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ABSTRACT: Maternal effect senescence has attracted much recent sci-
entific interest. However, the age-related effects of pre- and postnatal
maternal age are often conflated, as these naturally originate from the
same individual. Additionally, many maternal effect senescence stud-
ies fail to account for potential biases associated with selective disap-
pearance. Here we use a cross-fostered laboratory population of a
burying beetle, Nicrophorus vespilloides, to examine both the effects of
female pre- and postnatal maternal age on offspring life-history traits
and the postcare outcomes of mothers while accounting for selective dis-
appearance of postnatal caregivers. Neither pre- nor postnatal maternal
age affected offspring longevity or larval weight at hatching, and postna-
tal age had no effect on postcare maternal outcomes except to confirm
the presence of actuarial senescence. There was weak evidence for con-
cave relationships between two larval traits (dispersal weight and survival)
and the age of egg producers. Selective disappearance of caregivers had
no clear effect on any of the measured offspring traits. Contrary to pre-
dictions from evolutionary theory, maternal effect senescence and repro-
ductive effort increases do not always manifest, and current theory may
be insufficient to account for the true diversity of aging patterns relating
to maternal care.

Keywords: aging, cross-fostering, maternal effects, Nicrophorus vespil-
loides, selective disappearance, senescence.

Introduction

Senescence is often described as an age-related physiologi-
cal deterioration associated with increasing mortality risk
and decreasing reproductive rates (Finch et al. 1990; Jones
etal. 2014). The deleterious effect of changes on individuals’
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own fitness-related traits has long been explained by the
evolutionary theory of aging (Williams 1957; Hamilton 1966).
However, maternal effect senescence—the detrimental ef-
fects of increasing maternal age that are manifested in the
traits of their offspring—is a fundamentally different form
of aging that has attracted recent interest (Heidinger et al.
2016; Moorad and Nussey 2016; Warner et al. 2016; Lippens
etal. 2017). The most noted offspring outcomes are reduced
offspring juvenile survival (Hercus and Hoffmann 2000;
Sharp and Clutton-Brock 2010) and adult longevity (Lans-
ing 1947; Priest et al. 2002; Fox et al. 2003). Evolutionary the-
ory predicts deleterious effects of maternal aging on early
offspring survival accompanied by an age-related increase
in genetic variance for maternal effects (Moorad and Nussey
2016), but no such evolutionary model has been developed
to explain the negative maternal age effect on offspring adult
longevity. However, this phenomenon has been observed
frequently enough to be given a term, the “Lansing effect,”
after an early observer, Albert Lansing (Comfort 1953).
Some life-history theory predicts that reproductive effort—
or the proportion of available resources allocated to repro-
ductive processes—should increase with age as the potential
to realize future costs to reproduction lessens (Williams 1966b;
Charlesworth and Leon 1976; Clutton-Brock 1984). This is
expected to mitigate the observed expression of reproduc-
tive senescence. Reproductive effort has been reported to
increase with age in several taxa, including species of birds
(Pugesek 1981; Velando et al. 2006), mammals (Ericsson
et al. 2001; Paterson et al. 2016), fish (Poizat et al. 1999),
and invertebrates (Kight et al. 2000; Creighton et al. 2009;
Hargrove et al. 2018). In species that provide elaborate pa-
rental care, it has been argued that the increased reproduc-
tive effort is manifested as larger and more successful off-
spring at the cost of reduced parental condition (Bijleveld
and Mullers 2009). However, many studies fail to find age-
related increases (Dugdale et al. 2011; Martin and Festa-
Bianchet 2011; Conover 2013; Kuczynski et al. 2015).
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Age-related changes in maternal effects can be caused by
altered prenatal (e.g., egg-mediated) and postnatal (e.g., care-
mediated) contributions to offspring condition (Beamonte-
Barrientos et al. 2010; Lemaitre and Gaillard 2017). However,
distinguishing between the two can be extremely difficult in
many systems because the providers of prenatal and post-
natal care are often the same individuals (Lock et al. 2007;
Beamonte-Barrientos et al. 2010). Nevertheless, it is impor-
tant to decouple these effects in order to understand better
the proximate mechanisms of maternal effect changes with
age that are mediated through changes in egg quality or rear-
ing capabilities (Beamonte-Barrientos et al. 2010). In species
with complex parental care, it is important to consider both
aspects of maternal effects, as pre- and postnatal age can
each have a large influence on offspring fitness (Lock et al.
2007). Cross-fostering, where offspring born to one parent
are raised by another, is a useful method for decoupling these
two effects (Lynch and Walsh 1998). Applied to studies of
senescence, cross-fostering offers a way to reveal potential
divergent age-related effects of pre- and postnatal maternal
effects. This approach has been used to study maternal age
effects in the blue-footed booby, Sula nebouxii, where both
the age of egg producers and carers were found to inde-
pendently decrease growth rates of second chicks (laying-

mother age [years]: 6 = —1.00 mm day™'; rearing-mother
age [years]: 3 = —1.80 mm day '; Beamonte-Barrientos
et al. 2010).

While evolutionary models predict age-related changes
in individual traits, demographic models suggest that among-
individual variation (individual heterogeneity) can cause
age-specific means for fitness-related traits to increase be-
cause of selective disappearance of frail individuals (Vaupel
et al. 1979; Vaupel and Yashin 1985; van de Pol and Ver-
hulst 2006). As a result, age-related changes in trait values
may reflect changes in the identities of the individuals that
make up the population rather than longitudinal changes
in individuals caused by aging. This phenomenon has been
shown to influence the perceived effects of age on fitness
traits in various mammal and bird species (Cam et al. 2002;
Nussey et al. 2006, 2011). Fortunately, the effects of selec-
tive disappearance can be corrected for statistically in lon-
gitudinal studies of aging (van de Pol and Verhulst 2006;
van de Pol and Wright 2009; Nussey et al. 2011). If left
uncorrected, inferences about the effects of aging on indi-
viduals may be unreliable (Hayward et al. 2013). Control-
ling for the effects of heterogeneity has only seldom been
applied to maternal effect aging research (e.g., Hayward et al.
2013; Berger et al. 2015; Fay et al. 2016). There is a general
need for an integration of methodologies that combine cross-
fostering with the ability to control for selective disappear-
ance.

We performed an aging experiment with a species of
burying beetle, Nicrophorus vespilloides, with conspicuous
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postnatal maternal care. This species provides an ideal
study system for discriminating between pre- and postnatal
maternal effects because larvae can be cross-fostered (Lock
et al. 2004, 2007; Head et al. 2012). Furthermore, while both
parents can simultaneously provide care, the removal of
one parent does not detrimentally effect average larval body
weight or survival in the laboratory (Smiseth et al. 2005).
Using a cross-fostered experimental design, we aimed to de-
couple the prenatal (egg producer) and postnatal (carer) ef-
fects of different maternal ages on life-history traits of their
offspring and fitness-related outcomes of care-giving fe-
males. Existing models of maternal effect senescence (Moo-
rad and Nussey 2016) predict that as maternal age increases
into late age, we should see corresponding declines in off-
spring survival. This theory makes no explicit predictions
regarding other offspring traits, but it is reasonable to pre-
dict that similar evolutionary arguments should predict that
offspring adult longevity and larval dispersal weight will de-
crease with increasing maternal age. Previous N. vespilloides
research is consistent with this expectation by showing that
increased maternal age reduced the number of hatched lar-
vae (Creighton et al. 2009), dispersed larvae, and total weight
of brood at dispersal (Ward et al. 2009; Cotter et al. 2010).
We may also expect that old egg producers will negatively
impact the life history of the carer if they produce low-quality
offspring. In fact, cross-fostered N. vespilloides females have
been shown to provide more care when given lower-quality
larvae to care for (Mattey et al. 2018), and it is possible that
providing this additional care comes at a cost. Last, we cor-
rected for selective disappearance statistically by adding carer
longevity as a factor to our analyses of postnatal effects; this
is a novel approach to aging research into postnatal maternal
effects in a controlled laboratory population.

Material and Methods
Study System

Nicrophorus vespilloides breed and feed on small, dead ver-
tebrates. Breeding pairs prepare the carcass by removing all
hair, feathers, or scales and roll the carrion into a ball before
burying it in the soil (Scott 1998). The female lays eggs in
the surrounding soil. Two to three days later, larvae hatch
and move to the carcass, where they can self-feed and be
provisioned and cared for by their parents until indepen-
dence, which occurs after 4 or 5 more days. Parental care
in this species is characterized by the regurgitation of car-
rion from parents to larvae, defense of the larvae and carcass
from conspecifics and other competing species, and the se-
cretion of an anal exudate that inhibits fungal growth on the
carcass. Larvae disperse into the surrounding soil after they
become independent from parental care and pupate into
adults (eclose) 21 days later.



566 The American Naturalist

The beetles used in this study were taken from an outbred
laboratory population maintained at the University of Edin-
burgh originally derived from a colony in the Netherlands
kindly provided by Daniel Rozen in 2013. Genetic diversity
has since been maintained and enhanced by annual additions
of wild beetles trapped from natural populations around Edin-
burgh. Beetles were individually housed in clear plastic boxes,
kept at 21°C on a 16L:8D cycle, and fed small pieces of or-
ganic beef twice a week.

Experimental Age Classes

Female beetles were sampled from the population at four
different posteclosion age ranges: young, midlife, old, and
very old (comprising 11-18, 32-39, 53-60, and 77-87 days,
respectively). Females are seldom reproductively active be-
fore 10 days after eclosion (Cotter et al. 2010), and female
virgins that are older than very old are exceedingly rare. Fe-
male ages were also selected to represent differing rates of
cumulative survival in virgin females (94%, 80%, 26%, and
1%; J. Moorad, unpublished data) and thus presumably rep-
resent highly varied magnitudes of selection for age-specific
maternal care that covers nearly the full potential life span of
the beetle (Moorad and Nussey 2016). We used virgin bee-
tles for two reasons. First, differences among individuals in
past reproductive allocation could contribute unnecessarily
to trait variance even if the previous number of reproductive
events was considered as a correlate in the statistical models.
Second, with multiple matings, female age will be necessarily
confounded with reproductive history, and the strong corre-
lation between age and mating experience can cause addi-
tional statistical problems. One such problem could be that
reproductive experience and increased age both have nega-
tive effects, and conflating the two effects will overestimate
the true effects of age.

Experimental Procedures

We used a cross-fostered design to assess offspring perfor-
mance in relation to varying carer and egg producer age.
Virgin females from the four age classes were mated with
virgin males aged approximately 2 weeks after eclosion. The
males’ ages were standardized in order to reduce variation
caused by effects of paternal age. We supplied each pair with
a mouse carcass weighing 20.71-25.99 g (Livefood Direct,
Sheffield). Females were weighed before breeding, after egg
laying, and after providing care. Males were removed 72 h af-
ter introduction to the carcasses and mating, and females
with carcasses were placed into new breeding containers
(absent of any eggs or larvae) in preparation for them to re-
ceive a mixed brood of larvae from other females. The old
mating boxes (those which had previously contained fe-
males, carcasses, and eggs) were checked for newly hatched

larvae every 2 h for 5 minutes until no new larvae were found
(~72 h). Females that recently produced hatched larvae are
capable of caring for other larvae, provided that these have
hatched at roughly the time point as their own. If larvae ap-
pear on the carcass too early or too late, females will perceive
them as not theirs and kill them (Miiller and Eggert 1990).
Infanticide from cross-fostering did not appear to have oc-
curred in this experiment because no mothers eliminated
whole broods of larvae. Previous work involving several
Nicrophorus species used similar cross-fostering techniques
(Rauter and Moore 2002a; Lock et al. 2004, 2007; Head et al.
2012; Steiger 2013).

We pooled larvae from same-age mothers (Rauter and
Moore 2002b; Crook et al. 2008; Rozen 2008; Arce et al.
2012). Nicrophorus vespilloides females produce highly var-
iable brood sizes (Smiseth and Moore 2002), and consider-
able asynchrony in larval hatching is frequently observed
(Smiseth et al. 2008; Ford and Smiseth 2016). Pooling larvae
produced by different mothers into mixed broods was a
tractable approach to generating suitable numbers of exper-
imental broods with constant family size. From these, we
randomly sampled larvae to construct mixed broods of
15 larvae each to control for initial effects of density. A brood
size of 15 larvae struck a reasonable balance between ob-
taining sufficient numbers of mixed broods while falling
within the range of normal brood sizes produced by N. ves-
pilloides (range = 2-47; Smiseth and Moore 2002; Smiseth
and Parker 2008). Each mixed brood was placed under the
care of unrelated mothers of various age classes and allowed
to develop in the presence of their foster mother (the carer).
At dispersal, larvae were counted and individually weighed
using an Ohaus Pioneer PA114 analytical balance (repeat-
ability = 0.1 mg). Mated females and eclosed offspring
were then individually housed, regularly fed (with raw or-
ganic beef twice a week), and checked for death (three times
a week) until all beetles had died. In total, we set up 147 mat-
ings, with 55 females caring for a brood (table 1). The other
92 females provided no care and donated larvae after mating
(n = 55), had eggs that did not hatch (n = 15), or were
omitted because the matings and females could not be used
(n = 22).

Table 1: Numbers of caregiving and egg-producing beetles in each
experimental age class

Young egg Midlife egg Old egg Very old egg

Age class producer  producer producer producer
Young carer 5 (75) 6 (90) 6 (90) 5 (75)
Midlife carer 8 (120) 2 (30) 3 (45)

Old carer 5 (75) 6 (90) 4 (60)

Very old carer 5 (75) .

Note: Numbers of larvae are in parentheses.



Statistical Analyses

We used ASReml v.4.1 (Gilmour 1997) to construct univar-
iate generalized linear mixed effect models using data ob-
served at the level of the offspring (table 2) to independently
measure both carer age and egg producer age effects on larval
weight at dispersal and offspring adult longevity (both with
Gaussian error structures). Next, we fit a multivariate mixed
effect model using data that were collected at the level of the
carer to evaluate the effects of the caregivers’ and egg pro-
ducers’ age on traits related to fitness. Dependent variables
were larval weight at hatching (pooled over all broods of
15 larvae), residual life span of carer (days survived after
mating), carer weight change (difference between postcare
and precare body weight), and number of larvae surviving
to dispersal. Note that the two univariate models fit using data
collected at the level of the offspring feature offspring outcome
traits as dependent variables, while the multivariate model fit
using data collected at the level of the carer features dependent
variables that describe both offspring and carer traits. All models
were fit twice: once with first-order effects of carer and egg-
producer age and once with all three possible second-order
interactions involving these ages. Data are deposited in the
Dryad Digital Repository: http://dx.doi.org/10.5061/dryad
.941d66f (Ivimey-Cook and Moorad 2018).

Parameters with the potential to confound the relation-
ships between maternal ages and offspring outcomes were
included in the mixed models as fixed and random effects.
These fixed effects were carcass size (because resource avail-
ability is known to effect larval fitness; Trumbo 1990) and carer
age at death in order to account for selective disappearance
that might otherwise mask signatures of senescence (van de
Pol and Verhulst 2006). When used as a predictor, age at death
was defined according to the interval at which the event oc-
curred (added as a four-level factor to identify age intervals
between reproductive opportunities: between young and mid-
life, between midlife and old, between old and very old, and
beyond very old). In longitudinal studies, the effects of selec-

Table 2: Summary of mixed models
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tive disappearance are usually modeled by fitting linear or
quadratic functions of longevity (Bouwhuis et al. 2009; Millon
etal. 2011; Nussey et al. 2011; Hayward et al. 2013). This prac-
tice is appropriate when phenotypic observations and deaths
are distributed continuously over ages, but it is not the best ap-
proach for analyses of controlled experiments in which phe-
notypes are collected in relatively few discrete age ranges at
regular intervals. There are two reasons for this. First, the
categorical approach used here accommodates more com-
plex age functions (three parameters originating from four
age intervals vs. two parameters from a quadratic function).
Second, variation in age at death that occurs within inter-
vals (e.g., different ages at death that all occur between young
and midlife) or outside all the intervals (different ages of
death after very old) should not contribute to model fitting.
This constraint is appropriate because all individuals that
die within intervals are all equally dead at the onset of the
next age class, and their precise timing of removal within
intervals should be noninformative. In this case, implementing
age as a continuous effect (as is often done in studies of nat-
ural populations) would inappropriately allow within-interval
variation to influence parameter estimates. Our experiment
allowed us to correct for the effects of selective disappearance
of caregivers but not egg producers, as the mixed-brood de-
sign made the identification of egg producers impossible.
The effects of block (as the experiment was split into nine
experimental blocks) and carer identification (ID) were
added as nested random effects (carer ID nested within
block). The latter was included to account for possible ef-
fects of pseudoreplication as individual mothers care for
multiple offspring. The full multivariate model that fit lin-
ear age effects failed to converge, indicating a non—positive
definite variance-covariance structure for block effects. We
ran univariate analyses for each female trait with and with-
out the random effect of block to learn whether we could
justify dropping block effects from the full model. The Pval-
ues from a likelihood ratio test between the two models
were as follows: larval weight at hatching, P = .240; carer

Full model
Level Response variable Fixed effects Random effects
Offspring  Larval weight at dispersal Carer age + egg producer age + carcass  Block/carer identification
weight + age of carer at death
Offspring  Offspring adult longevity Carer age + egg producer age + carcass  Block/carer identification
weight + age of carer at death
Carer Larval weight at hatching, residual life span Carer age + egg producer age + carcass  Block (for trait 4)

of carer, weight change of carer, no. larvae
surviving to dispersal

weight + age of carer at death

Note: Quadratic forms of the models add all possible second-order interactions involving carer age and egg producer age (two squared terms and one cross

product).
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residual life span, P = .357; carer weight change, P =
1.000; and number of larvae surviving to dispersal, P =
.031 (for likelihood ratio test results, see table S1; tables S1—
$4 are available online). These results justified rerunning the
unconstrained full model while including block effects only
for the number of larvae surviving to dispersal.

For each of the six traits of interest, comparisons were
made between three models that fit maternal age effects in
different ways: (1) no effect of carer and egg producer age
(the null model), (2) first-order effects of carer and egg pro-
ducer age (the linear model), and (3) all first- and second-
order effects of both ages (the quadratic model). Because re-
stricted maximum likelihood methods are not appropriate
for model comparisons, maximum likelihood was used in-
stead. For larval weight at hatching, residual life span, and
carer weight change, there was no need to fit random effects
in the model because (1) observations were made at the level
of the carer (no carer ID effects) and (2) block effects were
shown to be statistically insignificant (no block effect). Con-
sequently, general linear models were applied using R v.3.3.3
(R Development Core Team 2016). The other traits required
models that included random effects: all models required
block effects, and offspring longevity and dispersal weight
required carer ID effects. For these traits, we applied a mixed
model approach using Ime4 v.1.1-15 (Bates et al. 2015).
Models were compared using Akaike information criterion
values.

Results

Two carers were lost after care, but their offsprings’ data
have been included in the offspring-level analyses because
postcare maternal longevity had no detectable effect on oft-
spring outcomes. These females were excluded from the mul-
tivariate analysis. Model selection indicated that (1) null
models were best for describing offspring adult longevity,
larval weight at hatching, and female weight; (2) a linear
model best described residual life span of the carer; and
(3) quadratic models best described larval weight at dispersal
and number of larvae surviving to dispersal (table 3; for full
model selection comparison, see table S2).

Larval Weight at Dispersal

In the linear model, egg producer age was shown to have a
negative effect on larval weight at dispersal, while carer age
was shown to have a positive effect. However, neither effect
was statistically significant (table 4; fig. S1(a); figs. S1-S6 are
available online). In the quadratic model, there were detect-
able positive linear and negative quadratic effects of egg
producer age. Carer age had no detectable effects on larval
weight at dispersal (table 4; fig. S1(b)). There was a statisti-
cally significant negative effect of age of carer at death (2-
5 weeks) on larval weight at dispersal in the quadratic model.
No other measured covariates affected larval dispersing weight.

Offspring Adult Longevity

In the linear model, egg producer age was shown to have a
negative effect on offspring adult life span, while carer age
was shown to have a positive effect, but neither was statis-
tically significant (table 5; fig. S2(a)). No linear or qua-
dratic effects of egg producer and carer age on offspring
adult life span (table 5; fig. S2(b)) were detected in the qua-
dratic model. No other measured covariates affected off-
spring adult longevity in either model.

Traits Assessed at the Level of the Carers

In the linear model, neither carer age nor egg producer age
affected any of the measured carer-level traits (table 6;
fig. S3(a)-S6(a)), with the sole exception of a negative rela-
tionship between carer age and postcare residual life span.
Incidentally, we should not expect any meaningful effects
of carer age on larval weight at hatching because this ex-
perimental design ensures that carers do not influence off-
spring development until after hatching. In the quadratic
model, there was neither linear nor quadratic effects of carer
age on any of the measured carer-level traits (fig. S3(b)-
S6(b)). However, egg producer age had a positive linear and a
negative quadratic effect on the number of larvae surviv-
ing to dispersal (tables 6, S3(b)). Furthermore, carer age and
egg producer age interacted to cause a statistically signifi-
cant negative effect on this trait. Age of carer at death (2-
5 and 8-11 weeks) affected the residual life span of the carer

Table 3: Summary of Akaike information criterion comparison for model selection

Traits Null Linear Quadratic

Larval weight at dispersal —2,644.117 —2,642.683 —2,647.966
Offspring adult longevity 4,911.746 4,914.960 4,915.163
Larval weight at hatching —372.415 —370.567 —365.987
Residual life span of carer 513.974 485.546 486.427
Weight change of carer —211.259 —210.798 —205.476
No. larvae surviving to dispersal 273.494 274.992 269.105
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Table 4: Effect of age on larval weight at dispersal

Effect size estimates SE
Model and covariate (mg day™) (mg day™")  z-score P
Linear:
Carer age 152 235 .647 518
Egg producer age —.239 206 —1.159 246
Carcass weight 3.466 3.036 1.142 254
Age of carer at death (weeks):
2-5 —49.780 28.720 —1.733 .083
5-8 9.806 20.180 486 .627
8-11 4.275 12.600 339 734
11+ .000 .000 .000
Quadratic:
Carer age 459 1.180 389 697
Egg producer age 2.690 1.201 2.240  .025
Carer age x egg producer age —.007 .014 —.514  .607
Carer age’ —.001 011 —.117 907
Egg producer age® —.034 .012 —2.934 .0033
Carcass weight 3.296 2.940 1121 .262
Age of carer at death (weeks):
2-5 —57.020 28.890 —-1.974 .048
5-8 24.220 20.640 1.173 241
8-11 5.559 11.380 488 .625
11+ .000 .000 .000

Note: z-scores were derived by dividing effect sizes by standard errors, and P values were calculated from
these. Effects that were significant to a threshold of « = 0.05 are in bold.

in both the linear and quadratic models. No other measured
covariates affected the measured traits at the level of the
carer (see tables S3(a), S3(b)).

Discussion

For three of the six traits investigated here (offspring adult
longevity, larval weight at hatching, and weight change of
carer), model comparisons and estimated effect sizes clearly
indicate the absence of significant maternal age effects. Our
results show a clearly negative effect of carer age on the re-
sidual life span of carers, but this simply reflects actuarial
senescence, or an increase in mortality risk with increasing
age (Finch et al. 1990). If older egg producers make lower-
quality offspring and these placed a greater burden on older
caregivers, then we might expect a negative interaction be-
tween the ages of egg producers and carers. While we did
estimate a negative interaction effect, it was not statistically
significant. For two traits (larval weight at dispersal and
number of survived larvae), model selection indicated that
the quadratic models were best and the linear models were
worst. In both cases, quadratic estimates suggest convex re-
lationships between larval outcomes and egg producer age
(there was also a negative interaction effect on larval sur-
vival between the ages of egg producers and carers). This
quadratic pattern to aging has been observed in both mam-

mal (Weladji et al. 2002; Nussey et al. 2006; Dugdale et al.
2011; Linares 2013; English et al. 2014) and bird species
(Bouwhuis et al. 2009, 2010; Torres et al. 2011; Drummond
and Rodriguez 2015). However, there are reasons to view
our results with skepticism. First, we estimate a large num-
ber of quadratic effects (three effects for each of the six
traits), and we expect that some estimates may be statistically
significant only owing to chance. It might be appropriate in
this case to correct for multiple comparisons. A Bonferroni
correction (Bonferroni 1936) reduces the threshold for reject-
ing the null model of no quadratic effect to @ = 0.0028. The
effects of egg producer age® fail to reach this threshold, but
the interaction of carer age and egg producer age on number
of larvae surviving to dispersal satisfies this condition. We
note that the statistically significant effect of carer age on re-
sidual carer life span (actuarial senescence) remains after a
Bonferroni correction (12 estimated linear age effects, o =
0.0042). Second, we must be circumspect when interpreting
quadratic effects of egg producer age because our experi-
mental design did not allow us to correct for selective disap-
pearance of egg producers. This phenomenon is discussed
more generally below, but applied to this situation, we would
expect that the preferential removal of poor mothers early in
life could lead to the observed concave functions of larval
weight and survival against age. Given a lack of meaningful
linear maternal effects and only ambiguous quadratic effects,
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Table 5: Effect of age on offspring adult longevity

Effect size estimates SE
Model and covariate (life span day™") (life span day™")  z-score P
Linear:
Carer age .001 124 006 .995
Egg producer age —.075 112 —.675 .500
Carcass weight .350 1.566 223 823
Age of carer at death (weeks):
2-5 —6.120 14.690 —.417 677
5-8 —4.700 11.140 —.422 673
8-11 —3.956 6.641 —.59 551
11+ .000 .000 .000
Quadratic:
Carer age 777 .635 1.225 221
Egg producer age —.247 .654 —.378 705
Carer age x egg producer age —.010 .007 —1.326 .185
Carer age’ —.006 .006 —1.039 299
Egg producer age’ .006 .007 .883 377
Carcass weight .348 1.547 225 822
Age of carer at death (weeks):
2-5 —6.827 14.940 —.457 648
5-8 —6.993 11.680 —.599 549
8-11 —3.370 6.425 —.525  .600
11+ .000 .000 .000

Note: z-scores were derived by dividing effect sizes by standard errors, and P values were calculated from

these.

a conservative explanation of our results is that we failed to
detect pre- and postnatal maternal effect senescence for sev-
eral traits related to fitness.

Because other work on Nicrophorus species has detected
changes in offspring outcomes with maternal age, it is im-
portant to carefully evaluate our negative findings against
these, with a particular emphasis placed on assessing the
relative statistical power of our analysis. To interpret statis-
tically nonsignificant results, evaluating the effect size and
their relative confidence intervals is preferred to posthoc
power analyses (Colegrave and Ruxton 2003). We do this
by asking whether effect sizes reported in previous Nicro-
phorus vespilloides studies fall within the 95% confidence
intervals estimated here using linear models. However, some
comparisons are impossible because our study was the first
to evaluate the effects of maternal age on many traits. Fur-
thermore, previous studies very rarely report effect size es-
timates (preferring instead to emphasize significance). Con-
sequently, in some cases, we had to estimate previous effect
sizes using age-class data presented in graphical form in the
source papers (for details, see table S4). Ward et al. (2009)
reported that larval dispersal weight changed by —1.97 mg
day™' of maternal age for multiply mated females. Cotter
etal. (2010) surveyed brood weights at dispersal from virgin
females bred at different ages, but they did not report larval
number in their analysis. This study observed a total brood
weight change of —30 mg day ™' of maternal age. A generous

larval density estimate of 1.88 g™* (see Smiseth and Moore
2002) suggests a per-larval effect size of —1.60 mg day™" of
maternal age. Both of these estimates lie far beyond the 95%
confidence intervals estimated here for egg producer and
carer age effects (95% CI = —0.64 to 0.16 mg day ™' and
—0.31 to 0.61 mg day™"', respectively; table 4). The Ward
et al. (2009) study reported that larval survival declined
0.0087 day ™' of maternal age; the estimated 95% confidence
intervals for this effect here was —0.0048 t0 0.0011 day ™' and
—0.0054 to 0.0012 day™"' for the two maternal age effects
(see estimates in table 6 divided by 15 for the initial brood
size). In general, type 2 errors can always be a concern with
reports of negative results, but these comparisons make clear
that any true effect in our population is much smaller than
other published estimates from previous comparable studies.

Why are the effect sizes reported here so much smaller
than in other Nicrophorus studies? This may have been
the result of important improvements in our experimental
design that enabled us to estimate the true effects of mater-
nal age with more rigor. Unlike other aging experiments in
Nicrophorus sp., this experiment used virgin females. While
these may be difficult to obtain, especially in the older age
classes (owing to ever-decreasing rates of cumulative sur-
vival), using virgins in all age classes removes the risk of
conflating the effects of breeding experience with the effect
of maternal age. Second, this experiment successfully ac-
counted for potential bias attributed to selective disappear-
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Table 6: Effect of age on various offspring and carer outcomes

Effect size estimate SE
Model, female age, and trait (unit day™") (unit day™')  z-score P
Linear:
Carer:
Larval weight at hatching (mg) —.077 .056 —1.363 173
Residual life span of carer (days) —1.122 182 —6.182 <.001
Weight change of carer (mg) .394 .255 1.549 121
No. larvae surviving to dispersal —.032 .025 —1.259 .208
Egg producer:
Larval weight at hatching (mg) —.035 .051 —.688 491
Residual life span of carer (days) —.107 163 —.656 512
Weight change of carer (mg) —.097 229 —.425 671
No. larvae surviving to dispersal —.028 .023 —1.209 228
Quadratic:
Carer:
Larval weight at hatching (mg) .0385 .3201 120 .904
Residual life span of carer (days) —1.163 995 —1.169 242
Weight change of carer (mg) —.0309 1.4550 —.021 .983
No. larvae surviving to dispersal 220 120 1.832 .067
Egg producer:
Larval weight at hatching (mg) 2667 3224 .827 408
Residual life span of carer (days) —1.163 995 —1.169 242
Weight change of carer (mg) .1095 1.4660 .075 .940
No. larvae surviving to dispersal 319 121 2.643 .008
Carer?
Larval weight at hatching (mg) —.0003 .0029 —.108 914
Residual life span of carer (days) .0049 .0089 .550 .582
Weight change of carer (mg) .0060 .0131 462 .644
No. larvae surviving to dispersal —.0017 0011 —1.509 131
Egg producer:
Larval weight at hatching (mg) —.0025 .0031 —.823 411
Residual life span of carer (days) —.0129 .0095 —1.358 174
Weight change of carer (mg) —.0012 0139 —.089 929
No. larvae surviving to dispersal —.0028 .0012 —2.300 .021
Carer x egg producer:
Larval weight at hatching (mg) —.0033 .0037 —.887 .375
Residual life span of carer (days) —.014 011 —1.214 225
Weight change of carer (mg) —.0033 .0168 —.199 .842
No. larvae surviving to dispersal —.004 .001 —3.065 .0022

Note: z-scores were derived by dividing effect sizes by standard errors, and P values were calculated from these. Ef-

fects that were significant to a threshold of o = 0.05 are in bold.

ance. However, no contributions of selective disappearance
of carers to perceived aging patterns for any offspring trait
was found. This suggests that any nonrandom subset of
these females that survived to old age did not bias our results
by producing higher-quality offspring with higher larval dis-
persal weight and longevity. Heterogeneity appears to be
ubiquitous in wild vertebrates systems (Nussey et al. 2011),
where it appeared to act to obscure evidence of maternal ef-
fect senescence in at least one study (Hayward et al. 2013). It
is unknown whether heterogeneity may have influenced the
results from other laboratory Nicrophorus studies of aging.
We note that we were unable to test for effects of selective

disappearance of egg producers because this study used
mixed broods, which unfortunately prohibited adding egg
producer longevity to the models. Future research should fo-
cus on fully accounting for the effects of the selective disap-
pearance of these mothers on offspring life-history traits.
Using intact broods of larvae in which the egg producers’
identities are known would allow us to completely account
for the effects of heterogeneity on both maternal influences.

Neither the evolutionary predictions made by Moorad
and Nussey’s (2016) aging models nor those from repro-
ductive effort models (Williams 1966a; Hirshfield and Tin-
kle 1975; Charlesworth and Leon 1976; Clutton-Brock 1984)
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applied to maternal effects on larval survival are supported
by our results. Other studies show mixed evidence for ma-
ternal age effects on juvenile survival. Some show declines,
such as in Panthera pardus (Balme et al. 2013), Papio anubis
(Packer et al. 1998), Panthera leo (Packer et al. 1998), Ovis ar-
ies (Hayward et al. 2013, 2015), and Parus major (Perrins
and Moss 2008), while others show no effect of age, such
as in Glossina palpalis palpalis (MclIntyre and Gooding 1998),
Podisus maculiventris (Mohaghegh et al. 1998), and Nau-
phoeta cinerea (Moore and Harris 2003), or an increase, Va-
nellus vanellus (Blomgqvist et al. 1997). Why this variation
exists and how it is distributed across species is unclear, and
these questions deserve future study. Unfortunately, there
is no formal systematic review of the literature that explores
how maternal age affects neonatal survival in laboratory
and wild systems. Such a review could be useful to survey
the diversity of maternal aging patterns, to investigate the
conditions under which predictions from the evolutionary
models succeed and fail, and to better contextualize results
from new studies.

Moorad and Nussey’s (2016) evolution models predict
that maternal effect senescence is unavoidable, but these as-
sume the presence of age-specific genetic variation for ma-
ternal effects. Mixed evidence for the existence of maternal
effect senescence across species may be expected if they
vary in the degree to which their maternal genetic effects
are age dependent. Further research should focus on mea-
suring genetic correlations between age-specific maternal
effects to see whether these maternal effects are actually
age independent. However, it is important for more studies
to quantify maternal age effects more carefully. More cross-
fostering experiments that control for variation in repro-
ductive history and that take selective disappearance into
account can provide the clearest estimates of these effects
while correctly assigning them to pre- and postnatal causes.

The failure to detect clear age-related increases in mater-
nal contributions to offspring survival requires explanation
as well, especially because previous research in another Ni-
crophorus species, Nicrophorus orbicollis, has shown evi-
dence for age-related increases in reproductive allocation
to their offspring (Creighton et al. 2009; Billman et al. 2014).
In fact, while Charlesworth and Leon’s (1976) formal model
of reproductive effort predicts increasing adaptive optima
with increased age, they do not make strong predictions
regarding total reproductive investment at late ages, where
selection for total reproduction is weakest (Hamilton 1966).
Because reproductive effort is a proportional measure of al-
location, the models actually predict total reproductive in-
vestment change with age to be represented by ever-larger
fractional shares of an ever-shrinking pool of resources.
Following this logic, Charlesworth and Leon (1976, p. 456)
are circumspect about applying their model to make infer-
ences about reproduction effort in the very old, and they

conclude that “genes affecting later life are under relatively
weak selective control, so the phenotype here may be rela-
tively far from an evolutionary equilibrium.” Finally, it should
be noted that maternal age effects may be made too small to
be detected if declines in offspring outcomes caused by ma-
ternal effect senescence are of similar magnitude to gains at-
tributed to increasing reproductive effort with age. This sce-
nario harmonizes with Charlesworth and Leon’s (1976)
observation that there is antagonism between the evolution
of reproductive senescence and reproductive effort by apply-
ing it to age-related maternal effect. This scenario is impos-
sible to rule out with our data. However, it seems very un-
likely that an exact balance of antagonistic forces should
exist for every trait investigated in our study.

Evolutionary theory makes no formal predictions re-
garding maternal effect senescence for other measured off-
spring traits, but one might expect patterns to follow qual-
itatively from predictions relating to juvenile survival. There
is mixed evidence in the literature for maternal age affecting
offspring performance aside from neonatal survival. Some
systems show declines in offspring traits with maternal age:
offspring longevity in Philodina citrina (Lansing 1947), birth
weight in Cervus elaphus (Nussey et al. 2006), egg volume in
Diomedea exulans (Froy et al. 2013), and offspring longevity
and egg size in Callosobruchus maculatus (Fox and Dingle
1994; Lind et al. 2015). Other systems show no effect of ag-
ing: brood weight in N. vespilloides (Cotter et al. 2010), mean
weight of offspring in N. orbicollis (Trumbo 2009), and oft-
spring longevity in Drosophila melanogaster (Yilmaz et al.
2008). There is a clear need for more theory to explore the
evolution of maternal effect senescence in offspring traits
other than neonatal survival. For example, models that clar-
ify the conditions under which the Lansing effect evolves
would be an especially welcome addition to the literature,
as this phenomenon is widely investigated (Comfort 1953;
Butz and Hayden 1962; Klass 1977; Priest et al. 2002; Zehn-
der et al. 2007; Yilmaz et al. 2008). However, as is the case for
maternal effect senescence manifested as variation in neona-
tal survival, there exists no systematic review of the diversity
of this phenomenon.

Last, the age of the egg producer appeared to have no ef-
fect on the condition of the carer as reflected by weight
change or residual life span. Specifically, larvae from older
egg producers did not adversely affect the carer, and no ev-
idence of compensation for lower-quality larvae was sug-
gested. In some systems, age-related declines in offspring
quality can often be buffered by targeted reproductive ef-
fort, where postnatal maternal effects compensate for detri-
mental prenatal maternal effects (Cameron et al. 2000; Lock
et al. 2007). However, this targeted effort may occur only
when individuals have had previous mating experience and
in systems where offspring quality declines with age (Lock
et al. 2007). We found no evidence for the latter condition.



There are many advantages to measuring senescence in
laboratory populations, but it is not clear to what degree
laboratory findings fairly represent aging in natural popula-
tions. Comparative research involving invertebrate and mam-
mal species has shown the importance of contrasting labo-
ratory/zoo and wild aging rates, as the two can be extremely
different (Bonduriansky and Brassil 2002; Carey et al. 2008;
Dukas 2008; Kawasaki et al. 2008; Rodriguez-Muiioz et al.
2010; Sherratt 2010; Tidiére et al. 2017). One likely contri-
bution to these differences is that laboratory conditions are
relatively benign and free from physiological stressors, such
as the need to locate and defend a resource (Scott 1998). In
Nicrophorus, environmental stress in the laboratory can be
increased to mimic natural conditions better by decreasing
the resources available to the offspring or by introducing a
competitor to the mother. The same principle may apply to
resolving age-related increases in reproductive effort. For
example, Creighton et al. (2009) found that female N. orbi-
collis females allocated more to their own body weight when
placed on 20-g mice than when they were placed on 30-g
carcasses, and females subsequently allocated fewer resources
to current reproductive reproduction. Nevertheless, a follow-
up analysis to explore these effects could shed light on the ob-
served patterns seen in nature.

Conclusion

We performed an experiment designed to quantify the ef-
fects of maternal age on offspring traits in a laboratory pop-
ulation of burying beetle. Including cross-fostering and vir-
gin females into this design and incorporating age at death
into our analysis allowed us unprecedented clarity in the bi-
ological interpretations of our results. Here, these results
indicate a lack of effect of pre- and postnatal maternal age
on offspring outcomes. Contrary to predictions made from
evolutionary theory, our results illustrate that maternal age
effects do not always manifest. This highlights that current
theory may be insufficient to account for the true diversity
of aging patterns relating to maternal care.
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