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Good early nutritional conditions may confer a lasting fitness advantage over
individuals suffering poor early conditions (a ‘silver spoon’ effect). Alterna-
tively, if early conditions predict the likely adult environment, adaptive
plastic responses might maximize individual performance when developmen-
tal and adult conditions match (environmental-matching effect). Here, we test
for silver spoon and environmental-matching effects by manipulating the
early nutritional environment of Nicrophorus vespilloides burying beetles. We
manipulated nutrition during two specific early developmental windows:
the larval environment and the post-eclosion environment. We then tested
contest success in relation to variation in adult social environmental quality
experienced (defined according to whether contest opponents were smaller
(good environment) or larger (poor environment) than the focal individual).
Variation in the larval environment influenced adult body size but not contest
success per se for a given adult social environment experienced (an ‘indirect’
silver spoon effect). Variation in post-eclosion environment affected contest
success dependent on the quality of the adult environment experienced (a con-
text-dependent “direct’ silver spoon effect). By contrast, there was no evidence
for environmental-matching. The results demonstrate the importance of social
environmental context in determining how variation in nutrition in early life
affects success as an adult.

1. Introduction

Variation in nutrition experienced by individuals during development can have
long-term effects on adult phenotype, such as body mass [1], fecundity [2], dom-
inance status [3] and longevity [4] that directly affect the fitness of individuals.
Furthermore, early-life developmental effects on phenotypes may also lead to
indirect effects that can impact on the expression of traits in other individuals
(e.g. via indirect genetic effects [5] or epigenetic effects [6]) and influence the
population dynamics and evolutionary trajectories of organisms [7,8].
Nutritional variation during early development is hypothesized to affect
fitness in different ways depending on the quality of the subsequent adult
environment experienced [9,10]. For example, an advantage in adulthood for
individuals with plentiful early developmental resources over those that experi-
enced poorer early conditions, regardless of their adult environment, is known
as a ‘silver spoon’ effect [9,10]. Alternatively, the ‘environmental-matching’
hypothesis predicts individuals whose adult environment ‘matches’ that which
they experienced during development will have the highest fitness [10]. In
environmental-matching, phenotypic attributes expressed as a result of poor
developmental conditions are purported to ‘program’ an individual to deal
with correspondingly poor conditions in adulthood such that in these
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circumstances they even outperform individuals that experi-
enced better developmental conditions [10,11]. While there is
empirical support for silver spoon effects in general [2,12-15]
and even environmental ‘mismatching’ [16] there is little or
no clear empirical support for the environmental-matching
hypothesis (but see [17,18]).

Lack of support for environmental-matching may reflect
the fact that in nature the quality of the environment that
individuals experience is likely to be primarily determined
by their competitive ability in relation to the competitive abil-
ity of other individuals in the population (i.e. the social
environment), rather than resource abundance per se (i.e.
the physical environment). Variation in the abundance of
food, for example, may not affect all members of the popu-
lation equally if individuals also vary in their competitive
ability, which determines their access to such resources. In
addition, the particular social environment experienced by
individuals (e.g. the sex and /or competitive ability of conspe-
cifics) can also impact the expression of traits [5], and
developmental conditions themselves may evolve through
changes in the population social environment [8]. However,
overall levels of competition for resources will be affected
by the abundance of those resources, so there is considerable
feedback between the physical environment and the social
environment, which influences the quality of environments,
that individuals experience. Despite the importance of
social context in determining the quality of adult environ-
ments, a recent review by Monaghan [10] showed that the
majority of studies that test the effects of variation in resource
availability early in life on subsequent adult traits define
adult environment quality in terms of food abundance and
do not consider the social environment.

In addition to not measuring environmental quality in
an appropriate context another reason why environmental-
matching may be poorly supported is because the early
developmental environment is often loosely defined, including
any or all of the period between conception and develop-
mental maturity; an approach that implicitly assumes that
effects of variation in nutrition on adult phenotype will be
largely independent of when they occur during development.
Recent studies have demonstrated the importance of the timing
of nutritional deprivation on success in adulthood [19,20],
which may have independent or interactive effects on the
expression of adult phenotypes. Distinct stages may often
exist in the developmental processes of organisms when
nutritional variation has disproportionately large effects on
phenotypic expression [21], including effects on disease suscep-
tibility in later life [22] and adaptive polyphenisms, such as the
winged phase switch in pea aphids, Acyrthosiphon pisum [23]
or horn elongation in dung beetles, e.g. Onthophagus taurus
and O. acuminatus [24,25]. These ‘developmental windows’,
although potentially important, can be difficult to identify
because developmental progression may involve multiple criti-
cal windows with interacting effects on the expression of
phenotypes [26,27]. The impact of variation in nutrition early
in life versus later in life may also be hard to quantify because
many species experience fluctuations in availability of nutrition
throughout post-natal, juvenile and adult development. For
example, in many seabirds pre-reproductive development
may extend over several years including pre-natal, post-
hatching, pre-independent and juvenile (pre-reproductive)
stages [28] and early experience may be correlated with later
experience due to carry-over and cohort effects [15,29].

We previously identified a key developmental window in
the burying beetle Nicrophorus vespilloides during which
variation in food availability determined later success as an
adult in contests for breeding resources [19]. This developmen-
tal window occurs during the period when beetles are
undergoing reproductive maturation, and may last less than
a week from the time the mouthparts of an eclosed beetle
have sclerotized and feeding commences (approx. 36 h post-
eclosion) until viable matings can take place [19]. Burying bee-
tles feed on putrescent carrion and various invertebrates so
variation in food availability in the wild is likely to occur
because of rainfall and temperature fluctuations affecting
beetle (and potential prey) activity, and through stochastic
availability of carrion. However, this post-eclosion nutritional
bottleneck is not the only window during which variation in
nutrition may have long-term effects on adult traits; the
social and nutritional environment experienced during larval
development is also important [30].

In burying beetles, the impact of the adult social environ-
ment on individual fitness is particularly important because a
fundamental aspect of their life cycle involves direct contests
for breeding resources (vertebrate carcasses). Success in con-
tests over suitable breeding resources in N. vespilloides is
closely related to reproductive success in both sexes [31]. A
single small carcass (e.g. mice, shrews, small songbirds) is
the sole resource necessary to rear a brood of offspring.
Males that locate a carcass but are unable to become the
dominant male may adopt a subordinate strategy and
sneak copulations with females; likewise, any female
unable to secure the dominant female position may parasitize
a brood by laying eggs nearby [31]. However, parentage
proportion in broods is lower for subordinates compared
with the dominant pair [32]. Thus, from an individual’s
perspective, its own relative size among competitors at a
carcass characterizes the quality of the reproductive environ-
ment [33,34]. Moreover, it is possible that the body size of an
individual (related to the quality of its developmental
environment), might itself act as an intrinsic cue of social
environmental quality, i.e. whether it is likely to be larger
or smaller than competitors. For example, experimental evi-
dence in a congener, N. orbicollis, suggests that small males
may preferentially employ an alternative reproductive tactic
spending proportionally more time trying to call females
with pheromones (with whom they mate in the absence of
a carcass) than do large males [35].

In this study, we test for silver spoon and environmental-
matching effects by manipulating the early nutritional
environment of N. vespilloides. In contrast to most previous
studies that treat early development as a single, largely homo-
geneous juvenile stage, we independently manipulated larval
and post-eclosion pre-reproductive nutritional windows.
This is because good nutrition during the first (larval)
window, if considered alone, might produce relatively large
adults endowed with a putative silver spoon competitive
advantage in proportion to their relative size, independent
of later environmental conditions. Similarly, if relative size
was controlled for and variation in post-eclosion nutrition con-
sidered alone, any advantage might also suggest a silver spoon
effect. However, potential interactions between these develop-
mental windows would be missing, e.g. smaller individuals
might bear food shortage better than larger individuals. Fur-
thermore, contests only take place in the presence of a
large enough carcass on which to breed, so variation in the
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Figure 1. Graphical representation of key predictions. Y-axis: mean probability of victory for focal beetles, x-axis: ‘smaller’ to ‘larger = increasing relative size
advantage of focal beetle over opponent. () Contest success probability depends on the relative size of opponent; (b) silver spoon effect of post-eclosion treatment
but not larval treatment (i.e. GG and PG treatment groups have a higher probability of success than GP and PP groups for any given adult environment experienced
(relative size compared with opponent)); (c) environment-matching for post-eclosion delayed-feeding early-life environment (i.e. individuals in the GP treatment
group fare relatively better than GG beetles in when the adult environment is poor).

quality of the environment is primarily determined by variation
in the social environment in which any contests take place (i.e.
relative competitive ability of individuals). Variation in the rela-
tive size of competing individuals therefore represents variation
in the quality of the adult environment experienced by focal
individuals. We produced four different early environment
treatments: (GG = control: standardized ‘good’ laboratory con-
ditions throughout development (reared on a large carcass as
larvae and ad libitum food post-eclosion); GP = good larval
environment (large carcass) + poor (delayed-feeding) post-
eclosion environment; PG = poor larval environment (small
carcass) + good post-eclosion environment (i.e. ad libitum
feeding immediately from eclosion); PP = poor larval
environment + poor post-eclosion environment). This allowed
us to quantify the effects of different combinations of dietary
manipulation treatments on adult competitive ability in
N. wvespilloides (i.e. success in competition for carcasses) for
both males and females. It is known that variation in larval
nutrition has permanent effects on an individual’s body size
[30], and that larger individuals are more successful in contests
for carcasses than smaller beetles [30,34], so we predicted a posi-
tive relationship between the relative size of a focal individual
compared to its opponent and the probability of contest success
(figure 1a). Thus, the adult (social) environment was defined as
good when focal beetles were larger than their opponent, or
poor when focal beetles were smaller than their opponent. Com-
petitors for carcasses vary in number and size in the wild [32], so
the probability of encountering a ‘good” contest environment is
lower for relatively small beetles.

A clear silver spoon effect would be supported if individuals
that have experienced good larval and/or good post-eclosion
treatments always do better than individuals that experienced
poor larval and/or poor post-eclosion treatments for any
given environment experienced in adulthood (i.e. will have
higher elevation relationship between the probability of win-
ning and body size difference). For example, if there is a silver
spoon effect of post-eclosion delayed-feeding we would
expect to see animals in the GG and PG treatment groups
having greater probability of success in contests than those in
the GP and PP groups, and if there is a silver spoon effect of a
good larval treatment GG and GP will have higher probability

of success across social environments compared with beetles
in the PG and PP treatments (e.g. figure 1b).

By contrast, environmental-matching would be sup-
ported if there is a significant interaction between one or
both of the nutritional treatments and the adult environment
experienced, i.e. individuals that experienced poor early-life
environments should have greater probability of success
than beetles that had good early-life environments when
the adult environment they experience is poor (i.e. when
they are smaller than their opponent; figure 1c).

2. Material and methods

(a) Larval nutritional environment

Over 300 wild beetles were caught in funnel-type bottle traps baited
with putrescent salmon in Devichoys wood in Cornwall, UK (SW
772 376) during the summer of 2012. Beetles were maintained and
bred for four generations in accordance with the methods of Head
et al. [36]. Three weeks after beetles eclosed, 66 virgin adult males
and 66 virgin adult females were drawn from this outbred F,
stock population and randomly allocated to one another to form
breeding pairs. The experimental design involved a 2 x 2 factorial
manipulation of larval and post-eclosion nutritional environments
as follows: for manipulation of the larval environment, 33 of the
66 pairs were allocated a ‘standard’-sized mouse carcass of
20.76 + 0.05 g (i.e. good larval environment, ‘G_") and 33 pairs a
smaller carcass weighing 5.31 + 0.05 g (i.e. poor larval environ-
ment, ‘P_’") for use as their single available breeding resource. In
total, 1511 offspring were raised from the combined 66 pairs in
both larval environments. These larval nutritional environments
were chosen because these carcass sizes fall into the range expected
in the wild (juvenile and adult small mammals and birds) and are
within the range of carcass sizes that are commonly used for
breeding by N. vespilloides in the laboratory [37-39].

(b) Post-eclosion nutritional environment

As previously reported by Bartlett & Ashworth [30], we found
that broods reared on small carcasses (i.e. poor larval environ-
ment) consisted of individuals with smaller average size than
did broods reared on larger carcasses (figure 2). The underlying
size difference between adults reared under different larval
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Figure 2. Histogram showing size distribution of all adult experimental indi-
viduals (n = 1511) from 33 families reproducing on a small carcass (poor
larval environment; diagonal lines) and 33 families reproducing on a large
carcass (good larval environment; dots).

treatments (carcass size) was controlled to ensure that focal bee-
tles experiencing poor larval environments (ie. PP or PG
treatment groups) did not have a higher probability of meeting
an opponent larger than themselves than beetles in the good
larval environment treatments groups (GP or GG). This was
achieved by daily assigning all beetles eclosing from the poor
larval environment to size classes (pronotum width to the nearest
0.2 mm) then matching the number in each size class with individ-
uals from good larval environments. Excess individuals, i.e. those
from either larval environment with insufficient numbers of a
particular size class from the alternative larval environment, were
discarded (n =791). Sufficient stock beetles were also drawn to
match daily size class numbers for use as competitive trial
opponents. The remaining 719 newly eclosed beetles were allocated
at random between one of two post-eclosion diets. In the first
post-eclosion diet group, newly eclosed individuals were not fed
for the first 6 days post-eclosion (1 = 373); this delayed-feeding
diet ("_P’) occurred during their maturation developmental
window [19]. After their fast, this group was fed using our standard
ad libitum feeding regime of two decapitated mealworm larvae,
Tenebrio molitor, twice weekly). The second post-eclosion diet
group (n = 346), by contrast, were fed mealworms immediately fol-
lowing eclosion and ad libitum thereafter ("_G’). Beetles from this
second group that were both reared on larger mice and fed ad
libitum at eclosion (‘GG’) effectively constituted controls that
received good nutrition throughout development. By contrast,
‘PP’ individuals experienced poor nutritional environments
through development. ‘PG’ individuals had poor larval but good
post-eclosion environments, whereas ‘GP” individuals experienced
good larval but poor post-eclosion environments.

(c) Competitive trials

A random sample of 25 animals (of both sexes) was taken from each
of the four treatment groups to be used in competitive trials (i.e.
total of 100 focal beetles). Stock beetles that had received standard
rearing conditions throughout development (i.e. they were equival-
ent to the ‘GG’ treatment) were used as contest opponents and
chosen haphazardly to eliminate bias in the direction of size dif-
ferences between opposing beetles. One hundred independent
intra-sexual contests were staged and filmed in the laboratory in
a naturalistic set-up in Nicrocosms (see the supplementary infor-
mation for details in ref. [19]). These arenas facilitate observation
of recorded video footage of individual beetle interactions over
the whole pre-natal period, during which time conflicts are resolved

and dominance status of individuals is established. In each
Nicrocosm, single focal beetles, males or females, were placed sim-
ultaneously on a fresh carcass with a same-sex opponent and a
stock breeding partner (i.e. a male in female—female contests and
a stock female in male—male contests), during the afternoon beetle
activity period between 14.00 and 17.00. The dominant individual
in male-male and female—female contests was defined as the
beetle that secured the carcass and succeeded in partnering with a
stock individual of the opposite sex to process the carcass [19].

(d) Statistics

All analyses were performed using ‘R’ v. 2.14.1 [40]. The effect of
larval environment (carcass size—large or small) on mean
(within brood) adult body size was analysed using a linear
model with carcass size, maternal size and paternal size as expla-
natory variables. Mean larval number produced per brood had a
bimodal distribution and was analysed using the Wilcoxon rank
sum test grouped by carcass size (large or small). The effects of
the experimental larval and post-eclosion nutritional environ-
ments experienced by individuals (2 x 2 factorial) on the
probability of success in competitive trials (contest success) were
analysed using a general linear model using a quasi-likelihood
approach (quasi-binomial) to account for overdispersion [41]. We
included the adult (social) environment experienced (relative
size of focal individual compared to its opponent) and sex as vari-
ables, testing for all two-way interactions. The relative difference
between the size of the focal beetle and its competitor was quanti-
fied using the following equation: 1 — (opponent size/focal size).
This controlled for differences in the absolute size of pairs of beetles
across treatments. However, our results are not dependent on
this particular measure of relative size. The same terms were sig-
nificant when analyses were run using absolute size difference,
i.e. by subtracting the pronotal width of the focal beetle from that
of its opponent. Unless stated otherwise, means are presented
+1 s.e. throughout.

3. Results

(a) Effects of larval nutritional treatment on brood

number and body size
Adult body size was strongly positively related to the larval
environment experienced (i.e. carcass size). Parents produced
small larvae on small carcasses: brood mean offspring size (pro-
notum width as adult) from large carcasses = 4.95 + 0.03 mmy;
offspring size on small carcasses =4.55 + 0.04 mm (LM,
F1 62 = 64.025, p < 0.0001; figure 2). Controlling for the effects
of carcass size there was no statistically significant effect
of maternal size (Fy¢1 =1.382, p=0244), paternal size
(F161=2.542, p=0.116) or the interaction between them
(maternal size x paternal size, F 59 = 0.037, p = 0.848) on the
size of offspring in adulthood.

Fewer larvae per brood were successfully reared on small
carcasses (small carcasses: 12.77 4+ 0.60; large carcasses:
33.85 + 1.43; Wilcoxon rank sum test, W=993.5, n =64,
p <0.0001) and overall, fewer than 10% of individuals
reared on small carcasses attained even the average size (i.e.
4.95 mm pronotum) of those reared on large carcasses.

(b) Effects of early-life nutritional treatment and adult
social environment on success in contests

There was a significant interaction between the quality of the
adult social environment (relative size of focal beetle compared
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Figure 3. Model fit of relationship between adult environment experienced by
focal individuals (relative size difference) on the x-axis and probability of win-
ning a contest on the y-axis. Solid line = beetles with ‘good” post-eclosion
nutritional environment (i.e. fed ad libitum post-eclosion (GG and PG));
dashed line = beetles with ‘poor’ post-eclosion nutritional environment (i.e.
post-eclosion delayed-feeding (GP and PP)).

with opponent) and the post-eclosion nutritional environment
experienced that determined the probability of success in con-
tests (GLM, quasi-binomial errors, relative size difference x
post-eclosion environment, F; g5 = 4.244, p = 0.042; figure 3).
Beetles that experienced a poor post-eclosion environment
were more sensitive to the adult environment they experienced
than individuals that had a good post-eclosion nutritional
environment (the relationship had a steeper slope, figure 3).
They also had a lower probability of success in contests
across adult environments, unless they were considerably
larger than their opponent (i.e. lower elevation of the
relationship, figure 3). All other two-way interactions were
non-significant (all p > 0.12) and neither sex (sex, Fjg5=
1.371, p = 0.245) nor larval environment per se (i.e. independent
of its effect on adult size) were significant predictors of contest
success (larval environment, F; o5 = 0.003, p = 0.956). How-
ever, there was a significant main effect of the adult social
environment experienced by individuals on contest outcome
(relative size difference between focal beetle and its opponent:
Fi197=54.867, p<0.0001), with focal beetles being more
successful the larger they were relative to their opponent as
expected. There was also a non-significant trend for beetles
experiencing ‘poor’ post-eclosion (delayed-nutrition) environ-
ments to be less likely to win contests than those reared in
‘good’” post-eclosion environments (post-eclosion nutritional
environment, F; o7 = 3.260, p = 0.074).

4. Discussion

We manipulated the nutritional environment experienced by
burying beetles N. vespilloides during two different develop-
mental windows; first during larval development then, after
pupation, during the post-eclosion maturation stage. We
tested whether variation in early-life environments, at either
or both of these developmental stages, predicted the prob-
ability of success during contests for breeding resources

when the adult social environment also varied in quality
between poor (focal individuals were small compared to
their opponent) and good (focal individuals were larger
than their opponent). We found a significant interaction
between the post-eclosion nutritional environment experi-
enced during development and adult social environment
(size relative to opponent) predicted the probability of suc-
cess in contests: the steeper slope relationship (figure 3) of
beetles that experienced poor post-eclosion nutrition indi-
cates that they had a lower probability of winning contests
across adult social environments than did beetles that experi-
enced good post-eclosion nutrition, except when they were
substantially larger than their opponents (see also [19]). How-
ever, the effect of the larval environment (carcass size) was
also important in determining the probability of winning
contests for breeding resources because the size of carcass
that individuals were reared on determined size at adult-
hood, and therefore the probability of encountering a larger
opponent. As a result, although the larval environment does
not affect the probability of winning a contest for a given
social environment experienced in adulthood, it does affect
the probability of experiencing a poor-quality adult environ-
ment (i.e. encountering an opponent larger than itself),
which in turn affects contest outcome. There were therefore
both direct (post-eclosion environment) and indirect (larval
environment) effects of variation in nutrition during develop-
ment on the probability of winning contests in adulthood.

In burying beetles reproduction depends upon finding
and securing access to a carcass of a small vertebrate. As the
availability of carcasses suitable for breeding is likely to be
limited and their distribution ephemeral, direct contests over
breeding resources are common [31]. Body size and condition
of the individual are known to be important determinants of
success in contests [19,30,34], so the quality of the adult
(social) environment that individuals experience can be
defined in terms of their size compared with that of their
opponents, from good (larger than opponent) to poor (smaller
than opponent). Studies of developmental nutritional vari-
ation at different life stages often look for interactions
between juvenile and adult experience, but rarely, if ever, con-
sider early-life effects on adult phenotypes expressed in the
context of social competition [10]. By independently manipu-
lating the quality of the nutritional environment at two
different stages of development and varying the quality of
the adult social environment experienced, we could test
whether early-life environments predict success in later com-
petitive social environments. The question then is: do the
data support an environmental-matching hypothesis or fit a
silver spoon scenario?

(a) Environmental-matching or silver spoon?

For environmental-matching to be supported, we would
expect individuals that had a poor nutritional environment
during the larval stage (individuals reared on small carcasses)
and/or post-eclosion stage to be better relative competitors
in poor adult environments (i.e. when smaller than their
opponent, figure 1c). In addition, evidence for an adaptive
strategy should fulfil the requirement that early environmental
conditions during development reliably predict later environ-
mental conditions. Pupating at a relatively small size might
provide such a cue: there will be a higher likelihood of encoun-
tering a rival of greater size than itself. This would represent a
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potential serious disadvantage in securing or defending a
breeding resource. However, we found no evidence that
beetles that experienced poor early-life environments (i.e.
beetles from the PG, GP or PP groups) had a greater relative
probability of contest success when the adult environment
was poor compared to beetles that had good nutritional
environments throughout development (GG group; see also
[42]). In our experiment, the probability of contest success for
adults depended not only on the quality of the adult social
environment (relative size of focal compared to opponent)
but also on an interaction with the post-eclosion environment.
However, the direction of the effect of the interaction was
opposite to that predicted by environmental-matching. Indi-
viduals reared under poorer post-eclosion environments (_P)
did even worse than those with good post-eclosion environ-
ments (_G) when adult environments were poor (i.e. from an
adaptive perspective, these individuals would be environmen-
tally mismatched, figure 3). There was therefore no evidence in
support of environmental matching.

Did poor early nutrition disrupt optimal development
leading to a silver spoon effect? Beetles experiencing good
post-eclosion environments (access to ad libitum food: GG
and PG treatment groups) had better relative performance
during contests for a given quality of adult environment than
did those that experienced post-eclosion delayed-feeding (PP
and GP treatment groups; figures 1b and 3), except when
adult environments were very good (i.e. when much larger
than their opponent). This indicates a context-dependent,
direct silver spoon effect.

In contrast to the effects of variation in nutrition experi-
enced post-eclosion, variation in the nutritional environment
experienced during the larval stage did not affect the prob-
ability of success during contests for a given quality of adult
environment (i.e. controlling for body size differences). How-
ever, because body size is closely related to the quality of the
larval nutritional environment there is likely to be a close
association between competitive ability in adulthood and the
size of the carcass on which individuals develop. Large size
relative to opponents was a primary determinant of success
in adult contests for breeding resources, as has also been docu-
mented in other studies of this species [19,30,34], and widely
reported across other taxa [43—-46].

Larvae developing on small carcasses were themselves
small as adults (figure 2) and in nature small beetles are
likely to occupy different parameter space with respect to
the likely adult social environments they experience. In the
wild, the importance of being small in contests for breeding
resources may depend on the size distribution of individuals
in the population. Assuming a normal distribution of the
availability of carcass sizes in the wild, because broods
reared on small mice contain smaller individuals and fewer
individuals, the size distribution of adult beetles is likely to
be skewed towards relatively large beetles. Consequently,
larvae developing on small carcasses suffer a disproportion-
ally high probability of encountering rivals of greater size
than themselves. As a result, in addition to the direct silver
spoon effects of variation in quality of the post-eclosion
environment on contest success there are also indirect silver
spoon effects on contest outcomes of variation in the nutri-
tional environment experienced during the larval stage:
larvae reared on small carcasses are not competitively inferior
per se (i.e. for a given adult social environment), but are
more likely to experience poor adult social environments

(encounter an opponent larger than themselves) because
they are small. However, both of these effects are context-
dependent, with the direct effect only occurring when the
adult environment is poor and the indirect effect only occur-
ring when the adult environment is good, so neither can be
considered simple, clear-cut silver spoon effects [2,12-15].

The advantage of large size may only be realized in the con-
text of competition at a carcass. In N. vespilloides, larger males
mating with polyandrous females have no advantage over
smaller males when mating away from a carcass (i.e. sperm
competition without any immediate male—male competition)
but smaller males suffer a disadvantage when both males
mated on a carcass [47]. When the population is dense and
there are many competitors for carcasses larger individuals
may thus have an advantage. Moreover, when suitable car-
casses are more abundant, large individuals may be at an
advantage by having the potential to produce more broods
with greater numbers than can smaller beetles [48]. However,
small beetles could mitigate their disadvantage in contest abil-
ity by avoiding contests, for example, by being the first beetle to
locate a carcass and / or preferentially attracting females. If they
are subsequently usurped from ownership of a carcass by a
larger individual they may still resort to alternative reproduc-
tive strategies such as brood parasitism or satellite behaviour
and/or return to the mating-pool early. There may also be
direct general benefits of a smaller body size such as lower
costs of flight and lower overall maintenance costs [49] that
might enable wider or more prolonged searches for resources.
Smaller individuals may not be at a reproductive disadvantage
when carcasses are small or poor quality and intriguingly,
there is evidence that they can produce broods with offspring
substantially larger than themselves [30].

Fitness implications of offspring size and nutritional vari-
ation in burying beetles are unknown. In burying beetles,
body size is mediated by the caring behaviour of parents as
broods are tailored to match the size of the breeding carcass,
i.e. fewer larger larvae, or more but smaller larvae may be
reared [50,51]. This leads to the possibility that producing a
brood of smaller (or larger) than average offspring might be
a parental adaptive response to the likelihood of future
hard times for their offspring. Van De Pol et al. [15] used a
long-term dataset to study transgenerational effects of natal
origin (high-quality or low-quality habitat patches) on fitness
in wild oystercatchers, Haematopus ostralegus. By measuring
fitness both as individual components (e.g. survival to adult-
hood and recruitment) and also combined components
(e.g. relative output per fledgling from each habitat through
subsequent breeding years) it emerged that long-term
effects of the early environmental conditions were as impor-
tant as short-term effects in this species. One of the drivers
of the long-term effects was the increased likelihood that
offspring reared on high-quality patches would themselves
secure good breeding habitat as adults. However, burying
beetles do not face the same choice between low- and
high-quality breeding patches; all individuals must vary
their tactics depending on whether a carcass is poor or
good, and contested or uncontested. Nevertheless, their
reproductive success depends on interactions between the
effect of their early environment and the social environment
they experience in adulthood. Unpredictability in both the
nutritional and social environment, they face may help to
explain the extraordinary variation in size and mating tactics
in N. vespilloides.
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5. Conclusion

Our results indicate that effects of variation in developmental
conditions on success in adulthood may be complex and
dependent on the ecological context in which they are
expressed. There was no evidence for environmental-matching
or simple silver spoon effects. Instead results showed that
benefits of good nutrition during development depended on
the adult social environment individuals experienced. Adult
beetle size is permanently influenced by the size of the carcass
on which individuals develop; beetles reared on small car-
casses are smaller than beetles reared on larger carcasses.
Body size is the most important predictor of contest success
for breeding resources, so a large carcass represents an ‘indir-
ect’ silver spoon for the brood that it supports. However,
benefits of a good larval environment are dependent on the
social environment that adults experience because beetles
reared on smaller carcasses fared no worse against opponents
than did those reared on larger carcases, for a given size differ-
ential between individuals. When beetles had good nutrition
post-eclosion compared with a delay in feeding they benefitted
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investigated in the wild. These factors may be key to under-
standing the evolution and maintenance of the plasticity in
body size and reproductive strategy found in N. vespilloides.

Acknowledgements. We thank two anonymous referees for valuable
comments on the manuscript.

Data accessibility. The data have been deposited in the Open Research
Exeter (ORE) data repository, and are freely available at http://hdl.
handle.net/10871/14720.

Funding statement. This work was supported by a PhD studentship from
the Natural Environment Research Council (NE/1528326/1) and a
grant from NERC to N.J.R. and A.J. M. (NE/1025468/1).

Barrett EL, Moore AJ, Moore PJ. 2009 Diet and
social conditions during sexual maturation have

of individual variation in contrasting breeding
systems (ed. TH Clutton-Brock), pp. 454—471.

ducks (Anas platyrhynchos). PLoS ONE 7, e38043.
(doi:10.1371/journal.pone.0038043)

unpredictable influences on female life history Chicago, IL: University of Chicago Press. 18. Saastamoinen M, Van der Sterren D, Vastenhout N,
trade-offs. J. Evol. Biol. 22, 571-581. (doi:10.1111/  10. Monaghan P. 2008 Early growth conditions, Zwaan BJ, Brakefield PM. 2010 Predictive adaptive
j-1420-9101.2008.01671.x) phenotypic development and environmental responses: condition-dependent impact of adult
Dmitriew C, Rowe L. 2011 The effects of larval change. Phil. Trans. R. Soc. B 363, 1635—1645. nutrition and flight in the tropical butterfly Bicyclus
nutrition on reproductive performance in a food- (doi:10.1098/rsth.2007.0011) anynana. Am. Nat. 176, 686—698. (doi:10.1086/
limited adult environment. PLoS ONE 6, €17399. 1. Gluckman PD, Hanson MA, Spencer HG. 2005 657038)

(doi:10.1371/journal.pone.0017399) Predictive adaptive responses and human evolution. ~ 19. Hopwood PE, Moore AJ, Royle NJ. 2013 Nutrition
Royle NJ, Lindstrom J, Metcalfe NB. 2005 A poor start Trends Ecol. Evol. 20, 527—533. (doi:10.1016/j.tree. during sexual maturation affects competitive ability
in life negatively affects dominance status in 2005.08.001) but not reproductive productivity in burying beetles.
adulthood independent of body size in green 12. Blount JD, Metcalfe NB, Amold KE, Surai PF, Monaghan Funct. Ecol. 27, 1350—1357. (doi:10.1111/1365-
swordtails Xiphophorus helleri. Proc. R. Soc. B 272, P. 2006 Effects of neonatal nutrition on adult 2435.12137)

1917-1922. (doi:10.1098/rspb.2005.3190) reproduction in a passerine bird. /bis 148, 509—514. 20. Saeki Y, Crowley PH. 2013 The size-number trade-off in
Birkhead TR, Fletcher F, Pellatt EJ. 1999 Nestling (d0i:10.1111/).1474-919X.2006.00554.X) donal broods of a parasitic wasp: responses to the
diet, secondary sexual traits and fitness in the zebra ~ 13.  Krause ET, Naguib M. 2014 Effects of parental and own amount and timing of resource availability. Funct. Ecol.
finch. Proc. R. Soc. Lond. B 266, 385—390. (doi:10. early developmental conditions on the phenotype in 27, 155—164. (doi:10.1111/1365-2435.12014)
1098/rspb.1999.0649) zebra finches (Taeniopygia guttata). Evol. Ecol. 28, 21, Gilbert SF. 2005 Mechanisms for the environmental
Moore AJ, Brodie Ill ED, Wolf JB. 1997 Interacting 263—275. (doi:10.1007/510682-013-9674-7) regulation of gene expression: ecological aspects of
phenotypes and the evolutionary process: I. Direct ~ 14. Taborsky B. 2006 The influence of juvenile and animal development. J. Bioscience 30, 65-74.
and indirect genetic effects of social interactions. adult environments on life-history trajectories. (doi:10.1007/BF02705151)

Evolution 51, 1352—1362. (doi:10.2307/2411187) Proc. R. Soc. B 273, 741-750. (doi:10.1098/rspb. 22. Waterland RA, Jirtle RL. 2004 Early nutrition,
Danchin E, Charmantier A, Champagne FA, Mesoudi 2005.3347) epigenetic changes at transposons and imprinted
A, Pujol B, Blanchet S. 2011 Beyond DNA: 15. Van De Pol M, Bruinzeel LW, Heg D, Van Der Jeugd genes, and enhanced susceptibility to adult chronic
integrating inclusive inheritance into an extended HP, Verhulst S. 2006 A silver spoon for a golden diseases. Nutrition 20, 63—68. (doi:10.1016/j.nut.
theory of evolution. Nat. Rev. Genet. 12, 475—486. future: long-term effects of natal origin on fitness 2003.09.011)

(doi:10.1038/nrg3028) prospects of oystercatchers (Haematopus ostralegus). ~ 23.  Brisson JA, Stern DL. 2006 The pea aphid, Acyrthosiphon
Uller T. 2012 Parental effects in development and J. Anim. Ecol. 75, 616—626. (doi:10.1111/j.1365- pisum: an emerging genomic model system for
evolution. In The evolution of parental care (eds 2656.2006.01079.x) ecological, developmental and evolutionary studies.
NJ Royle, PT Smiseth, M Kdlliker), pp. 247 - 266. 16. Barrett ELB, Hunt J, Moore AJ, Moore PJ. 2009 Bioessays 28, 747-755. (doi:10.1002/bies.20436)
Oxford, UK: Oxford University Press. Effects of nutrition during juvenile and sexual 24. Emlen DJ. 2000 Integrating development with
Benton TG, Plaistow SJ, Beckerman AP, Lapsley (T, development on female life-history trajectories: the evolution: a case study with beetle horns. Bioscience
Littlejohns S. 2005 Changes in maternal investment thrifty phenotype in a cockroach. Proc. R. Soc. B 50, 403-418. (doi:10.1641/0006-3568(2000)050
in eggs can affect population dynamics. Proc. R. Soc. 276, 3257 -3264. (doi:10.1098/rsph.2009.0725) [0403:IDWEAC]2.0.€0;2)

B 272, 1351-1356. (d0i:10.1098/rsph.2005.3081) 17. Butler MW, McGraw KJ. 2012 Differential effects of ~ 25. Nijhout HF. 2003 Development and evolution of

Grafen A. 1988 On the uses of data on lifetime
reproductive success. In Reproductive success: studies

early- and late-life access to carotenoids on adult
immune function and ornamentation in mallard

adaptive polyphenisms. Evol. Dev. 5, 9—18. (doi:10.
1046/j.1525-142X.2003.03003.x)

20LE€10 1187 § 205 Y 0 bioBusiqndfeposielorgds: g


http://hdl.handle.net/10871/14720
http://hdl.handle.net/10871/14720
http://hdl.handle.net/10871/14720
http://dx.doi.org/10.1111/j.1420-9101.2008.01671.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01671.x
http://dx.doi.org/10.1371/journal.pone.0017399
http://dx.doi.org/10.1098/rspb.2005.3190
http://dx.doi.org/10.1098/rspb.1999.0649
http://dx.doi.org/10.1098/rspb.1999.0649
http://dx.doi.org/10.2307/2411187
http://dx.doi.org/10.1038/nrg3028
http://dx.doi.org/10.1098/rspb.2005.3081
http://dx.doi.org/10.1098/rstb.2007.0011
http://dx.doi.org/10.1016/j.tree.2005.08.001
http://dx.doi.org/10.1016/j.tree.2005.08.001
http://dx.doi.org/10.1111/j.1474-919X.2006.00554.x
http://dx.doi.org/10.1007/s10682-013-9674-7
http://dx.doi.org/10.1098/rspb.2005.3347
http://dx.doi.org/10.1098/rspb.2005.3347
http://dx.doi.org/10.1111/j.1365-2656.2006.01079.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01079.x
http://dx.doi.org/10.1098/rspb.2009.0725
http://dx.doi.org/10.1371/journal.pone.0038043
http://dx.doi.org/10.1086/657038
http://dx.doi.org/10.1086/657038
http://dx.doi.org/10.1111/1365-2435.12137
http://dx.doi.org/10.1111/1365-2435.12137
http://dx.doi.org/10.1111/1365-2435.12014
http://dx.doi.org/10.1007/BF02705151
http://dx.doi.org/10.1016/j.nut.2003.09.011
http://dx.doi.org/10.1016/j.nut.2003.09.011
http://dx.doi.org/10.1002/bies.20436
http://dx.doi.org/10.1641/0006-3568(2000)050[0403:IDWEAC]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2000)050[0403:IDWEAC]2.0.CO;2
http://dx.doi.org/10.1046/j.1525-142X.2003.03003.x
http://dx.doi.org/10.1046/j.1525-142X.2003.03003.x

26.

27.

28.

29.

30.

31

32.

33.

Nussey DH, Kruuk LEB, Morris A, Clutton-Brock TH.
2007 Environmental conditions in early life
influence ageing rates in a wild population of red
deer. Curr. Biol. 17, R1000—R1001. (doi:10.1016/j.
cub.2007.10.005)

Segers FHID, Taborsky B. 2011 Egg size and food
abundance interactively affect juvenile growth and
behaviour. funct. Ecol. 25, 166—176. (doi:10.1111/
j.1365-2435.2010.01790.x)

Spear L, Nur N. 1994 Brood size, hatching order
and hatching date: effects on four life-history
stages from hatching to recruitment in western
qulls. J. Anim. Ecol. 63, 283—298. (d0i:10.2307/
5547)

Descamps S, Boutin S, Berteaux D, McAdam AG,
Gaillard JM. 2008 Cohort effects in red squirrels: the
influence of density, food abundance and
temperature on future survival and reproductive
success. J. Anim. Ecol. 77, 305—314. (doi:10.1111/j.
1365-2656.2007.01340.x)

Bartlett J, Ashworth CM. 1988 Brood size and
fitness in Nicrophorus vespilloides (Coleoptera:
Silphidae). Behav. Ecol. Sociobiol. 22, 429—434.
(doi:10.1007/BF00294981)

Miiller JK, Eggert AK, Dressel J. 1990 Intraspecific
brood parasitism in the burying beetle, Nicrophorus
vespilloides (Coleoptera: Silphidae). Anim. Behav.
40, 491-499. (doi:10.1016/S0003-3472(05)
80529-9)

Miiller JK, Braunisch V, Hwang W, Eggert AK. 2007
Alternative tactics and individual reproductive
success in natural associations of the burying beetle,
Nicrophorus vespilloides. Behav. Ecol. 18, 196—203.
(doi:10.1093/beheco/arl073)

Lee VE, Head ML, Carter MJ, Royle NJ. 2014 Effects
of age and experience on contest behaviour in the
burying beetle, Nicrophorus vespilloides. Behav. Ecol.
25, 172-179. (doi:10.1093/beheco/art101)

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Otronen M. 1988 The effect of body size on the
outcome of fights in burying beetles (Nicraphorus).
Ann. Zool. Fenn. 25, 191-201.

Beeler AE, Rauter (M, Moore AJ. 1999 Pheromonally
mediated mate attraction by males of the burying
beetle Nicrophorus orbicollis: alterative calling
tactics conditional on both intrinsic and extrinsic
factors. Behav. Ecol. 10, 578—584. (doi:10.1093/
beheco/10.5.578)

Head ML, Berry LK, Royle NJ, Moore AJ. 2012 Paternal
care: direct and indirect genetic effects of fathers on
offspring performance. Evolution 66, 3570—3581.
(d0i:10.1111/).1558-5646.2012.01699.X)

Miiller JK, Eggert AK, Furlkrdger E. 1990 Clutch size
regulation in the burying beetle Nicrophorus
vespilloides Herbst (Coleoptera: Silphidae). J. Insect
Behav. 3, 265—270. (doi:10.1007/BF01417917)
Smiseth PT, Hwang W, Steiger S, Miiller JK. 2008
Adaptive consequences and heritable basis of
asynchronous hatching in Nicrophorus vespilloides.
Oikos 117, 899—907. (d0i:10.1111/j.0030-1299.
2008.16473.x)

Smiseth PT, Moore AJ. 2002 Does resource
availability affect offspring begging and parental
provisioning in a partially begging species? Anim.
Behav. 63, 577 —585. (doi:10.1006/anbe.2001.1944)
R Development Core Team. 2011 R: a language and
environment for statistical computing (2.14.1 ed.).
Vienna, Austria: R Foundation for Statistical
Computing. (http:/www.R-project.org)

Crawley MJ. 2007 The R book. Chichester, UK: Wiley
and Sons.

Safryn SA, Scott MP. 2000 Sizing up the
competition: do burying beetles weigh or measure
their opponents? J. Insect Behav. 13, 291-297.
(doi:10.1023/A:1007700601095)

Briffa M. 2008 Decisions during fights in the house
cricket, Acheta domesticus: mutual or self

4,

45.

46.

47.

48.

49.

50.

51.

assessment of energy, weapons and size? Anim.
Behav. 75, 1053—1062. (doi:10.1016/j.anbehav.
2007.08.016)

McElligott AG, Gammell MP, Harty HC, Paini DR,
Murphy DT, Walsh JT, Hayden TJ. 2001 Sexual size
dimorphism in fallow deer (Dama damay): do larger,
heavier males gain greater mating success? Behav.
Ecol. Sociobiol. 49, 266—272. (doi:10.1007/
5002650000293)

Reaney LT, Drayton JM, Jennions MD. 2011 The role
of body size and fighting experience in predicting
contest behaviour in the black field cricket,
Teleogryllus commodus. Behav. Ecol. Sociobiol. 65,
217-225. (doi:10.1007/500265-010-1030-0)
Schuett GW. 1997 Body size and agonistic
experience affect dominance and mating success in
male copperheads. Anim. Behav. 54, 213-224.
(doi:10.1006/anbe.1996.0417)

House CM, Hunt J, Moore AJ. 2007 Sperm
competition, alternative mating tactics and context-
dependent fertilization success in the burying
beetle, Nicrophorus vespilloides. Proc. R. Soc. B 274,
1309-1315. (doi:10.1098/rsph.2007.0054)

Bartlett J. 1988 Male mating success and paternal
care in Nicrophorus vespilloides (Coleoptera:
Silphidae). Behav. Ecol. Sociobiol. 23, 297 -303.
(doi:10.1007/BF00300576)

Blanckenhorn WU. 2000 The evolution of body size:
what keeps organisms small? Q. Rev. Biol. 75,
385-407. (doi:10.1086/393620)

Bartlett J. 1987 Filial cannibalism in burying
beetles. Behav. Ecol. Sociobiol. 21, 179-183.
(doi:10.1007/BF00303208)

Eggert AK, Miiller JK. 1997 Biparental care and
social evolution in burying beetles: lessons from the
larder. In The evolution of social behavior in insects
and arachnids (eds JC Choe, BJ Crespi), pp. 216—
236. Princeton, NJ: Princeton University Press.

ZOLEELOZ Lszg ;)of ;y“'JbJJ “ ‘616'Eu[Qéudhd/(lla‘poqé./(‘orqd.sj


http://dx.doi.org/10.1016/j.cub.2007.10.005
http://dx.doi.org/10.1016/j.cub.2007.10.005
http://dx.doi.org/10.1111/j.1365-2435.2010.01790.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01790.x
http://dx.doi.org/10.2307/5547
http://dx.doi.org/10.2307/5547
http://dx.doi.org/10.1111/j.1365-2656.2007.01340.x
http://dx.doi.org/10.1111/j.1365-2656.2007.01340.x
http://dx.doi.org/10.1007/BF00294981
http://dx.doi.org/10.1016/S0003-3472(05)80529-9
http://dx.doi.org/10.1016/S0003-3472(05)80529-9
http://dx.doi.org/10.1093/beheco/arl073
http://dx.doi.org/10.1093/beheco/art101
http://dx.doi.org/10.1093/beheco/10.5.578
http://dx.doi.org/10.1093/beheco/10.5.578
http://dx.doi.org/10.1111/j.1558-5646.2012.01699.x
http://dx.doi.org/10.1007/BF01417917
http://dx.doi.org/10.1111/j.0030-1299.2008.16473.x
http://dx.doi.org/10.1111/j.0030-1299.2008.16473.x
http://dx.doi.org/10.1006/anbe.2001.1944
http://www.R-project.org
http://www.R-project.org
http://dx.doi.org/10.1023/A:1007700601095
http://dx.doi.org/10.1016/j.anbehav.2007.08.016
http://dx.doi.org/10.1016/j.anbehav.2007.08.016
http://dx.doi.org/10.1007/s002650000293
http://dx.doi.org/10.1007/s002650000293
http://dx.doi.org/10.1007/s00265-010-1030-0
http://dx.doi.org/10.1006/anbe.1996.0417
http://dx.doi.org/10.1098/rspb.2007.0054
http://dx.doi.org/10.1007/BF00300576
http://dx.doi.org/10.1086/393620
http://dx.doi.org/10.1007/BF00303208

	Effects of resource variation during early life and adult social environment on contest outcomes in burying beetles: a context-dependent silver spoon strategy?
	Introduction
	Material and methods
	Larval nutritional environment
	Post-eclosion nutritional environment
	Competitive trials
	Statistics

	Results
	Effects of larval nutritional treatment on brood number and body size
	Effects of early-life nutritional treatment and adult social environment on success in contests

	Discussion
	Environmental-matching or silver spoon?

	Conclusion
	Acknowledgements
	Data accessibility
	Funding statement
	References


