaged within a clutch) and offspring behaviour
(regressed on length and averaged within a clutch) using Pearson correlations. This analysis
was performed at the clutch level rather than at the father level because a given male
behaved differently during his two clutches, so each of a male's clutches experienced a
different rearing environment. We used sequential Bonferroni correction to account for
multiple correlation tests (Rice, Schork, & Rao, 2008).

All statistical analyses were conducted with R version 2.15.2 (R Foundation for Statistical
Computing, Vienna, Austria). Linear mixed models (LMMs) were performed using the Imer
function from the ‘Ime4’ (Bates, Maechler, & Bolker, 2012) and ‘ImerTest” (Kuznetsova,
Brockhoff, & Christensen, 2013) packages. We used REML estimation and a diagonal
covariance structure for our models, with Satterth waite approximation for degrees of
freedom. We determined whether levels of fixed factors differed from one another using
Tukey HSD test. We calculated effect sizes (Cohen's d) from means and standard deviations
and interpret 0.5 as a large effect, 0.3 as a medium effect and 0.1 as a small effect (Cohen,
1992).

We took measures to maximize animal welfare by minimizing the duration of exposure to
simulated predation risk and by providing refuges (plants and gravel) in the sticklebacks'
tanks. Animals were killed via overdose of anaesthetic to minimize suffering. The
experiments were approved by the Institutional Animal Care and Use Committee at the
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University of Illinois at Urbana-Champaign (Protocol number 09204, approved on 1
September 2009).

RESULTS

Paternal Effects on Offspring Morphological Traits

Whether or not a father experienced predation risk influenced the body size of his offspring
(Cohen's d = 0.35; Table 1, Fig. 1a). When fathers were exposed to predation risk, they
produced offspring that were significantly smaller (mean £ SE: 38.09 + 4.20 mm) than when
they were not exposed to predation risk (mean + SE: 39.48 + 3.84 mm). Paternal treatment
also influenced body condition: when fathers were exposed to predation risk, they produced
offspring in worse condition (mean + SE: —0.35 + 1.64) than when they were not exposed to
predation risk (mean + SE: 0.48 £ 1.46; Cohen's d = 0.54; Fig. 1b). Male offspring of fathers
in the predator-exposed treatment had lower colour scores (mean £ SE: 2.49 £ 1.52) than
male offspring of fathers in the unexposed treatment (mean + SE: 3.12 + 2.22; Cohen's d =
0.33). However, this effect was driven by the negative effect of paternal predator exposure
on body size: when male offspring nuptial coloration was corrected for offspring length,
there was no difference between paternal treatments (LMM: effect of paternal treatment:
F1,41.15 =0.12,P= 0.73).

Paternal Effects on Offspring Antipredator Behaviour

Offspring reacted to the model predator during the behavioural assay (Table 2, effect of
stage). For example, when the predator was present, offspring reduced activity (mean + SE:
during: 7.7 + 6.9 squares) compared to the period before the predator was introduced (mean
+ SE: before: 8.6 £ 9.9 squares). Offspring maintained relatively low levels of activity after
the predator was removed (mean + SE: after: 6.09 + 8.06 squares). Offspring increased the
amount of time spent frozen when the predator was present (mean + SE: before: 70.6 + 67.3
s; during: 96.1 + 62.3 s), and then returned to ‘before” levels after the predator was removed
(mean £ SE: after: 76.7 = 69.8 s). Offspring only performed the jerky swimming behaviour
when the predator was present. Altogether these behavioural data indicate that offspring
reacted to the predator as if it were a threat.

Paternal predator exposure influenced offspring activity (Cohen's d: before: d = 0.28;
during: d = 0.23; after: d = 0.32; Table 2, effect of paternal treatment). During all stages of
the behavioural assay (before, during and after predator exposure), offspring of predator-
exposed fathers were less active compared to offspring of unexposed fathers (Fig. 2a).We
did not detect an effect of paternal predator exposure on freezing behaviour (mean * SE:
predator-exposed father: 83.6 = 67.5 s; unexposed father: 77.7 £ 66.9 s; Fig. 2b) or jerky
swimming (mean * SE: predator-exposed father: 1.45 + 2.87; unexposed father: 1.85 + 2.87;
Fig. 2c).

Paternal Effects on Offspring Cortisol Stress Response

We did not find an effect of paternal treatment on circulating cortisol (LMM: Fj 1144, P =
0.69; Cohen's d = —0.06). However, the LMM suggested that the effect of paternal treatment
on offspring cortisol response might depend on sex (LMM: effect of paternal treatment*sex:
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F11143=2.77, P =0.09). Therefore, we ran separate LMMS for the two paternal
treatments, testing for the effects of sex as a fixed factor and father ID, clutch nested within
father, home tank nested within clutch, order in which father saw a predator and ELISA
plate as random factors. While there was no sex difference in offspring of unexposed fathers
(LMM: effect of sex: Fq 459 = 0.14, P = 0.70), female offspring had higher circulating
cortisol than male offspring of predator-exposed fathers (LMM: effect of sex: F1 g9 = 9.71,
P =0.003; Fig. 3).

We also collected plasma from a baseline ‘control’ group of offspring that were removed
directly from their home tanks and killed. These data verify that offspring reacted to the
model predator as a stressor: control offspring had lower cortisol than offspring that were
exposed to the predator during the behavioural assay (t test: to1 4 = 6.05, P < 0.0001).We did
not detect a difference in levels of baseline circulating cortisol between paternal treatments
(F1,15 = 0.065, P = 0.80) or sexes (F1 15 = 0.007, P = 0.93).

Relationships between Fathers' Behaviour and Offspring Traits

Previous analyses (Stein & Bell, 2012) revealed subtle, but detectable, effects of predator
exposure on fathers' behaviour. In particular, when fathers were predator-exposed, they
performed less parental behaviour than when they were unexposed. Therefore, we
hypothesized that changes in fathers' behaviour might be driving some of the differences
between offspring of predator-exposed versus unexposed fathers. Consistent with this
hypothesis, fathers that made more visits to the nest produced offspring that performed more
jerky swims (Pearson correlation: ri4 = 0.57, P = 0.016, a result that passed the sequential
Bonferroni test; Fig. 4). We did not find any significant correlations between fathers'
behaviour, body size, body condition, nuptial colouration, cortisol, total squares moved
during predator exposure or total time freezing during predator exposure.

DISCUSSION

Exposing fathers to predation risk caused them to produce offspring with phenotypes
associated with living under high predation risk. In particular, offspring of predator-exposed
fathers were smaller, in poorer condition and less active than offspring of unexposed fathers,
and paternal exposure to predation risk induced a sex-specific difference in offspring
cortisol stress response to predation. A growing literature suggests that mothering can
influence offspring via nongenetic mechanisms (reviewed in Champagne, 2008), our results
suggest that fathers are capable of something similar. Studies on fathering to date have
focused on the effects of fathers' experience prior to parenting on offspring (Crean, Dwyer,
& Marshall, 2013; Curley et al., 2011; Dias & Ressler, 2014; Rodgers et al., 2013; Sirot,
Lapointe, Shatters, & Bausher, 2006) and have suggested that the magnitude of paternal
effects can be similar to that of maternal effects (Head, Berry, Royle, & Moore, 2012). Our
results show that a father's experience during parenting can influence offspring phenotype in
much the same way as a mother's experience can. Our results also suggest that long-term
differences between offspring of predator-exposed and unexposed fathers can be attributed
to short-term adjustments in paternal behaviour in response to predation risk. Together,
these results suggest that fathers from natural populations can transmit information about the
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current environment to their offspring, and that the way that fathers behave towards their
offspring can shape their developmental trajectories into adulthood.

One of the advantages of the stickleback system is that there is an extensive literature on
morphology and behaviour in the field and laboratory that provides a framework for
interpreting some of the paternal effects observed in this study. For example, predation
pressure on sticklebacks (and other species; see Endler, 1995; Relyea, 2004; Vervust et al.,
2007) is associated with smaller body size at sexual maturity (Bell, Dingemanse, Hankison,
Langenhof, & Rollins, 2011), lower body condition (Frommen et al., 2011), reduced male
nuptial coloration (Candolin, 1998) and reduced activity (Lacasse & Aubin-Horth, 2012). In
this study, offspring of predator-exposed fathers had traits associated with predator-rich
conditions: they were smaller, in poorer body condition, had reduced nuptial coloration
(males) and were less active than offspring of unexposed fathers. These findings suggest that
the nongenetic paternal effects found here could reflect transgenerational plasticity for
coping with a high-predation environment. Remarkably, our results also suggest that fathers
are capable of flexibly ‘programming’ their offspring for the environment that they
themselves experienced while parenting, or adaptive anticipatory paternal effects. Fathers
made short-term adjustments to their parenting behaviour in response to predation risk, but a
father's experience with predation risk during one breeding episode did not carry over to
influence his behaviour or offspring in a subsequent breeding episode (Stein & Bell, 2012),
consistent with paternal programming. Offspring of predator-exposed fathers were less
active than offspring of unexposed fathers. Lower activity in the presence of predation risk
can improve stickleback survival, presumably because it makes them less conspicuousness
to predators (McGhee, Pintor, Suhr, & Bell, 2012). Offspring of predator-exposed fathers
were less active at all stages of the behavioural assay (before, during and after the predator
was present). Interestingly, we did not detect a predator-induced paternal effect on offspring
freezing behaviour or jerky swimming, two behaviours that can be effective strategies to
avoid capture (McGhee et al., 2012). The fact that paternal predator exposure influenced
offspring activity generally rather than influencing behaviours involved in immediately
avoiding predation suggests that fathers might provide their offspring with general skills for
the environment they are likely to encounter rather than providing offspring with specific
tools for avoiding capture. An alternative explanation for the patterns observed in this study
is that perturbations while parenting caused males to reduce parenting behaviour, which
caused males to produce offspring in worse condition, and poor condition caused offspring
to be inactive. However, we did not detect a relationship between offspring condition and
activity. Therefore, effects on behaviour are unlikely to have been driven by effects on
condition. An obvious task for future studies on paternal programming is to determine
whether offspring of predator-exposed fathers have higher fitness in the face of predation
risk.

We did not find an overall difference in offspring cortisol response to predation risk based
on paternal experience. However, we detected a trend suggesting a sex-specific paternal
effect on cortisol concentration. Specifically, female offspring of predator-exposed fathers
showed a higher cortisol response to predation risk than male offspring of predator-exposed
fathers (similar to Zohar & Weinstock, 2011; for rats). Other studies have also found sex
differences in hormonal and behavioural stress responses of offspring based on maternal

Anim Behav. Author manuscript; available in PMC 2016 March 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stein and Bell

Page 10

experience with a stressor (reviewed in Brunton, 2013), but the proximate mechanisms that
contribute to them and their ecological consequences are not well understood.

There are multiple mechanisms by which the paternal effects observed in this study might
have occurred. We found that fathers that visited their nest more frequently in the presence
of a model predator produced offspring that performed more antipredator behaviour (jerky
swimming), which is consistent with the hypothesis that the paternal effects are
behaviourally mediated. Fathers decreased fanning behaviour following predator exposure,
which is also consistent with behavioural mediation (Stein & Bell, 2012). As fanning is an
important predictor of reproductive success and provides oxygen to developing embryos
(von Hippel, 2000), it is possible that a reduction in oxygenation might have affected
offspring development. It is also possible that olfactory cues from the father might be
involved. In sticklebacks, paternal odour is an important cue for imprinting (Kozak, Head, &
Boughman, 2011). Spiggin, the protein produced by male kidneys and used to glue the nest
together, may also contain cues for offspring about the fathers' state (Kozak et al., 2011) and
is continually added to the nest throughout parenting. The paternal effects observed here
might also have been hormonally mediated: fish release steroid hormones, including
cortisol, into the water via the gills (Scott & Ellis, 2007), fathers are in close contact with
their nests, and fish embryos can take up cortisol from their surroundings (McCormick,
1999). Therefore, it is possible that offspring were exposed to paternal hormones, potentially
even paternal cortisol, which could have had organizational effects on the development of
the hypothalamic—pituitary—interrenal (HPI axis), body size and behaviour.

That being said, we can rule out some alternative explanations for the differences between
offspring of predator-exposed and unexposed fathers that were observed in this study. For
example, fathers were exposed to predation risk after their eggs were already fertilized, so
the paternal effects cannot be due to changes in sperm (Curley et al., 2011; Dias & Ressler,
2014) or seminal fluid (Rodgers et al., 2013; Simmons, 2011; Sirot et al., 2006). It is also
unlikely that the effects of paternal treatment can be attributed to the direct exposure of
offspring to visual cues of the predator (Darmaillacg, Lesimple, & Dickel, 2008). Fathers in
the ‘predator-exposed’ treatment were exposed to predation risk by a model sculpin when
their offspring were 3 days old (postfertilization, prehatching), when the optic cups of the
embryo are still developing (Swarup, 1958) and when the eggs are covered by nesting
material. In addition, because fathers were exposed to a rubber model predator rather than a
live predator, there was no opportunity for olfactory cues from a predator to reach the eggs
(Ferrari & Chivers, 2010; Nelson, Alemadi, & Wisenden, 2013).

While maternal effects on offspring have been examined in natural systems, paternal effects
on offspring and their ecological and evolutionary implications have remained relatively
understudied. Our results provide some of the first evidence for behavioural transmission of
the paternal environment to offspring. Fathers made short-term adjustments in response to
predation risk that influenced both the morphology and behaviour of their offspring, but
these effects were reversible within fathers (i.e. a male's subsequent clutches were not
influenced by his previous experience). In a system such as sticklebacks, where fathers
breed more than once during the breeding season (Wootton, 1984), this suggests that fathers'
experiences and behaviour from one clutch to another can produce offspring with potentially
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different fitness outcomes based on the environment in which they occur. Whether this is a
true anticipatory parental effect, such that offspring show greater fitness when raised in the
environment that their father experienced, remains to be explored.
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body condition of stickleback offspring. Means (uncorrected for length) + SE are shown.
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Effect of paternal treatment on () activity (squares moved), (b) time spent freezing and (c)

number of jerky swims performed by offspring of unexposed and predator-exposed
stickleback fathers before, during and after exposure to a model predator. Means

(uncorrected for length) + SE are shown.
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Figure 3.
Circulating cortisol levels in stickleback offspring of unexposed fathers (N = 28 females, N

= 20 males) and predator-exposed fathers (N = 45 females, N = 29 males) following
exposure to a predator model. Means (uncorrected for length) £ SE are shown.
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Figure 4.
Relation between the number of nest visits by the father and the number of jerky swims

performed by stickleback offspring in the presence of a predator. Regression line is shown
for illustrative purposes only. Figure shows raw data (uncorrected for length).
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Table 1

Linear mixed model results for offspring morphological traits in threespine sticklebacks

Factor Length Body condition

F (df) P F (df) P
Paternal treatment 4.78 (1, 60.1) 0.03 10.82(1,624) 0.002
Sex 0.63(1,152.9) 043 0.27(1,152.5) 0.60

Paternal treatment*sex  0.02 (1, 152.2) 0.89 1.86(1,152.1) 0.18

Significant values are shown in bold.
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