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Abstract

Background: Oviparous females have three main options to increase their reproductive success: investing into egg
number, egg mass and/or egg care. Although allocating resources to either of these three components is known to
shape offspring number and size, potential trade-offs among them may have key impacts on maternal and offspring
fitness. Here, we tested the occurrence of phenotypic trade-offs between egg number, egg mass and maternal
expenditure on egg care in the European earwig, Forficula auricularia, an insect with pre- and post-hatching forms
of maternal care. In particular, we used a series of laboratory observations and experiments to investigate whether

these three components non-additively influenced offspring weight and number at hatching, and whether they
were associated with potential costs to females in terms of future reproduction.

Results: We found negative associations between egg number and mass as well as between egg number and
maternal expenditure on egg care. However, these trade-offs could only be detected after statistically correcting for
female weight at egg laying. Hatchling number was not determined by single or additive effects among the three
life-history traits, but instead by pairwise interactions among them. In particular, offspring number was positively
associated with the number of eggs only in clutches receiving high maternal care or consisting of heavy eggs, and
negatively associated with mean egg mass in clutches receiving low care. In contrast, offspring weight was positively
associated with egg mass only. Finally, maternal expenditure on egg care reduced their future reproduction, but this
effect was only detected when mothers were experimentally isolated from their offspring at egg hatching.
Conclusions: Overall, our study reveals simultaneous trade-offs between the number, mass and care of eggs. It also
demonstrates that these factors interact in their impact on offspring production, and that maternal expenditure on egg
care possibly shapes female future reproduction. These findings emphasize that studying reproductive success requires
consideration of phenotypic trade-offs between egg-number, egg mass and egg care in oviparous species.
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Background

The quantity and quality of offspring at egg hatching are
two major components of parent and offspring fitness in
oviparous species. Because these two components are
traditionally thought to trade-off, females are expected
to make optimal allocation decisions to maximize their
reproductive success [1]. For instance, favoring the pro-
duction of large clutch sizes (i.e. number of eggs) may
increase the likelihood of getting a larger number of
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descendants. Alternatively, favoring the production of
large (or massive) eggs may give rise to large offspring,
which are better competitors and yield higher reproduct-
ive success than small ones [2]. Finally, spending a sub-
stantial amount of energy in egg care may enhance egg
development and hatching success and may thus favor
the production of numerous and / or better quality off-
spring [3].

Associations among egg number, egg size and egg care
are generally expected to result from limited resources
and life-history constraints [1,4]. For instance, limited re-
sources have been shown to impose a trade-off between
egg quantity and quality, with some females investing in
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large clutches of light eggs and others in small clutches of
heavy eggs [2,5]. The detection of such trade-offs, how-
ever, assumes that all females within a population allocate
the same quantity of resources to reproduction, which is
not necessarily the case when females differ in quality (e.g.
age or size) or resource acquisition [6,7]. Conversely, life-
history constraints have been suggested to select for a
positive association between egg size and maternal egg
care [8]. One hypothesis to explain such an association is
that it would allow the parents to increase the time spent
with their offspring in the safest developmental stage
(assuming that offspring life is hazardous and that larger
eggs develop slower; safe-harbor hypothesis [9]). An alter-
native hypothesis is that egg mortality increases with egg
weight, e.g. due to oxygen limitation in aquatic environ-
ments [6], so that these eggs require pre-hatching forms
of care to develop properly [10]. To date, the ultimate rea-
sons for the evolution of a positive association between
egg size and maternal egg care are controversial, with re-
cent comparative analyses revealing that its strength is
taxon specific [11-15] and when it does occur, that its
underlying evolutionary drivers are unclear ([8,10,14] but
see [12]).

Although the associations between egg quantity,
quality, and parental care were studied in many species
[2,5,8,10,12,14], it remains unclear if and how these
three parameters simultaneously shape maternal and
offspring fitness at egg hatching. In general, disentan-
gling pre- and post-laying effects on fitness returns is
important for our understanding of the evolution of re-
productive strategies and life-history traits [1,16], as
these effects might reflect the outcome of independent
selection pressures or of co-adaption processes. For in-
stance, investment into pre-hatching forms of care may
either reflect predetermined strategies of females, or
serve to compensate for limited investment in the qual-
ity or quantity of eggs [17]. Here, we addressed this
issue in the European earwig, Forficula auricularia, an
insect species where females tend their clutch of eggs over
winter and provide multiple forms of care, such as egg
guarding, grooming and clutch displacement [18-20].
Whereas maternal attendance is required to ensure egg
hatching, the frequency and duration of egg care (and thus
maternal expenditure on these forms of care) are ex-
tremely variable among females [20-22]. Because earwig
mothers stop feeding between egg laying and hatching
[21], any change in female weight during this period can
be used as a proxy to estimate its expenditure on pre-
hatching forms of care. In particular, relatively high weight
loss in females can be used to define high levels of mater-
nal expenditure on egg care, whereas relatively low female
weight loss (including weight gain due to egg consump-
tion, see results) can be used to reflect low maternal ex-
penditure on egg care. Interestingly, maternal care is not
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only shown towards the eggs, but also towards the young
offspring (called nymphs) after hatching. In particular,
mothers stay with their nymphs for several weeks during
which they provide multiple forms of care, such as protec-
tion against predators and food provisioning [18,19].
Although post-hatching care is known to come with sub-
stantial costs for the mothers - for example by delaying
their 2°¢ clutch production [18] - the potential costs of
pre-hatching care remain unknown in this species. Finally,
the size of earwig offspring at hatching is particularly im-
portant, as it generally enhances nymph survival and
limits the risks of cannibalism after brood mixing, a com-
mon phenomenon during which nymphs join unrelated
clutches [23,24]. Once the period of family life has ended,
mothers disperse and some produce a second and final
clutch [19].

We investigated the associations between egg number,
egg mass and maternal expenditure on egg care, as well
as their simultaneous influence on maternal and off-
spring fitness at egg hatching. We first surveyed a total
of 80 clutches to (1) determine the occurrence of trade-
offs among these three parameters, (2) test whether vari-
ation in female condition (body weight) possibly masks
these trade-offs and more generally (3) investigate
whether clutch size, egg size and maternal expenditure
on egg care additively or interactively combine to deter-
mine offspring number and weight at egg hatching. In
the case of interactions, we predict that egg number only
determines nymph number and weight when mothers
also express high investment into egg care (i.e. higher
weight loss between egg laying and egg hatching). We
then set up a mother-removal experiment using 40
clutches to test whether (4) low maternal expenditure
on egg care can be beneficial to the female, e.g. in terms
of 2°¢ clutch production, and whether (5) these benefits
remain significant after females interact with their
hatched nymphs [18,19,22,25].

Results

The 1* clutches produced by the 80 females contained
between 47 and 91 eggs, which weighed between 0.55
and 0.75 mg on average and hatched between 21 and
28 days after they had been laid (Figure 1). The relative
weight change of females during the period of egg care
was highly variable, ranging from a 22.2% loss to a 16.8%
gain of the initial weight. Note that maternal weight gain
likely reflects egg consumption, as females had no access
to food during the period of egg care. Most females (53, i.e.
66.3%) lost weight during the period of egg care (Figure 1),
so that weight loss was used as a reference for weight
change in the rest of the study (i.e. positive weight change
stands for female weight loss and negative values for
weight gain). In the mother-removal experiment, 18 out of
the 20 isolated and 15 out of the 20 non-isolated females
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Figure 1 Distribution of the traits measured in first (white) and second (grey) clutches.
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produced a 2™ clutch (Fisher Exact test, P = 0.408), which
contained between 15 and 74 eggs, weighing between
0.50 and 0.87 mg on average (Figure 1). These 2!
clutches were overall smaller (paired t-test on egg number,
t=8.73, d.f. = 39, P<0.0001) and lighter (paired t-test on
mean egg mass, t = 2.65, d.f. = 32, P =0.013) than the 1*
ones.

Overall, there was no association between egg number,
mean egg mass and the relative weight loss by mothers
during the period of egg care (Table 1A). However, when
correcting for variation in female weight at egg laying,

the residuals of egg number were negatively correlated
with both the residuals of mean egg mass (Table 1B) and
the relative weight loss during egg care (Table 1B). Al-
though heavy or large eggs are known to need more
time to develop across species [9], we found that egg de-
velopmental time was independent of mean egg mass, of
the number of eggs or of female expenditure on egg care
(Table 1A and 1B).

A series of pairwise interactions among egg number,
mean egg mass and female weight loss determined the
number of hatched nymphs (Table 2A), a result supporting

Table 1 Associations of egg number, egg mass, maternal expenditure on egg care and egg developmental time

(A) Uncorrected values

(B) Corrected values

Egg number Mean egg mass Mother w loss Egg dvpt Egg number Mean egg mass Mother w loss Egg dvpt
Egg number X 0.1 -0.20 -0.1 X -0.28 -0.24 —-0.01
Mean egg mass 0321 X -0.20 —0.08 0.013 X -0.21 —-0.05
Mother w loss ~ 0.069 0.075 X —-0.09 0.032 0.066 X -0.09
Egg dvpt 0370 0.488 0431 X 0958 0651 0431 X

Maternal expenditure on egg care was estimated through the relative weight loss by mothers between egg laying and egg hatching. This correlation matrix was
conducted using (A) uncorrected values or (B) the residuals of egg number and mean egg mass (i.e. values corrected for female weight at egg laying). The
matrices above diagonal reports the correlation coefficient and the ones below diagonal the corresponding P-values, both obtained from Spearman rank correlation
tests. The correlations significant after false discovery rate (FDR) corrections are in bold (see text).
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Table 2 Influences of egg number, egg mass and maternal expenditure on egg care on (A) nymph number and (B)

mean nymph weight

(A) Nymph number

(B) Mean nymph weight

LR x? df. P LR x? df. P
Egg number (EN) 56.07 1 < 0.0001 0.26 1 0.607
Mean egg mass (MEM) 0.05 1 0816 878 1 0.003
Mothers weight loss (MWL) 778 1 0.005 035 1 0.552
EN : MEM 771 1 0.005 0.01 1 0938
EN : MWL 11.66 1 0.001 1.18 1 0277
MEM : MWL 7.27 1 0.007 0.01 1 0.921

Maternal expenditure on egg care was estimated through the relative weight loss by mothers between egg laying and egg hatching. Significant P-values are in bold.

the entangled effects of maternal expenditure on egg care
and egg production on nymph production. In particular,
decreases in mean egg mass or in relative weight loss by
mothers during egg care cancelled the otherwise positive
association between egg and nymph numbers (Table 2A,
Figures 2A and 2B). Conversely, decreases in the weight
loss by mothers entailed a negative association between
mean egg mass and nymph number (Table 2A, Figure 2C).
Independently from the interactive effects on nymph num-
ber presented above, the mean weight of nymphs at hatch-
ing was positively associated with the mean egg mass
(Table 2B, Figure 3), but independent of egg number,
mother weight loss or any interaction among the three
tested factors (Table 2B). Overall, nymph number was in-
dependent of the mean weight of nymphs at hatching
(Spearman rank correlation test; ry = —0.15, S = 81049,
P = 0.190).

The relative weight loss of mothers during egg care af-
fected their investment into future reproduction, but this
effect depended on the occurrence of post-hatching
family life (GLM; Interaction between relative mother
weight loss and occurrence of post-hatching family life:
Likelihood ratio (LR) x> = 11.33, d.f. = 1, P = 0.0008). In
particular, mother weight loss was negatively correlated
with the number of 2™ clutch eggs when mothers were
isolated from their 1% clutch nymphs at egg hatching

(Figure 4; GLM estimate + SE = -138.8 + 734, t = —-3.58,
P = 0.001) but not when they were kept with their nymphs
after hatching (GLM estimate + SE = - 93.6 + 80.8,
t = 1.34, P = 0.188). In contrast, the mean egg mass of
the 2™ clutch was independent of the three components
of reproductive success measured on the 1** clutch and the
occurrence of family life (GLM; Relative mother weight
loss during 1% clutch: LR x; = 0.30, d.f. = 1, P = 0.583;
Mean egg mass measured in the 1°* clutch: LR xi = 0.36,
d.f. = 1, P = 0.546; Post-hatching family life: LR xi < 0.01,
d.f. = 1, P = 0.924; Interactions, all P > 0.384).

Discussion

Although egg number, egg mass and egg care are the three
most common components of reproductive success in
oviparous females, the reciprocal influences among them
and the consequences of their joint action on maternal
and offspring fitness remain under debate. Here we
showed that in the European earwig F. auricularia (1) egg
number, egg mass, expenditure on pre-hatching forms of
care and egg developmental time are independent of each
other. However, (2) when correcting egg mass and egg
number for natural variation in female weight at egg lay-
ing, our data revealed a trade-off between these two pa-
rameters, as well as a trade-off between egg number and
pre-hatching care. We also demonstrated that (3) the
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number of hatching nymphs does not only depend on egg
number, but also on the mean egg mass and on the level
of maternal investment into egg care. In particular, low
maternal expenditure on egg care led to a negative associ-
ation between mean egg mass and nymph number, as well
as weakened positive association between egg and nymph
numbers. Moreover, clutches of light eggs were less likely
to hatch than clutches of heavy ones. Independent of these
effects on nymph number, our data showed that (4) the

59.2 -

54.8 S
(2}
=] 50.0
(0]
S =
52 447 -
ER]
o
c o
N g 7
% % 38
— 0
g2
€ 31.6 +
=
z

22.4 4

0.0 4 o
1 1 1
-5.0% 0.0% 5.0%

Mother weight loss
during the care of 1st clutch eggs
Figure 4 Influence of maternal expenditure on egg care on
their 2" clutch. Maternal expenditure on egg care was estimated
through their relative weight loss between egg laying and egg
hatching. After hatching of their 1°" clutch eggs, females experienced
(grey) or did not experience (black) post-hatching family life.
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mean weight of nymphs at hatching was positively associ-
ated with the mean egg mass, but independent from egg
number and investment into pre-hatching care. Finally,
our results revealed that (5) maternal expenditure on the
care of 1°* clutch eggs reduced the production of 2°¢
clutch eggs, but only in absence of post-hatching family
interactions.

Variation in the amount of resources available to each
individual is traditionally expected to mask potential in-
vestment trade-offs between mutually exclusive func-
tions [26-28]. Our findings support this prediction in
F. auricularia. Here, we show that correcting egg num-
ber and mean egg mass by female weight at egg laying
allowed the detection of negative associations between egg
quantity and quality and between egg quantity and egg
care. The negative association between egg number and
mean egg mass reflects a traditional trade-off found across
a wide range of species [4,26-28], which shows females’
needs to distribute resources among two traits simultan-
eously expressed at egg laying. Conversely, the negative
association between egg number and egg care involves
two temporally separated traits, which demonstrates that
maternal expenditure on egg care is not a fixed strategy
before egg production, but instead determined by females’
clutch size. We propose four hypotheses to explain the re-
ported level of maternal expenditure on pre-hatching
forms of care. First, this level may simply be a by-product
of the resources left to females directly after egg produc-
tion, so that females are energetically constrained in their
level of care [1]. The importance of resource availability
on the level of (post-hatching) care, however, received
mixed support across species (e.g. [19,29-31]). Second, it
may reflect an adaptive strategy of the females which fa-
vors investment into either egg number or pre-hatching
care [16]. For instance, low risks of egg predation and thus
low benefits of egg guarding could favor females allocating
more resources into egg number than egg care [32]. A
third hypothesis is that the level of maternal expenditure
on pre-hatching care might not be directly affected by egg
production, but by the impact of egg production on egg
quality. In other words, clutches where the number of
eggs was higher than predicted by female weight could
have required (or triggered) the expression of higher levels
of care. Disentangling between these first three hypotheses
would require cross-fostering of eggs and females [33], as
well manipulation of clutch size to then investigate
whether the level of maternal expenditure on egg care is
determined by the number of eggs produced or tended by
the female, as well as by the origin of the tended eggs.

The fourth hypothesis to explain the negative associ-
ation between egg number and maternal expenditure in
egg care is that larger egg production entailed larger egg
consumption by females. Maternal expenditure on egg
care was estimated by measuring mother weight loss
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between egg laying and hatching, a period in which fe-
males had no access to food. Although this measure-
ment may at least partly reflect energy expenditure
[19,20], the fact that 27 (33.8%) females gained weight
during this period of time implicates that at least some
mothers consumed a few of their eggs. Filial egg con-
sumption has never been reported in the European ear-
wig (but it was seen in the maritime earwig, Anisolabis
maritima [34]), but cannibalism frequently occurs in this
species, either of eggs by newly hatched nymphs, be-
tween siblings during family life or even between adults
during group living [21,35,36]. More generally, filial egg
consumption is a behavior found in many species exhi-
biting parental care [37]. This behavior may reflects either
(1) a stress-induced behavior with limited evolutionary
relevance or (2) an adaptive strategy of females, which
may serve to recycle resources from current eggs for fu-
ture reproduction or into higher quality of care for the
current clutch, as well as to limit the level of sibling com-
petition after hatching [38-40]. In F. auricularia, the oc-
currence of filial egg consumption is unlikely to reflect a
stress-induced behavior as all females were maintained
under standard laboratory conditions that are typically as-
sociated with very high hatching success (e.g. [19,22,41]).
Conversely, the benefits of low expenditure into pre-
hatching care (and possibly of higher egg consumption) in
terms of 2™ clutch production are in line with filial egg
cannibalism as an adaptive strategy of earwig females.
Further studies should investigate whether filial egg
cannibalism results from the targeted consumption of
non-viable (trophic eggs [3,42]) or viable eggs, and de-
termine whether such behavior was selected to help fe-
males re-allocating resources toward future reproduction
and/or limiting the level of future sibling competition.
Our data reveals both isolated and interactive effects
of maternal expenditure on egg care, clutch size and egg
weight on offspring weight and offspring number at egg
hatching. On one hand, nymph weight was positively as-
sociated only with egg mass, a finding in line with those
in other oviparous species [2,43]. On the other hand,
nymph number was neither shaped by single nor addi-
tive effects among the three parameters, but by pairwise
interactions. In particular, nymph number was positively
associated with egg number only in clutches with heavy
eggs or where mothers lost more weight during egg
care, but also negatively associated with mean egg mass
in clutches where mothers gained weight during egg
care. If change in female weight at least partly reflects
egg consumption, this negative association suggests that
F. auricularia mothers preferentially fed on clutches of
large eggs. Moreover, the overall negative association be-
tween mother weight gain and nymph number supports
that female weight change during egg care is a good proxy
to estimate the efficiency of maternal pre-hatching care
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(including the costs of egg consumption) on hatching
success. Finally, the trade-off between egg mass and
nymph number together with the positive association
between egg mass and nymph weight reveals fitness
costs and benefits of producing heavy eggs, but also
shows that these costs can be limited when mothers
subsequently invest into pre-hatching care (or limit egg
consumption). Hence, maximizing fitness returns for
earwig mothers and nymphs requires the simultaneous
investments in heavy eggs and egg care. On the intra-
species level, this finding is in line with comparative
studies reporting the positive association between egg
size and parental care across species and taxa [8,10-15].
More generally, it also supports that the sensitivity of
heavy eggs to pre-hatching care could be a key driver in
the emergence of such an association [12].

Lower weight loss (and weight gain) by mothers dur-
ing the care of 1°* clutch eggs translated into a higher
number of eggs in the 2™ clutch, which revealed that
low expenditure on egg-care (including high levels of
egg consumption) provided benefits to females in terms
of future reproduction. However, this association was
only detectable when mothers were isolated from their
hatchlings, suggesting that family life cancelled the ma-
ternal benefits of low expenditure on egg care and/or
provided benefits to females with high expenditure on
egg care, both in terms of 2™ clutch egg number.
Whereas the second hypothesis requires forms of co-
operation from nymphs to mothers, which to our know-
ledge have never been reported in species with family
life, the first one could reflect a trade-off between pre-
and post-hatching care, with females expressing low ex-
penditure on egg care (including higher egg consumption
rates) subsequently showing high levels of offspring care,
and vice-versa. Because we did not measure the level of
post-hatching care in this experiment, our data does not
allow directly testing the occurrence of such a trade-off,
or the ultimate reasons for its evolution (by-product or ac-
tive strategy). However, this trade-off would be in line with
the high variation in the levels of post-hatching care
already described in F. auricularia females, e.g. in terms
of food provisioning, aggressive protection against preda-
tors, clutch displacement and allogrooming [18,19,22,25].
More generally, this result raises the question of the im-
portance of pre-hatching parameters and post-hatching
family life on offspring fitness. For example, post-hatching
maternal care has been shown to mask the otherwise posi-
tive effects of egg size on larval body mass at dispersal in
the burying beetle Nicrophorus vespilloides [44]. Notice
however that in the burying beetle females do not provide
pre-hatching forms of care, which might have entailed dif-
ferent selection pressures on the respective importance of
egg number and size, as well as pre- and post-hatching
care between the two species.
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Conclusions

In this study, we have shown phenotypic reproductive
trade-offs between egg number, egg mass and pre-
hatching care, as well as demonstrated their interactive
effects on maternal reproductive success. We also dem-
onstrated that studying natural variation in female body
weight at egg laying is of key importance to better
understand female investment trade-offs, as this vari-
ation masked the trade-off between the quantity and
quality of eggs (a key trade-off reported in other species,
e.g. [6,7,43]) and the one between egg quantity and ma-
ternal egg care. Moreover, our data suggests that pre-
hatching care is costly for mothers in terms of future
reproduction, but that these costs could be compensated
by lower investment in post-hatching care. Overall, these
results emphasize that studying fitness returns of ovipar-
ous mothers and offspring requires considering recipro-
cal influences among the multiple types of maternal
investments at egg production, and more generally sup-
port the very recent claim to incorporate reciprocal
causation in evolutionary theory [45].

Methods

A total of 80 females and 73 males of the European ear-
wig, F. auricularia, were collected in September 2012
in Dolcedo, Italy. The individuals were then transferred
to three plastic containers of comparable group size
(balanced sex-ratio; 37 x 22 x 25 c¢cm) and maintained
for one month under standard laboratory conditions
(12:12 h day:night, 20:18°C and constant 60% humidity).
Each container was furnished with humid sand, egg
cardboards and ad libitum food that was changed twice
a week (see food composition in [19]). One month later,
females were isolated in Petri dishes (10 cm diameter) to
enable egg production [19]. The Petri dishes contained
humid sand as a substrate, a plastic shelter as a nest and
were maintained under complete darkness at 15°C and
60% humidity. Each female received ad libitum food
until egg laying. Females were checked on a daily basis
to record the first days of egg laying and egg hatching,
and thus to calculate the egg developmental time (in
days). Because eggs are generally laid within three days
and hatch within one day, the number of eggs was
counted three days after the first egg laying and the
number of nymphs one day after the first egg hatching.
On the days of counting, we weighed a group of ten ran-
domly chosen eggs or ten randomly chosen nymphs per
family and divided the values by 10 to obtain the mean
egg mass and mean nymph weight, respectively. The
relative weight loss by females during the period of egg
care was measured by subtracting female weight at egg
hatching from female weight at egg laying and dividing
this value by female weight at egg laying. Maternal ex-
penditure on egg care was defined as female weight loss
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during the period of egg care, because F. auricularia fe-
males (1) do not forage from egg laying to egg hatching
[21], (2) lose weight due to their expression of energetic-
ally costly forms of care [19] and (3) may only gain
weight due to filial egg consumption [34] so that nega-
tive female weight loss still reflects an extreme form of
low expenditure on egg care. Note that all results remain
qualitatively the same when using the absolute instead of
the relative weight loss by females. All weighing was
done to the nearest 0.001 mg using a micro scale
(Pescale MYA 5).

We then investigated whether (1) the level of maternal
care towards 1* clutch eggs affected their investment
into 2™ clutch production and (2) whether post-
hatching family life possibly masks such an association.
To this end, 40 clutches were randomly sampled out of
the 80 mentioned above (there was no difference be-
tween the two subsets regarding all the measured traits;
MANOVA using egg number, mean egg mass, egg devel-
opmental time, number of nymphs at hatching, mean
weight of nymphs at hatching, relative weight loss by
mothers, mother weight at egg laying; Approx. F;, =
0.91, P =0.501), while the other clutches were used in a
different experiment (not presented here). Out of the 40
clutches, 20 mothers were isolated in new Petri dishes
(diameter 10 cm) one day after their 1% clutch eggs
hatched and 20 were first transferred to new Petri dishes
with their 1** clutch nymphs for 16 days (under standard
laboratory conditions, see [19]) and then isolated in new
Petri dishes (diameter 10 c¢cm). These two groups of 20
females did not differ regarding the above measured
traits (MANOVA, Approx. F;3,=0.82, P =0.578). Iso-
lated mothers were then maintained under standard la-
boratory conditions (see above), received food twice a
week and were checked on a daily basis to record 2™¢
clutch production. Seven out of the 40 females did not
produce a 2" clutch 60 days after their isolation and
were thus considered as one clutch producers (i.e. the
number of 2™ clutch eggs get the value 0, [19]). Like in
the 1* clutch measurements, the number of eggs pro-
duced in the 2™ clutch and their mean mass were mea-
sured three days after the first egg has been observed.
All experiments comply with European laws.

A series of spearman rank correlation tests was con-
ducted to test for potential associations between the
relative weight loss by mothers during egg care, egg
number and mean egg mass. Because a key and common
assumption in literature on maternal investment into
egg quality is that large eggs take more time to develop
[9], we also included egg developmental time in the cor-
relation matrix. To determine whether female condition
possibly masks trade-offs in the measured traits, we then
re-ran the above correlation tests using the egg number
and mean egg mass corrected for female weight at egg
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laying. This correction was obtained by extracting the re-
siduals from two linear models in which the female weight
at egg laying was used as explanatory variable and either
the egg number (r=0.54, F;,3=30.8, P <0.0001) or the
mean egg mass (r=048, F;,3=21.6, P<0.0001) as re-
sponse variable. The significance level a = 0.05 in the cor-
relation tests was adjusted for multiple testing to a = 0.033
using the false discovery rate method [46]. Two General-
ized Linear Models (GLM) were then used to test whether
egg number, mean egg mass, relative weight loss by
mothers and their interactions influenced the number and
the mean weight of nymphs at hatching. Finally, two
GLMs were fitted to test whether maternal expenditure
on 1** clutch care influences female investment into future
reproduction. A first GLM was run using the relative fe-
male weight loss during egg care, the number of eggs pro-
duced in the 1% clutch, the occurrence of post-hatching
family life and their interactions as explanatory variables
and the square-transformed number of eggs produced by
females in their 2™ clutch as response variable. The sec-
ond GLM was run using the same explanatory variables,
but with the mean egg mass of the 2" clutch eggs as re-
sponse variable. All statistical analyses were conducted
using the software R 3.0.2. Interactions between con-
tinuous factors were plotted using the package effects,
which display the predicted values of a given GLM
while controlling for the values in one of the interacting
variables (details in [47]).
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The data set supporting the results of this article is avail-
able in the DRYAD repository, http://doi:10.5061/dryad.
poto5 [48].

Competing interests
The authors declare that they have no competing interests.

Author’s contributions

LKK and JM conceived and designed the experiments. LKK carried out the
experiments. JM conducted the statistical analyses and wrote the paper. All
authors read and approved the final manuscript.

Acknowledgements

We thank Mathias Kolliker, Suzanne Foitzik, the members of the team EARWIG at
the JGU Mainz and two anonymous reviewers for their constructive comments
on this manuscript. We also thank Stefan Boos and M. Kélliker for providing the
tested animals and Maximilian Kérner for English corrections. This study was
financed by the German Research Foundation (DFG, ME4179/1-1 to JM).

Received: 2 April 2014 Accepted: 3 June 2014
Published: 9 June 2014

References
1. Stearns SC: The Evolution of Life Histories. Oxford: Oxford University Press;
1992.

2. Krist M: Egg size and offspring quality: a meta-analysis in birds. Biol Rev
Camb Philos Soc 2011, 86:692-716.

3. Smiseth PT, Kolliker M, Royle NJ: What is Parental Care? In The Evolution of
Parental Care. Oxford Uni. Oxford: Oxford University Press; 2012.

4. Berrigan D: The allometry of egg size and number in insects. Oikos 1991,
60:313-321.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 8 of 9

Fox CW, Czesak ME: Evolutionary ecology of progeny size in arthropods.
Annu Rev Entomol 2000, 45:341-369.

Hendry AP, Day T, Cooper AB: Optimal size and number of propagules:
allowance for discrete stages and effects of maternal size on
reproductive output and offspring fitness. Am Nat 2001, 157:387-407.
Smiseth PT, Andrews CP, Mattey SN, Mooney R: Phenotypic variation in
resource acquisition influences trade-off between number and mass of
offspring in a burying beetle. J Zool 2014, 293:80-83.

Shine R: Alternative models for the evolution of offspring size. Am Nat
1989, 134:311-317.

Shine R: Propagule size and parental care: the “safe harbor” hypothesis.
J Theor Biol 1978, 75:417-424.

Nussbaum RA, Schultz DL: Coevolution of parental care and egg size. Am
Nat 1989, 133:591-603.

Sargent RC, Taylor PD, Gross MR: Parental care and the evolution of egg
size in fishes. Am Nat 1987, 129:32-46.

Summers K, Sea McKeon C, Heying H: The evolution of parental care and
egg size: a comparative analysis in frogs. Proc R Soc B Biol Sci 2006,
273:687-692.

Simpson MR: Convariation of spider egg and clutch size: the influence of
foraging and parental care. Ecology 1995, 76:795-800.

Gilbert JDJ, Manica A: Parental care trade-offs and life-history relationships
in insects. Am Nat 2010, 176:212-226.

De Fraipont M, Clobert J, Barbault R: The evolution of oviparity with egg
guarding and viviparity in lizards and snakes: a phylogenetic analysis.
Evolution 1996, 50:391-400.

Oliveira RF, Taborsky M, Brockmann HJ: Alternative Reproductive Tactics: An
Integrative Approach. Cambridge: Cambridge University Press; 2008.

Lock JE, Smiseth PT, Moore PJ, Moore AJ: Coadaptation of prenatal and
postnatal maternal effects. Am Nat 2007, 170:709-718.

Kolliker M: Benefits and costs of earwig (Forficula auricularia) family life.
Behav Ecol Sociobiol 2007, 61:1489-1497.

Meunier J, Wong JWY, Gémez Y, Kuttler S, Rollin L, Stucki D, Kolliker M: One
clutch or two clutches? Fitness correlates of coexisting alternative
female life-histories in the European earwig. £vol Ecol 2012, 26:669-682.
Boos S, Meunier J, Pichon S, Kolliker M: Maternal care provides antifungal
protection to eggs in the European earwig. Behav Ecol. (doi:10.1093/beheco/
aru046).

Costa JT: Dermaptera. Earwig Mothers. In The Other Insect Societies.
Cambridge, Massachusetts & London, England: The Belknap Press of
Harvard University Press; 2006:49-80.

Meunier J, Kélliker M: When it is costly to have a caring mother: food
limitation erases the benefits of parental care in earwigs. Biol Lett 2012,
8:547-550.

Kolliker M, Vancassel M: Maternal attendance and the maintenance of
family groups in common earwigs (Forficula auricularia): a field
experiment. £col Entomol 2007, 32:24-27.

Dobler R, Kolliker M: Influence of weight asymmetry and kinship on
siblicidal and cannibalistic behaviour in earwigs. Anim Behav 2011,
82:667-672.

Falk J, Wong JWY, Kolliker M, Meunier J: Sibling cooperation in earwig
families provides insights into the early evolution of social life. Am Nat
2014, 183:547-557.

Van Noordwijk AJ, de Jong G: Acquisition and allocation of resources:
their influence on variation in life history tactics. Am Nat 1986,
128:137-142.

Smith CC, Fretwell SD: The optimal balance between size and number of
offspring. Am Nat 1974, 108:499-506.

Parker GA, Begon M: Optimal egg size and clutch size: effects of
environment and maternal phenotype. Am Nat 1986, 128:573-592.
Wheatley KE, Bradshaw CJ a, Davis LS, Harcourt RG, Hindell M a: Influence
of maternal mass and condition on energy transfer in Weddell seals.

J Anim Ecol 2006, 75:724-733.

Jamieson SE: Body mass dynamics during incubation and duration of
parental care in Pacific Dunlins Calidris alpina pacifica: a test of the
differential parental capacity hypothesis. /bis 2012, 154:838-845.

Wong JWY, Kdlliker M: The effect of female condition on maternal care in
the European earwig. Ethology 2012, 118:450-459.

Miehls ALJ, McAdam AG, Bourdeau PE, Peacor SD: Plastic response to a
proxy cue of predation risk when direct cues are unreliable. £cology
2013, 94:2237-2248.


http://doi:10.5061/dryad.p9t05
http://doi:10.5061/dryad.p9t05

Koch and Meunier BMC Evolutionary Biology 2014, 14:125 Page 9 of 9
http://www.biomedcentral.com/1471-2148/14/125

33, Meunier J, Kolliker M: Parental antagonism and parent-offspring co-
adaptation interact to shape family life. Proc R Soc B Biol Sci 2012,
279:3981-3988.

34. Miller JS, Zink AG: Parental care trade-offs and the role of filial cannibalism
in the maritime earwig, Anisolabis maritima. Anim Behav 2012, 83:1387-139%4.

35. Dobler R, Kdlliker M: Kin-selected siblicide and cannibalism in the
European earwig. Behav Ecol 2010, 21:257-263.

36. Wong JWY, Lucas C, Kolliker M: Cues of maternal condition influence
offspring selfishness. PLoS One 2014, 9:e87214.

37. Elgar MA, Crespi BJ: Cannibalism: Ecology and Evolution among Diverse Taxa.
Oxford: Oxford University Press; 1992.

38.  Mock DW, Parker GA: The Evolution of Sibling Rivalry. Oxford: Oxford
University Press; 1997.

39, Klug H, Bonsall MB: When to care for, abandon, or eat your offspring: the
evolution of parental care and filial cannibalism. Am Nat 2007, 170:886-901.

40. Manica A: Filial cannibalism in teleost fish. Biol Rev Camb Philos Soc 2002,
77:261-277.

41. Meunier J, Kolliker M: Inbreeding depression in an insect with maternal
care: influences of family interactions, life stage and offspring sex. J Evol
Biol 2013, 26:2209-2220.

42, Carroll CR, Janzen DH: Ecology of foraging by ants. Annu Rev Ecol Syst
1973, 4:231-257.

43. Steiger S: Bigger mothers are better mothers: disentangling size-related
prenatal and postnatal maternal effects. Proc R Soc B Biol Sci 2013,
280:20131225.

44.  Monteith KM, Andrews C, Smiseth PT: Post-hatching parental care masks
the effects of egg size on offspring fitness: a removal experiment on
burying beetles. J Fvol Biol 2012, 25:1815-1822.

45, Laland KN, Sterelny K, Odling-Smee J, Hoppitt W, Uller T: Cause and effect
in biology revisited: is Mayr’s proximate-ultimate dichotomy still useful?
Science 2011, 334:1512-1516.

46.  Benjamini Y, Hochberg Y: Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B 1995,
57:289-300.

47. Fox J: Effect displays in R for generalised linear models. J Stat Softw 2003,
8:1-9.

48. Koch LK, Meunier J: Mother and offspring fitness in an insect with
maternal care: phenotypic trade-offs between egg number, egg mass
and egg care. Dryad. http://doi:10.5061/dryad.p9t05.

doi:10.1186/1471-2148-14-125

Cite this article as: Koch and Meunier: Mother and offspring fitness in an
insect with maternal care: phenotypic trade-offs between egg number,
egg mass and egg care. BMC Evolutionary Biology 2014 14:125.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion
	Conclusions
	Methods
	Availability of supporting data

	Competing interests
	Author’s contributions
	Acknowledgements
	References

