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1 | INTRODUCTION

Abstract

Intergenerational fitness effects on offspring due to the early life of the parent are
well studied from the standpoint of the maternal environment, but intergenera-
tional effects owing to the paternal early life environment are often overlooked.
Nonetheless, recent laboratory studies in mammals and ecologically relevant stud-
ies in invertebrates predict that paternal effects can have a major impact on the
offspring's phenotype. These nongenetic, environment-dependent paternal effects
provide a mechanism for fathers to transmit environmental information to their off-
spring and could allow rapid adaptation. We used the bank vole Myodes glareolus, a
wild rodent species with no paternal care, to test the hypothesis that a high popula-
tion density environment in the early life of fathers can affect traits associated with
offspring fitness. We show that the protein content in the diet and/or social envi-
ronment experienced during the father's early life (prenatal and weaning) influence
the phenotype and survival of his offspring and may indicate adaptation to density-
dependent costs. Furthermore, we show that experiencing multiple environmental
factors during the paternal early life can lead to a different outcome on the offspring
phenotype than stimulated by experience of a single environmental factor, highlight-
ing the need to study developmental experiences in tandem rather than independent

of each other.
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in the subsequent generation through parental effects, even in the
absence of exposure to further stimuli (Burton & Metcalfe, 2014;

An individuals’ phenotype is a complex interaction between its
genotype and the environment (Paaby & Testa, 2018). In particu-
lar, the early life environment of an individual can have a profound
and lasting impact on the adult phenotype (Burton & Metcalfe,
2014), highlighting the important role of environmental experience
during development. Moreover, the early life environment experi-

enced by one generation can continue to exert phenotypic effects

Soubry, Hoyo, Jirtle, & Murphy, 2014). Such intergenerational en-
vironmental effects, that is when an early life environment exhib-
ited on one generation has some effect on a subsequent generation
(Emanuel, 1986), are well documented in several taxa, such as fish
(Shama & Wegner, 2014), birds (Naguib & Gil, 2005), rodents (Drake
& Walker, 2004; Skinner et al., 2013; Van Cann, Koskela, Mappes,
Sims, & Watts, 2019) and humans (Pembrey, Saffery, & Bygren,
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2014; Pembrey et al., 2006). There is clear evidence of lasting, in-

tergenerational phenotypic impacts derived from, for example, the
nutritional environment (Drake & Walker, 2004; Harrison & Langley-
Evans, 2009), disease burden (Denham, 2018; Drake & Liu, 2010),
social environment (Franklin et al., 2010) and exposure to pollutants
(Soubry et al., 2014). Intergenerational environmental effects can
have important evolutionary consequences, as the contemporary
environment may not be the only relevant influence on the pheno-
type. It is therefore essential to understand whether environmental
effects can persist across generations to have a lasting impact on
fitness traits and thus the action of selection (Bossdorf, Richards, &
Pigliucci, 2008; Burton & Metcalfe, 2014).

An important issue is whether both sexes are capable of trans-
mitting environmental effects to offspring. In placental mammals,
there is a typical gender bias in the level of parental investment into
the early life experience of their offspring: an inevitably high level of
maternal investment into offspring development presents a marked
contrast with typically low paternal effort into offspring develop-
ment, as paternal care is absent in 90%-95% of mammalian species
(Woodroffe & Vincent, 1994). Mammalian offspring have ample op-
portunity to receive information about their environment through
maternal effects during prenatal (e.g. nutrition provided by ova
and during intrauterine development (Wu, Bazer, Cudd, Meininger,
& Spencer, 2004; Abu-Saad & Fraser, 2010)) and post-natal (e.g.
nursing and social care such as grooming (Curley, Jensen, Franks, &
Champagne, 2012; Liu et al., 2012)) development, and accordingly,
there is widespread evidence that the maternal environment can
have intergenerational environmental effects (Curley, Champagne,
Bateson, & Keverne, 2008; Meaney, 2001; Mousseau & Fox, 1998;
Wolf & Wade, 2009). However, there is growing evidence that the
paternal environment, particularly the father's nutritional experi-
ence, social environment and/or exposure to toxins (Pembrey et al.,
2006; Soubry et al., 2014), can also have a multigenerational impact
through paternal effects on the offspring phenotype, even though
most mammalian fathers contribute little more than spermatozoa to
the production of offspring.

Understanding the evolutionary role of intergenerational pater-
nal effects requires knowledge about the mechanism(s) by which
paternal effects can be transmitted. Paternal effects can be con-
veyed directly via the father's germ line, that is via spermatozoa, in
the form of various epigenetic marks (e.g. DNA methylation (Crean
& Bonduriansky, 2014), histone modifications (Richards, 2006), non-
coding RNAs (Rassoulzadegan et al., 2006)) and/or changes in gene
copy number (Aldrich & Maggert, 2015). These direct paternal effects
can be due to the father’s contemporary environment; for example,
obese adult male humans have specific epigenetic marks in their
sperm that alter after weight loss due to a gastric bypass (Donkin
et al., 2016); or paternal effects can originate in the father's early
life (Kaati, Bygren, Pembrey, & Sjostrom, 2007); for example caloric
deprivation during the in utero development of F1 mouse males led
to F2 offspring with increased lipid abundance (Radford et al., 2014).
Alternatively, paternal effects may be transmitted indirectly. For ex-
ample in mice, mothers can adjust pre- and post-natal investment

into their offspring based on quality of the father's nutrition prior to
mating (Mashoodh, Habrylo, Gudsnuk, Pelle, & Champagne, 2018).

We determined whether paternal early life experiences could
influence fitness traits (body mass and long-term survival) of their
offspring through intergenerational paternal effects, using bank
voles (Myodes glareolus), common rodents inhabiting coniferous for-
ests in the Palearctic region, as our model system. We achieved this
by exposing bank vole males to environmental factors associated
with high population density during their early lives and following
the development of their offspring. As is common for small rodents,
bank voles are polygynous and do not display paternal care (Gromov
& Osadchuk, 2013). Furthermore, female bank voles can sire lit-
ters with multiple fathers (Ratkiewicz & Borkowska, 2000) and fe-
male voles do not adjust their investment into offspring according
to male quality (Oksanen et al., 1999). Early life population density
is relevant to bank voles as high latitude populations of microtine
rodents typically experience population density cycles (Kallio et al.,
2009; Korpela et al., 2013), where high population density phases
coincide with greater intraspecific competition for resources, such
as for breeding territories and for food (Forbes, Stuart, Mappes,
Henttonen, & Huitu, 2014; Forbes, Stuart, Mappes, Hoset, et al.,
2014; Huitu, Koivula, Korpimaki, Klemola, & Norrdahl, 2003), than
the low population density phases. Due to this natural demographic
variation and the evidence that diet (Drake & Walker, 2004; Harrison
& Langley-Evans, 2009; Radford et al., 2014) and social encounters
(Franklin et al., 2010) elicit parental effects in rodents, we quantified
the effects of two population density-related factors: (a) protein re-
striction (PR) and/or (b) frequent social confrontation (SC) in a full
factorial design (Figure 1).

2 | MATERIALS AND METHODS

2.1 | Study species

Bank vole populations in Northern Europe undergo seasonal and
multi-annual population density fluctuations (Kallio et al., 2009;
Korpela et al., 2013). The first breeding opportunity for animals in
a cohort born during mid- to late-summer is usually the following
spring, and the population size can reduce up to 50% during winter
(Kallio et al., 2009; Prévot-Julliard, Henttonen, Yoccoz, & Stenseth,
1999), indicating that winter survival for that cohort is a key fitness
factor (Koskela, 1998) (see Section 2.5). In the laboratory, all indi-
viduals were kept in polyethylene cages (43 x 26 x 15 cm), except
during the F1 trials (see Section 2.2), and maintained on a 16L:8D
photoperiod at 20 + 2°C, with wood shavings and hay provided as
bedding. Water was provided ad libitum and standard food (Labfor
36; Lactamin AB, Stockholm, Sweden) was provided ad libitum, ex-
cept during early life environment treatments (see Section 2.2).

2.2 | F1 early life environment

Unrelated males and females (hereafter referred to as the FO
generation) were chosen randomly from a second-generation
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FIGURE 1 Overview of the experimental setup to investigate whether a F1 male bank vole's early life environment impacts growth

and survival of its F2 offspring through paternal effects. (a) Early life environment treatments (protein restriction (PR) and/or social
confrontation (SC) in a full factorial setup; PR18 signifies control diet and PR9 signifies protein-restricted diet; SC- sign signifies absence of
social confrontation, SC+ signifies presence of social confrontation) are presented to the F1 individuals during the intrauterine development
and nursing period. (b) Effects on F1 body mass are checked and subsequently the males’ reproductive success (Figure S1) and preference
of nonexperimental females towards males (Figure S2). (c) Growth of the F2 offspring produced in the competitive reproduction trials is
checked at birth and as adults (30 days old) and their overwinter survival is tracked in semi-natural outdoor enclosures

laboratory colony originally captured in Central Finland
(62°36'59"N 26°20'45"E). FO females were randomly assigned to
four treatment groups in a two by two factorial design (Figure 1a):
(a) a control group (PR18/SC-), (b) a protein-restricted group (PR9/
SC-), (c) a social confrontation group (PR18/SC+) and (d) a group
receiving both protein restriction and social confrontation (PR9/
SC+). FO individuals were mated with randomly chosen partners to
produce gravid FO mothers. At the start of the breeding, FO females
receiving the PR18 treatment received a control diet (18% protein;
3.1 kCal/g; Envigo, WI, USA) that contained a protein content rep-
resentative of the diet of wild bank voles (Drozdz, 1968) whereas
females from the PR9 treatment were given a restricted protein diet
(9% protein; 3.2 kCal/g; Envigo, WI, USA). This diet was maintained
from the pairing of females and males, up to the weaning of the
offspring (at the age of 20 days). After seven days, males were re-
moved (and hereafter not used again) and FO females receiving the
SC+ treatment started receiving social confrontation. Social con-
frontation consisted of confronting each female in a new, empty
cage with another SC+ female every second day (Marchlewska-Koj,
Kruczek, Kapusta, & Pochron, 2003) for 10 minutes. New pairs of
females were used every day to avoid habituation. As the setup
was fully factorial, it was possible to study impacts of both factors
separately and to quantify any interaction (PR9/SC+; Figure 1a). The
protein-restricted and control diet began when the FO males and FO
females were paired, and the social confrontation treatment started

when the FO male and FO females were separated (seven days later).

Treatments lasted throughout the pregnancy and nursing period
and ended when the F1 pups were 20 days old (weaning age). Body
mass of the F1 individuals was measured at 30 days of age (young
adults reaching their maturity) using an electronic scale. After body
mass measurements, F1 females were no longer included in the

experiments.

2.3 | F1reproductive success

To assess the reproductive success of F1 males in a competitive
situation, 49 reproductive trials were set up consisting of four sexu-
ally mature (at least 30 days old, approximately all the same age)
F1 males, one from each treatment (n = 196), and two nonexperi-
mental, unrelated females (i.e. females who did not experience early
life treatments and who had no prior experience of the experimen-
tal F1 males). These reproductive trials were carried out in an ex-
perimental cage system that consisted of four polyethylene cages
(43 x 26 x 15 cm) that were interlinked using a PVC tube (Figure S1)
which allowed individuals to move freely between all cages. Each
trial lasted nine days to ensure at least two oestrus cycles in the fe-
males, and afterwards, all F1 individuals were kept in separate cages.
Twenty-five reproductive trials were replicated with half of the F1
males (n = 100) and different, nonexperimental females (once again
with two females per reproductive trial). Paternity of the pups was
determined using microsatellite genotypes (Mills, Grapputo, Koskela,
& Mappes, 2007) (Appendix S1).
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2.4 | Female preference test

To investigate the attractiveness of F1 males, preference of naive,
post-partum oestrus females for F1 males was determined. Per
preference trial, four F1 males were used. The four males per pref-
erence trial were the same combinations as used for the reproduc-
tive trials, that is one from each treatment. F1 males were placed in
mesh-wire boxes randomly at different sides of a 60 cm by 60 cm
open field arena (Figure S2), and after five minutes of habituation,
one female in post-partum oestrus was placed in the middle. This
female did not receive any form of experimental treatment and
was not previously used for any other experiment. The mesh-wire
boxes allowed transfer of smell and sound of the F1 males, but
prevented direct physical contact (and mating) with the females.
The movement of the female was tracked to analyse whether she
showed preference towards a specific male. Tracking was done
using Noldus Ethovision XT 8.5 (Noldus, Spink, & Tegelenbosch,
2001) for twenty minutes, and a zone was (virtually) demarcated
around each F1 male, which was considered the visitation zone
(Figure S2). Both time spent near each male and the number of
visits were documented automatically by the tracking software. In
total, 17 preference trials were performed (n = 68), which were all
replicated using the same combinations of four males (n = 68) but
different post-partum oestrus females (Table S1) several days later.

2.5 | F2phenotype and winter survival

To study whether the paternal early life environment of F1 males
affected the F2 offspring phenotype (born from the F1 reproductive
success experiment), F2 body mass was recorded in the laboratory
at birth and as young adults (30 days old) using an electronic scale.
To determine whether the F2 fitness traits could be affected
by potential paternal effects, winter survival of 72 F2 offspring (at
least 50 days old) was determined in semi-natural outdoor enclo-
sures. Individuals were chosen equally between treatments, in an
equal sex ratio and from different litters (to assure minimum re-
latedness). Overwinter survival was measured from October to
March, during which the temperature mostly remained below zero
and the ground was covered with snow. Prior to release, individuals
were acclimatized to outdoor temperatures and light-dark cycles by
keeping them in cages placed in a semi-open outdoor hall for ten
days. During those ten days, F2 diet was supplemented with plants,
flowers and mushrooms picked in the vicinity of the enclosures.
After the acclimatization, all individuals were released to nine large
(40 m x 50 m), outdoor enclosures located in Konnevesi, Finland
(62°37'30"N 26°14'38"E), in an equal sex ratio (four males and four
females) and equal treatment ratio (one male and one female of each
treatment group). All individuals were monitored using a capture-
and-release method once a month (Appendix S1) until March, as in-
dividuals started showing signs of fertility. In March, all enclosures
were trapped exhaustively (at least three trapping with no individ-
uals captured). Individuals not captured during any of the trapping

were considered to have died during that month.

2.6 | Statistical methods

All statistical analyses were performed using R (R Core Team, 2018).
Body mass analyses (F1 and F2) were done using linear mixed models.
Reproductive success measured as siring at least one pup (determined
via microsatellite analysis; see Appendix S1) was analysed using binomial
generalized mixed model (GLMM; package Ime4 (Bates, Machler, Bolker,
& Walker, 2015)). The number of pups sired per F1 male was analysed
using a zero-truncated Poisson GLMM (package glmmTMB (Brooks
etal., 2017)). The number of visits by a female during the male preference
test and the overwinter survival of F2 (measured as number of months
survived) were analysed using a Poisson GLMM (package Ime4 (Bates
et al., 2015)). The time a female spent near a male in the preference test
was divided by the total time of the experiment (twenty minutes), and
this ratio was analysed using a binomial GLMM (package Ime4 (Bates
et al., 2015)). Model selection, where applicable, began with a full model
that had stepwise reduction until the model with the lowest AIC was
achieved, after which the model fit was examined. For the analyses of
both F1 fathers and F2 offspring, treatments (PR and SC) were always
included in the final model as well as the interaction (PR*SC), regardless
of the significance of the terms in the reduced model. Litter size was in-
cluded as a categorical covariate (Mappes & Koskela, 2004; Schroderus
et al., 2012) in initial model for the analysis of the F1 and F2 body mass.
For all body mass measurements, the random factors included litter ID to
account for litter effects. In the male reproductive trials, male body mass
was included as a covariate (Boratynski & Koteja, 2010). As certain male
trials were repeated, male ID was also included as a random factor for the
male preference test. In the female preference trials, where one female
had to choose between four males, the analysis considered the male in-
dividual as the statistical unit but the ID for the female was included as a
random factor to account for nonindependence. For the winter survival
analysis, the enclosure number was included as a random factor.

Three additional analyses were done to investigate whether
females showed any preference towards reproductively successful
males (reproductive success having been measured in the ‘F1 repro-
ductive success’ experiment, see Section 2.3). Three new models
were constructed containing the same fixed and random factors as
the previous female preference analysis, but with the addition of
one of three measurements of male reproductive success: absolute
number of pups sired per father, relative number of pups sired per
father or whether a father sired at least one pup (Tables S3-S5). All
statistical analyses performed in this study are reported in Table S8.

3 | RESULTS

3.1 | Intra-generational effects on F1 phenotype
and reproductive success

3.1.1 | Early life treatments affected F1 adult
body mass

Different early life treatments elicit significant variation in the F1

phenotype (Figure 1a). The presence of a protein-restricted diet
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TABLE 1 Effects of early life environment treatments on F1 phenotype and F1 (fathers) reproductive success in bank voles. (a) Reduced
linear mixed models (REML estimation) of adult body mass of F1 individuals belonging to different treatment groups (n = 624); full model
can be found in Table Sé. (b) Zero-truncated Poisson generalized linear mixed model (GLMM) of amount of pups sired by F1 males on the
condition that they had at least one pup (n = 99). (c) Binomial GLMM whether or not an F1 male managed to sire at least one pup (n = 240).
Random factors included for body mass model are litter identity. Random factors included for the reproductive success are male identity (to
account for repeated measures; see Table S1 for details), trial and female ID

Estimate SE t-value p-value
(a) F1 Adult body mass
PR (PR9) -1.2476 0.4208 -2.9646 .0036
SC (SC+) -1.0025 0.4263 -2.3520 .0200
PR x SC (interaction) 0.7731 0.6222 1.2425 2161
Lsize -0.4519 0.1159 -3.8976 .0001
Sex (male) 1.6035 0.1356 11.8280 <.0001
Estimate SE z-value p-value
(b) F1 Pups sired
SC (SC+) -0.1681 0.2149 -0.7820 4342
PR (PR9) -0.1351 0.2105 -0.6420 .5208
PR x SC (interaction) 0.2580 0.2942 0.8770 .3805
Body mass -0.0641 0.0260 -2.4660 .0137
(c) F1 Sired at least one pup
PR (PR9) -0.1706 0.4687 -0.3640 .7158
SC (SC+) -0.0303 0.4736 -0.0640 .9489
PR x SC (interaction) 0.6586 0.6837 0.9630 .3354
Body mass 0.1291 0.0626 2.0620 .0392

Note: Bold p-values indicate p < .05 and are considered significant.
Abbreviation: Lsize, litter size.

(PR9) or social confrontation (SC+) during the F1's early life (i.e.
during gestation and nursing; see methods for detailed descrip-
tion) had significant negative effects on adult body mass (Table 1;
mean + SD mass (g) of F1: PR18 = 17.5 + 2.5; PR9 = 16.6 + 2.4,
SC- = 17.5 + 2.6; SC+ = 16.7 = 2.4), but there was no significant
interaction among the early life treatments. Furthermore, male F1
were significantly heavier than the females (mean + SD mass (g)
females = 16.2 + 2.1; male = 17.9 + 2.6) but there was no significant
interaction between sex and the early life treatments. Individuals
born to larger litters (litter sizes did not differ between treatments:
one-way ANOVA: F(31252) = 0.214; p = .887) typically weighed sig-
nificantly less than individuals from smaller litters, but litter size
did not have a significant interaction with the early life treatments
(Table 1).

3.1.2 | Early life treatments did not influence F1
male reproductive success

During reproductive success trials, 41% of all F1 males (n = 99)
sired at least one pup and 372 F2 individuals were born in 90 lit-
ters (Figure 1b; Table S1). Multiple paternity was common with 37%
of all litters sired by more than one father. None of the early life

treatments had a notable effect on reproductive success (either hav-
ing sired at least one pup or the total number of pups sired) of F1
males (Table 1). By contrast, F1 adult body mass, which is associated
with the early life treatments (see above), significantly influenced F1
male reproductive success: heavier males had a significantly greater
probability of siring at least one pup. However, this effect of body
size was somewhat countered by an effect whereby lighter males
had significantly more pups on the condition that the male had sired

at least one pup (Table 1).

3.1.3 | Naive females did not prefer males of a
certain treatment

Mate choice experiments with experimentally naive females
showed no clear preference (either the number of visits or the
time spent near a male) for F1 males from any of the four treat-
ment groups (Table 2; Figure 1b). Male body mass was not retained
during model selection, indicating that these experimentally naive
female bank voles did not prefer any obvious adult phenotype as-
sociated with the early life treatments (although females could
identify reproductively successful males and preferred to visit
them; Tables S3-S5).
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TABLE 2 Preference shown by experimentally naive females towards F1 males in relation to their early life (PR, protein restriction,

SC, social confrontation) measured as time spent near a certain F1 male and number of visits in the proximity of the F1 male (n = 49 trials;
replicated for 25 trials). (a) Poisson GLMM of number of visits. (b) Binomial GLMM of time spent near F1 male relative to the total time spent
in the testing arena (twenty minutes). Random factors included for all models are litter identity of the litter in which the F1 males were born

and raised, and female identity

Estimate
(a) Number of visits
PR (PR9) 0.0179
SC (SC+) 0.0956
PR x SC (interaction) -0.1150
(b) Time spent near male
PR (PR9) -0.3730
SC (SC+) 0.2892
PR x SC (interaction) 0.2779

3.2 | Intergenerational effects of paternal early life
on offspring phenotype and fitness

3.2.1 | Paternal early life treatments
changed offspring adult mass

At birth, F2 males were significantly heavier than F2 females, but
paternal treatment did not have a significant effect (Table 3). In con-
trast, F2 adult body mass was significantly affected by the paternal
early life treatments, with the increase or decrease in body mass
condition on the treatment (Table 3; Figure 1c). Similar to the F1
generation, adult body mass of the F2 (Figure 2a) was lower when
the F1 father's early life consisted of either only protein restriction
(mean + SD mass (g) PR9SC- = 16.2 + 2.5) or only social confronta-
tion (PR18SC+ = 16.5 g + 2.5) compared with control individuals
(PR18SC- = 17.1 g + 2.1). It is notable that the body mass of the
adult offspring whose F1 fathers had experienced both PR9 and
SC+ during their early life was significantly greater than all other
treatment groups (PR9/SC+ = 17.7 g + 2.9; Table 3). Thus, experi-
ence of multiple early life environmental factors does not exert a
simple extrapolation of individual effects on bank vole phenotype

(Figure 2a).

3.2.2 | Paternal early life social confrontation
increased offspring overwinter survival

Overwinter survival of the F2 offspring (Figure 2b) was associ-
ated significantly with the early life of the father and sex (Table 3;
Figure 1c). F2 individuals whose father had experienced social con-
frontation during gestation and nursing (i.e. SC+ treatment) sur-
vived on average one month more (mean + SD = 3.0 months + 0.4)
compared with F2 individuals that came from SC- fathers (mean *
SD = 2.1 months + 0.4; Figure 1c). Paternal early life protein restric-
tion on the other hand had no significant effect on F2 winter sur-
vival. Intergenerational paternal effects were exhibited both in male
and female offspring, even though there was a significant difference

in overwinter survival between sexes; on average, females survived

z-value p-value
0.1232 0.1450 .8850
0.1225 0.7800 4350
0.1738 -0.6610 .5080
0.6448 -0.5790 .5630
0.6442 0.4490 .6530
0.9104 0.3050 .7600

for a longer period (mean + SD = 3.2 months + 0.4) than males did
(mean £ SD = 1.9 months * 0.4; Table 3).

4 | DISCUSSION

Intergenerational effects can influence the outcome of selection
as phenotypes can, at least in part, be conditional on the historic
environment. Here, we find that paternal early life diet and social
environment can induce intergenerational fitness effects in their
offspring. The results show that the early life environment of the
father can persist to affect their offspring's (adult) phenotype and,
crucially, aspects of their fitness. However, the relation between the
paternal early life and their offspring's phenotype is complex and
depends on which paternal early life environmental factors were

experienced.

4.1 | Effects on F1 phenotype and
reproductive success

The early life environment is a critical period for development and
expression of the adult phenotype (Burton & Metcalfe, 2014; Paaby
& Testa, 2018). That protein restriction during bank vole early life
has detrimental effects on growth (i.e. adult body size) is consist-
ent with studies on insects (e.g. D. melanogaster; Piper & Partridge,
2007), humans (Polberger, Axelsson, & R3iha, 1989), rodents in the
laboratory (e.g. rats (Zambrano et al., 2006); bank voles (Van Cann
et al., 2019)) and rodents in nature (e.g. deer mice Peromyscus man-
iculatus borealis (McAdam & Millar, 1999)). Likewise, social stresses
exhibited to pregnant mothers seem to have negative effects on the
offspring phenotype (Tamashiro, Nguyen, & Sakai, 2005); for ex-
ample, crowding exhibited to pregnant dams (rats and mice) results
in offspring with lower body mass (Harvey & Chevins, 1987; Ward,
Ward, Winn, & Bielawski, 1994). These effects are not restricted
to rodents alone; for example, high early life population densities
in brown trout (Salmo trutta) reduce survival and lower cognitive
abilities (Brockmark & Johnsson, 2010). Distress during pregnancy
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TABLE 3 Intergenerational effects of paternal early life (PR, protein restriction; SC, social confrontation) on the F2 (offspring of F1
males) phenotype and winter survival. (a) Reduced linear mixed models (REML estimation) of intergenerational paternal effects on F2 birth
mass (n = 372) and (b) F2 adult body mass (n = 215); full models can be found in Table S7a-c) Poisson GLMM (number of months survived)
of winter survival (n = 72). For all models, the litter identity is included as a random factor. For F2 winter survival, the enclosure identity is

included as a random factor as well

(a) F2 birth mass
PR (PR9)
SC(SC+)
PR x SC (interaction)
F2 Lsize
F2 Sex (male)
(b) F2 adult mass
PR (PR9)
SC(SC+)
PR x SC (interaction)
F2 Lsize
F2 Sex (male)

(c) F2 winter survival
PR (PR9)
SC (SC+)
PR x SC (interaction)
F2 Sex (male)

Note: Bold p-values indicate p < .05 and are considered significant.
Abbreviation: Lsize, litter size.

(a) ®
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FIGURE 2 Effects of the F1 early life environment on the F2
offspring's adult body mass and overwinter survival in the field.

(a) F2 adult body mass (30 days old; n = 215); (b) F2 winter survival
(October to March) in semi-natural outdoor enclosures (n = 72).
Error bars represent + 1 SE; closed circles indicate no paternal early
life social confrontation (SC-); and open circles indicate paternal
early life social confrontation (SC+). In (b) solid lines indicate
absence of paternal early life protein restriction (PR18); dashed
lines indicate presence of paternal early life protein restriction
(PR9)

correlates with growth retardation in humans (Rondé et al., 2003),
although the analogy between human perception of stress and the

effects of interspecific confrontation in bank voles is obviously

Estimate SE t-value p-value
-0.0213 0.0278 -0.7675 4434
0.0377 0.0342 1.1009 2719
-0.0091 0.0453 -0.2002 .8415
-0.0757 0.0125 -6.0521 <.0001
0.0638 0.0142 4.5028 <.0001
-0.9732 0.4553 -2.1376 .0341
-1.1725 0.5776 -2.0300 .0441
1.9414 0.8020 2.4208 .0167
-0.5003 0.1964 -2.5475 .0137
1.8048 0.2498 7.2256 <.0001
Estimate SE z-value p-value
-0.0234 0.2589 -0.0900 .9280
0.4802 0.2415 1.9890 .0467
-0.2978 0.3450 -0.8630 .3881
-0.5422 0.1586 -3.4190 .0006

different. However, fewer studies have explored potential inter-
generational effects of social confrontation on ‘neutral grounds’,
as opposed to intruder setups. Two studies in bank voles, one by
Marchlewska-Koj et al. (2003) and one by Van Cann et al. (2019), had
a similar setup but only the latter found a negative relation between
maternal social stress and offspring body mass.

To have an evolutionary impact, the early life environment should
impact fitness. Early life experiences can have significant effects
on male reproductive success (e.g. artificial versus wild early life of
Atlantic salmon (Salmo salar); (Fleming, Lamberg, & Jonsson, 1997)).
In male bank voles, body size positively correlates with social dom-
inance that, in turn, is often associated with greater reproductive
success (Klemme, Eccard, & Yl6nen, 2007; Kruczek & Styrna, 2009;
Mokkonen et al., 2011), so it is a reasonable prediction that early
life treatments would impact reproductive success via body mass.
By contrast, we found little evidence that the early life of F1 males,
nor their body size, affected their reproductive success, as opposed
to a previous study by Klemme et al. (2007). It is possible that our
lack of finding a relation between male body mass and reproduc-
tive success is due to our more ‘natural’ setup where there was free
competition between multiple males and females and which allowed
for different behavioural tactics (e.g. sneaky males (Stockley, Searle,
Macdonald, & Jones, 1994)), as opposed to Klemme et al. (2007),

which used trials between two males and one female and only lasted
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30 minutes. Another study on bank voles, which looked at natural

island populations, also failed to find male body mass as an import-
ant predictor of reproductive success (Boratynski & Koteja, 2010).
Overall, our data indicate that male adult phenotype is sensitive to
the early life experience, but without notable consequences for male
reproductive success.

4.2 | Intergenerational paternal effects on
phenotype and winter survival

Studies on intergenerational paternal effects have mostly focused on
how a father's current environment can affect offspring; for example,
exposure of male laboratory mice (Mus musculus) to stress alters their
offspring's behaviour (Saavedra-Rodriguez & Feig, 2013) and pater-
nal population density in the marine tunicate Styela plicata directly
affects offspring fitness (Crean, Dwyer, & Marshall, 2013). But stud-
ies of intergenerational paternal effects due to the early life environ-
ment are rare and have focused on invertebrates (e.g. Bonduriansky
& Head, 2007) or human health (e.g. Pembrey et al., 2014). For ex-
ample, a higher quality larval diet (early life environment) in males
had led to larger offspring (Bonduriansky & Head, 2007) in the fly
Telostylinus angusticollis. In humans, for example, poor quality early
life nutrition experienced by some male inhabitants of Overkalix,
northern Sweden, was associated with an increase in mortality rate
in their grandsons (Pembrey et al., 2014). Our data strengthen the
view that paternal early life has an important and persistent context,
manifest by an impact on offspring adult body mass. Crucially, we
also show that the direction of the phenotypic response depends on
the environmental experience during paternal early life. Paternal ef-
fects are generally studied in relation to a single environmental factor
(e.g. paternal diet (Ng et al., 2010; Zajitschek, Zajitschek, & Manier,
2017)) and yet interactions among multiple environmental factors
are inevitable in natural populations and can lead to complex phe-
notypes (e.g. in cichlid fishes (Fischer, Bohn, Oberhummer, Nyman, &
Taborsky, 2017)). Although the growth pattern of the first generation
(F1) resembles a ‘developmental constraint’, as both social confron-
tation and protein restriction lead to impaired growth, the growth
pattern of the second generation (F2) is more in line with ‘adaptive
developmental plasticity’ (Nettle & Bateson, 2015). This is surprising
as it could indicate that the nonexperimental mother had provided
differently for F2 offspring coming from fathers that had none, one
or two treatments in their early life. We argue that this is unlikely
as 1) females did not show any notable behavioural preference to-
wards any males based on their early life treatments, but did prefer
males that had more reproductive success in previous trials; 2) female
bank voles have previously been shown not to invest differently in
offspring based on mate quality (Oksanen et al., 1999); and 3) there is
little evidence that mothers are able to differentiate between young
of different fathers within the same litters (Alonzo & Klug, 2012).
Alternatively, the paternal early life could have caused an internal re-
sponse (e.g. epigenetic changes) in the F2 offspring which either led to
an inherent growth retardation in PR9/SC- and PR18/SC+ offspring,
but not PR9/SC+, and/or it led to a change in F2 feeding behaviour.

Although it has been shown that paternal early life stress can lead to
both body mass and behavioural changes in the offspring (e.g. Gapp
et al., 2014), the pattern observed in the F2 offspring's growth (with
interacting effects causing nonadditive effects, Figure 2a) has to our
knowledge never been observed as a consequence of intergenera-
tional paternal effects in any species.

Despite emerging interest in paternal effects (Crean &
Bonduriansky, 2014; Rando, 2012), few studies have determined
their impact on fitness traits (Crean & Bonduriansky, 2014). The in-
crease in winter survival of F2 due to the experienced social con-
frontation of their fathers demonstrates intergenerational fitness
consequences of the paternal early life: the few individuals (Kallio
et al., 2009) who can extend a typically short lifespan (Petrusewicz,
1983), by surviving a winter until the breeding season, have a clear
opportunity to increase their lifetime reproductive success. Social
confrontation may simulate high summer densities in bank vole pop-
ulations, which is normally followed by crash of populations in the
next winter (Johnsen et al., 2017; Krebs & Myers, 1974). Moreover,
survival of bank voles is very low during the following crash win-
ter due to density-dependent factors (intraspecific competition for
food, diseases, etc. (Krebs, 1996)), and consequently, the survival
benefits shown here could indicate adaption to these density-de-
pendent costs. However, as bank vole overwinter survival depends
on multiple environmental factors such as predation, weather
(Korpela et al., 2013) and/or metabolic rate (Boratynski, Koskela,
Mappes, & Oksanen, 2010), much work remains to understand the
mechanisms by which intergenerational effects have fitness conse-

quences in natural environments.

5 | CONCLUSION

In this study, we show that paternal early life environment has in-
tergenerational consequences for the phenotype (adult body size)
and fitness (survival) of its offspring, in a wild mammal that lacks
paternal care. Moreover, expression of these intergenerational ef-
fects depends on the type of early life environment (i.e. whether the
father received one or two treatments during the period of prenatal
and post-natal development). Our results suggest that recent find-
ings for nongenetic paternal effects in humans, invertebrates and ro-
dents under laboratory setting can be extended to studies of natural
populations in mammals. As our early life treatments administered
to the F1 fathers during their intrauterine and early life environment
were ecologically relevant, our results should encourage further re-
search towards the potential long-term consequences of nongenetic

paternal effects in other wild animal populations.
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