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Abstract

Mating young can cause early death due to resulting energetic depletion, physical damage, or sexually transmitted dis-
ease, whereas waiting too long to mate has the risks of suffering reproductive senescence or death before finding a mate.
The ideal age for reproducing also depends on the mate’s age, as young partners may be more aggressive or less fertile
and experienced than mature partners. Therefore, longevity and lifetime reproductive success depend on the combination
rather than the individual effects of self- and the mate’s mating age, but this idea has not been formally explored. Here I
evaluated lifetime reproductive success and longevity in males and females mated at different ages (i.e., young or mature)
with mates of the same or a different age. As a study system, I used the horned dung beetle Euoniticellus intermedius, a
classic study subject with intense sexual selection for male horn size, which is a reliable indicator of male strength and
condition. For both males and females, mating young severely reduced lifespan, independent of the mate’s age, body, or
male horn size. Due to reduced survival, females, but not males, had fewer offspring, with a stronger fitness effect suffered
by mature than by young females. Regarding reproductive success, mature males and females had 3.4 and 1.6 times more
offspring, respectively, when mated with mature than when mated with young partners, independently of their own body
and horn sizes. Reproductive success of young males or females was not sensitive to the mate’s age. These results indicate
that the optimal onset of reproduction and the ideal reproductive investment are highly dependent on the combination of
self- and the mate’s age.

Significance statement

A very important decision in life is when to mate for the first time. Whereas mating too young can be risky or suboptimal,
waiting too long increases the chance of dying before finding a mate. Here I show that in dung beetles, it can be equally
important to choose the correct mate’s age in order to maximize lifetime reproduction. The most dramatic decision is for
individuals (mainly males) that take a long time to mate, whose fitness get reduced by up to three times when mated with
young rather than mature couples. This idea had never been tested in animals, and dung beetles showed that a combination
of self- and the mate’s age will be determinant of how much progeny can animals have and how deadly it can be to take
maladaptive decisions.
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quality might be traded-oft (Khokhlova et al. 2014; Koch
and Meunier 2014). Therefore, the optimal onset of repro-
duction depends on a balance between an individual’s sur-
vival and reproductive investment (Harvey and Zammuto
1985; Travers et al. 2015; Mourocq et al. 2016). Whereas
mating young can be beneficial for ensuring reproduction
before dying or losing fertility (Travers et al. 2015; Ruhmann
et al. 2018), waiting for maturity can be the best option if
the costs of mating young are high, due to early senescence
or death risk (Metcalfe and Monaghan 2001; Robinson et al.
2006; Mourocq et al. 2016).

The ideal age for reproducing also depends on the mate’s
age. In females, it may be advantageous to mate with mature
or even old males, which have already proven survival ability
(Kokko and Lindstrom 1996). Alternatively, in other cases,
females do not obtain more offspring or grand-offspring
by choosing older males (Rodriguez-Muifioz et al. 2019).
Also, as sperm accumulates mutations with age, mating with
mature males may be disadvantageous as they may provide
lower quality sperm and ejaculates, with potential negative
consequences for the offspring (Wedell and Ritchie 2004;
Beck and Promislow 2007; Preston et al. 2015; Ruhmann
et al. 2018). In males, it may be advantageous to mate with
mature females, as young or old females may lay fewer eggs
with lower hatching success (Liu et al. 2014). However, in
other cases, young females show higher reproductive success
than middle-aged or old females, probably resulting from
oocyte degradation or female inability to transport or store
sperm with age (Proshold 1996; Dhillon et al. 2019). Also,
in some insects, females may lose fertility if they do not
mate during the first days (Unnithan and Paye 1991), leav-
ing that males may get advantages from mating with young
rather than mature females.

Besides age, individual condition and body size deter-
mine the best time for reproducing and the best potential
partner (McNamara et al. 2009). As a general pattern,
body size is an indicator of developmental conditions that
indicates fecundity in females and sexual dominance in
males (Blanckenhorn 2000). Evaluating mate condition is
not easy for all species, but some bear sexually selected
traits which may be dependent on nutritional and health
status and therefore indicate male condition and quality
(Hill 1991); even if female choice does not occur, mating
with males of highly developed sexual traits may represent
indirect benefits for females, that would obtain high qual-
ity offspring (Olzer et al. 2018). Therefore, the optimal
onset of reproduction depends on the combination of self-
and the mate’s age and condition, although this idea has
not been deeply explored considering the survival costs
of individual reproductive investment (but see related
approaches in Dhole and Pfennig 2014; Zhao et al. 2017,
Dhillon et al. 2019).
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In the present study, I evaluated how the age at first
reproduction defines male and female lifetime reproductive
success and individual survival depending on self- and the
partner’s age, body size, and male sexual trait size. I also
evaluated offspring body and sexual trait size in couples of
different ages. As a study subject I used the dung beetle
Euoniticellus intermedius (Coleoptera: Scarabaeinae), a spe-
cies that can be considered as a model system in studies of
sexual selection (Lailvaux et al. 2005; Pomfret and Knell
2006a; Reaney and Knell 2010; Baena-Diaz et al. 2018).
In this species, male and female body sizes are sensitive
to developmental conditions, with adults emerging smaller
under stressful environments (Gonzalez-Tokman et al.
2017). Moreover, males bear a cephalic horn whose length,
relative to body size, defines the outcome of male-male con-
tests for access to females (Pomfret and Knell 2006a). Horn
length is highly sensitive to environmental conditions and is
considered an honest signal of male quality, as large-horned
males are physically stronger, more resistant to long walks
(Lailvaux et al. 2005), and more immunocompetent (Pomfret
and Knell 2006b) than males with smaller horns. Moreover,
when exposed to highly toxic environmental contaminants,
only large-horned males survive to adulthood (Gonzalez-
Tokman et al. 2017).

As reproduction has differential costs depending on indi-
vidual sex, age and quality, I predict that (1) the combina-
tion rather than individual effects of self- and the mate’s
age, besides body size and male horn size, will define an
individual’s lifetime reproductive success, longevity and
offspring phenotype. Also, given the costs of reproduction,
(2) mating young will cause early mortality in both males
and females, and (3) there will be a trade-off between female
longevity and reproductive success; finally, (4) as reproduc-
tive resources are limited, there will be a negative relation
between offspring number and body or male horn size.

Materials and methods

The experiment was carried out in October 2018 with a
colony of Euoniticellus intermedius (Coleoptera: Scara-
baeinae) dung beetles that was established in the laboratory
in July 2017 (at 28 +£1 °C, 70 + 1% humidity, starting with
151 females and 100 males collected in San Roméan ranch,
Medellin, Veracruz, Mexico (18°58'19.37" N, 96°04'51.43"
W). The colony was maintained in the laboratory for nine
generations. Given that the purpose of this study was to
assess the effect of individual age on reproductive output and
longevity, couples were formed with individuals from two
age categories: young and mature. Whereas young beetles
were paired 1-3 days after emergence, mature beetles were
kept unmated, isolated from individuals of the opposite sex
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for 30 days after adult emergence. Young females and males
needed at least 7 days of maturation feeding before leaving
offspring, as observed by couples where either the female
or the male died before and did not produce any offspring
(see dataset). On the other hand, the average adult longevity
reported for my studied species in captivity is 48 days at
27.8 °C (range: 467 days); at the same temperature, similar
to the one used in my experiments, females started to ovi-
posit at 3-5 days old (Blume 1984). Therefore, I considered
that 30-day-old individuals could be considered mature com-
pared to 1-3-day-old beetles.

Pairs were formed in four experimental treatments: young
male-young female (N=230), mature male-young female
(N=28), young male-mature female (N=29), and mature
male-mature female (N=29). Pairs were maintained in the
laboratory in 1-L plastic transparent containers filled ca.
700 mL sifted, sterilized soil collected at the same ranch. Each
pair was provided ca. 30 g cattle dung three times a week
until the last member of the couple died. Pairs were monitored
three times per week to register the death date of each male
and female, the number and sex of newly emerged beetles, and
the number of nest masses (each containing an egg) that did
not emerge. For both parents, body length was measured from
the clypeus to the pygidium as an estimator of body size. Horn
length was also measured in males. The same measurements
were taken for the offspring (2 newly emerged males and 2
females randomly selected from each pair, when available).
Both measurements were taken under a stereoscopic micro-
scope Leica EZAE, using software Leica application suite ver-
sion 3.2.0, 2015. Each measurement was taken twice, and the
average from both measurements was used for the analyses to
reduce the effect of measurement error.

Statistical analyses

The analyses were done in R software version 4.0.4 (R
Development Core Team 2021) according to Zuur et al.
(2009) and Kuznetsova et al. (2015). Significance values
were obtained from likelihood ratio tests. To analyze the
number of emerged beetles and the number of total nest
masses, I used negative binomial generalized linear models
(GLM) in R library MASS (Venables and Ripley 2002). A
negative binomial GLM was preferred over a Poisson GLM
given the high overdispersion (Res. Dev./Res. D.F>10). The
full model used the following explanatory variables: male
age, female age, male body size, female body size, male
horn length, days of male survival since pair formation, and
days of female survival since pair formation. The model
also included the interactions for which predictions were
made: male age X female age, male age X female survival,
and female age X female survival. As maximum reproduc-
tive success might be associated with intermediate longevity
(Bock et al. 2019), the quadratic effects of male and female

survival since pair formation were also tested, as well as
their interaction with female age. As an alternative to a quad-
ratic fit, a two-line approach (Simonsohn 2018) (one line for
the increasing and the other for decreasing sections of the
curve) was tested but was discarded because the decreasing
line did not significantly fit the observed values (P =0.485).

To analyze parental longevity, I used Cox proportional
hazard regression models separately for males and females,
using the R package survival (Therneau and Grambsch
2000). The full model considered the following predic-
tor variables: self-age, mate’s age, the interaction between
self- and mate’s age (which was removed for being non-
significant, see results), self-body size, and male horn length
(when analyzing male survival). The total number of off-
spring was also included as a covariate.

To analyze offspring body size, I used linear mixed
models with R package Ime4 (Bates et al. 2015). In the full
model, the fixed predictor variables were father’s age, moth-
er’s age, the interaction between paternal and maternal ages,
father’s body size, mother’s body size, father’s horn length,
and the total number of siblings (to control for potential
trade-offs between offspring number and size). The random
effect was the family. A similar analysis, also including self-
body size as a covariate, was used to analyze male offspring
horn length. In all the analyses, non-significant interactions
were removed from the final analyses. Plots were drawn
using R packages ggplot, ggplot2 and effects (Wickham
2009; Fox and Weisberg 2018).

Results

The number of emerged beetles was best explained by
the interaction male age X female age: For young beetles,
there was no change in the number of produced offspring
depending on the partner’s age. However, for mature bee-
tles, the number of offspring was maximized when mated
with mature individuals (Table 1; Fig. 1): In mature males,
the mean number of offspring increased significantly from
7 when mated with young females to 24 when mated with
mature females; in mature females, the mean number of
offspring increased from 15 to 24, although this increase
was not significant (see overlapping confidence intervals
in Fig. 1). Also, the longer the female survived, the larger
was the number of emerged offspring, although the slope
was steeper for mature females than for young females, as
observed by the significant interaction female age X female
survival (Table 1; Fig. 2a). There was also a quadratic
effect of female survival on the number of emerged off-
spring, although this effect was independent of female age
(Table 1; Fig. 2b). There were no effects of male or female
body size, male horn length, or male survival on the num-
ber of emerged beetles. The interactions male age X female
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Table 1 Effect of age at first
reproduction, longevity, body
size, and male horn size

on reproductive success of

Total nest masses (Neg. Bin. GLM)

(N=91)

Emerged beetles
(Neg. Bin. GLM)
(N=91)

Euoniticellus intermedius dung
beetles. Significant effects are
shown in bold. The numbers of
terraria used in the analyses are
shown in parentheses. NS, non-
significant interaction removed
from the analysis

Male age

Female age

Female survival

Female survival®

Male survival

Male survival?

Female body length

Male body length

Male horn length

Male age X female age
Female age X female survival
Male age X female survival
Female age X female survival®

LR =66.0, P < 0.001
LR=14, P=0.237
LR=1.0, P=0311
LR=1.0, P=0.322
LR<0.1, P=0.865
LR<0.1, P=0.958
LR =4.3, P=0.037
LR=10.7, P =0.001

LR =63.6, P <0.001
LR=2.7, P=0.098
LR=2.6, P=0.108
LR=1.6, P=0.206
LR<0.1, P=0.939
LR=0.1, P=0.816
LR=5.0, P=0.026
LR=6.7, P=0.009

NS NS
NS NS

50 —{Female age
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Fig. 1 Effect of male and female age at first reproduction on the num-
ber of offspring produced by Euoniticellus intermedius dung beetles.
Bars represent means and 95% CI

survival and female age X female survival?, besides the effect
of male survival® had no effect the number of emerged bee-
tles (Table 1). Similar results were found when analyzing the
total number of nest masses (emerged beetles + not emerged
masses) (Table 1).

When analyzing parental longevity, the effects were dif-
ferent for males and females. In males, survival was only
dependent on self-age at first reproduction, as males that
reproduced young suffered early mortality compared to
males that reproduced later in life (hazard ratio=0.47;
Tables 2 and 3; Fig. 3a). For females, survival was also

@ Springer

dependent on self-age, as females died younger when they
reproduced young (hazard ratio=0.33); however, female
survival also depended on mate’s age: For young females,
survival was reduced by 35% when mated to young males
(hazard ratio=0.65; Table 3), whereas for mature females,
survival was only reduced by 13% when mated to young
rather than mature males (hazard ratio=0.87; Tables 2 and
3; Fig. 3b).

When analyzing the offspring, mature males produced
larger sons (Table 4; Fig. 4a). Male offspring horn length
was positively associated with self-body size but not
related to parental age (Table 4). Female offspring body
size decreased slightly, but significantly, with the number
of siblings in the family (Table 4; Fig. 4b). Mother’s mating
age and body size did not affect offspring body size or male
horn length.

Discussion

In the present study, I show that lifetime reproductive suc-
cess is highly dependent on self- and the mate’s age at first
reproduction in the horned dung beetle Euoniticellus inter-
medius. Whereas young individuals gained similar reproduc-
tive success regardless of the mate’s age, mature individuals
maximized their reproductive success when they mated with
a mature partner. The effect was particularly clear for mature
males, which had 3.4 times more offspring when mated
with mature than when mated with young females. A simi-
lar trend, although not significant, was observed in mature
females, which had 1.6 times more offspring when mated
with mature than when mated with young males. These
results confirm my first prediction that lifetime reproductive
success not only depends on self- but also on the mate’s age.
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Fig.2 a Linear and b quadratic effects of female survival on the num-
ber of emerged offspring in Euoniticellus intermedius females mated
young and mature

Also providing support for my first prediction, mating with
young males caused higher mortality in young than mature
females, indicating that female longevity also depends on
the combination of self- and the mate’s age at reproduc-
tion. The fitness consequences of delaying mating have been
described in both males and females of some insects (Dhole
and Pfennig 2014; Zhao et al. 2017; Dhillon et al. 2019),
mammals (Culina et al. 2019), and birds (Mourocq et al.
2016), although they are species-specific (Fricke and Makla-
kov 2007; Pérez-Staples et al. 2010; Mourocq et al. 2016). In

Table2 Cox regression models evaluating male and female survival
in response to age at first reproduction, body size and male horn
length in Euoniticellus intermedius dung beetles. NA = Variable not
tested in the model. The numbers of terraria used in the analyses are
shown in parentheses. NS =non-significant interaction removed from
the analysis

Male survival (N=91) Female survival

(N=91)
Self-age LR=18.6,P<0.001 -
Mate’s age LR=0.1, P=0.783 -
Body length LR=0.6, P=0.451 LR=1.1, P=0.293
Horn length LR=0.9, P=0.328 NA
Number of offspring LR=2.4, P=0.119 LR=27.3,P<0.001

Self-age x mate’s age NS LR=5.9,P=0.015

birds, where several species have been studied with a com-
parative approach, delaying reproduction seems optimal for
species with long lifespan and for which early reproduction
is costly (Mourocq et al. 2016). Here I show that delaying
reproduction is also beneficial for a short-lived insect where
early reproduction is highly costly in terms of survival.

I also predicted that, besides age, individual body size
and male horn length would be good predictors of fitness.
I did not find clear support for this prediction, as longevity
or reproductive success was not associated to body size or
male horn length after controlling for parental age. However,
mature males produced larger male offspring, with poten-
tial survival or reproductive advantages for the future gen-
eration. In females, reproductive investment can be defined
according to the mate’s condition. According to the differ-
ential allocation prediction, females mated with high quality
males should invest more resources than when mated with
low quality males; the alternative prediction, reproductive
compensation, states that females mated with low quality
males should increase the investment in reproduction (Harris
and Uller 2009). Moreover, paternal genetic or epigenetic
effects may influence offspring phenotype and fitness (Crean
and Bonduriansky 2014). My results show that, in the stud-
ied species, females do not invest differently in offspring
number according to male’s body or horn size, but further
studies with controlled crosses are needed to understand if
female differential allocation or paternal effects are driv-
ing the observed larger body sizes in male offspring from
mature males.

I also found that survival was highly reduced for males
and females that mated young, confirming my second pre-
diction. The causes of precocious death experienced by
male and female beetles mated young remain to be studied.
However, evidence in other organisms suggests that inex-
perience may lead to excessive energetic expense of young
individuals (Culina et al. 2019). Also, evidence in wild
damselflies has shown that elevated levels of sex hormones
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Table 3 Hazard ratios of female
survival (above the diagonal)

Male age-female age

Young-young

Young-mature

Mature-young

Mature-mature

ar}d malia gurvival .(I.Jelow the Young-young 0.42 0.65 0.36

qlagona ). in Euoniticellus Young-mature 0.77 1.57 0.87

intermedius dung beetles mated

at different ages Mature-young 2.00 2.61 0.56
Mature-mature 2.78 1.38 3.61
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Fig.3 Effect of age at first reproduction on a male and b female sur-
vival, depending on self and mate’s age in Euoniticellus intermedius
dung beetles. A dotted line is shown at day 30, when mature individu-
als were first mated

during adulthood may cause higher mortality in young than
in mature males (Gonzalez-Tokman et al. 2013). The role of
energetic expenditure and hormones in defining the inten-
sity of the reproduction-survival trade-off in my studied
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species remains to be explored. In young females, longevity
was also dependent on the mate’s age, as young females
mated with young males died earlier than those mated with
mature males. The causes of such precocious death remain
unknown. However, evidence in insects shows that seminal
fluid composition changes with male age and has effects
on female senescence and immunity (Reinhardt et al. 2009;
Avila et al. 2011; Xu and Wang 2011). Although seminal
products have not been molecularly characterized in dung
beetles, evidence in other Coleoptera shows positive effects
of seminal proteins on female longevity and reproductive
success (Fox 1993; Kotiaho et al. 2003), but effects across a
female’s lifetime deserve further research. My results show-
ing larger longevity in individuals that delayed the onset of
reproduction also support the idea that an organism’s lifes-
pan is not limited by time per se, but by the accumulation
of physical deterioration with time (McNamara et al. 2009).

Regarding my third prediction that there would be a nega-
tive relation (i.e., trade-off) between female longevity and
reproduction, I found the opposite pattern: The longer the
female survived, the larger was the number of produced
offspring. The beneficial effect of increased longevity was
particularly relevant for females that mated at maturity,
which rapidly (and linearly) increased reproductive suc-
cess with time. Despite a common pattern in nature is the
trade-off between survival and reproduction, such a pattern
is expected under conditions of limited nutrient availability
(Zera and Harshman 2001). However, in the present study
food was provided ad libitum, potentially masking such
trade-off. The overall (i.e., age-independent) quadratic effect
of female survival on reproductive success indicates either
survival costs for early mating, survival benefits for females
reproducing less, or low fecundity of females reproducing
very young or very old (Clutton-Brock 1984). Despite E.
intermedius is a short-lived species among dung beetles
(Martinez et al. 2019), surviving for longer can be highly
beneficial for females that delay reproduction. Therefore,
the cost of early reproduction, together with female lifes-
pan, defines the ideal onset for reproduction in the studied
species. Further studies limiting resource (i.e., dung) avail-
ability could clarify whether the positive relationship found
between survival and reproduction remains when resources
are limited or simply result from the fact that some females
could survive for longer while increasing reproductive suc-
cess (Rodriguez-Muioz et al. 2010).
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Table 4 Linear mixed effects
models evaluating body size

Male offspring body

size (N=79)

Male offspring horn

length (N=79)

Female offspring
body size (N=71)

and male horn length in the
offspring emerged from males
and females mated at different
age in Euoniticellus intermedius
dung beetles. NA, variable

not tested in the model. The
numbers of terraria used in

the analyses are shown in
parentheses. NS, non-significant
interaction removed from the
analysis

Paternal age

Maternal age

Paternal body length
Paternal horn length
Maternal body length
Number of siblings
Self-body length

Paternal age X maternal age

F=52,P=0.026
F=12,P=0.276
F=24,P=0.123
F=04,P=0.520
F<0.1, P=0.942
F=14,P=0.236
NA

NS

F=24,P=0.132
F=138,P=0.189
F=04, P=0.531
F=0.2, P=0.666
F=0.3,P=0.568
F=0.1,P=0.716
F=40.8,P<0.001
NS

F=1.1,P=0.297
F<0.1, P=0.869
F=14,P=0.246
F=1.9,P=0.171
F=1.0, P=0.327
F=52,P=0.026
NA

NS

9.8 a

9.6
9.4

9.2

Male offspring body length (mm)

9.0

Young Mature

Male age

-

0.0

Female offspring body length (mm)

8.0 1 o)
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0 10 20 30 40 50 60
Number of emerged beetles

Fig.4 a Effect of parental mating age on male offspring body size
(mean+95% CI). b Trade-off between offspring number and female
body size in Euoniticellus intermedius dung beetles

I also found some support for my fourth prediction, as
I observed a trade-off between offspring number and body
size. In particular, I found that smaller females (but not
males) emerged from larger clutches, independently of
parental age. Such a trade-off is expected as parents must
divide the energy available for reproduction between invest-
ment per offspring (Stahlschmidt and Adamo 2015). How-
ever, in the present study, the body size of female offspring
was reduced in larger clutches even though there was no
nutrient limitation, suggesting that not only resource avail-
ability but also additional factors, potentially egg content,
shape the trade-off between offspring number and size. In
males, the contrasting lack of relationship between offspring
number and body or horn size indicates that differential allo-
cation to male and female descendants is occurring (Sheldon
2000), but its potential as an adaptive parental effect remains
to be tested across generations.

The decision of when to start reproduction highly
defines an individual’s longevity and lifetime reproduc-
tive success, given the presence of life-history trade-offs
between current and future reproduction and between lon-
gevity and fecundity (Zera and Harshman 2001). Here I
show that such an important decision is fundamental for
males and females a short-lived insect and highlight the
importance of considering the mate’s age to maximize self-
lifetime reproductive success.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-022-03206-5.

Acknowledgements Thanks to Francisco Caselin-Cuevas, Ana Kory
Martinez-Diego, and Yorleny Gil-Pérez for their help in the laboratory.
Robert Knell and an anonymous reviewer provided relevant comments
to improve the manuscript.

Funding This study was funded by CONACYT project Ciencia Bésica
number 257894.

Data availability Data are provided as supplementary material.

@ Springer


https://doi.org/10.1007/s00265-022-03206-5

99 Page8o0f9

Behavioral Ecology and Sociobiology (2022) 76:99

Declarations

Competing interests The author declares no competing interests.

References

Araya-Ajoy AYG, Bolstad GH, Brommer J et al (2018) Demographic
measures of an individual’s “pace of life”: fecundity rate, lifespan,
generation time, or a composite variable? Behav Ecol 72:1-14

Avila FW, Sirot LK, LaFlamme BA et al (2011) Insect seminal fluid
proteins: identification and function. Annu Rev Entomol 56:21-
40. https://doi.org/10.1146/annurev-ento-120709-144823

Baena-Diaz F, Martinez-M I, Gil-Pérez Y, Gonzalez-Tokman D (2018)
Trans-generational effects of ivermectin exposure in dung bee-
tles. Chemosphere 202:637-643. https://doi.org/10.1016/j.chemo
sphere.2018.03.109

Bates DM, Maechler M, Bolker B, Walker S (2015) Fitting linear
mixed-effects models using Ime4. J Stat Softw 67:1-48. https://
doi.org/10.1177/009286150103500418

Beck CW, Promislow DEL (2007) Evolution of female preference for
younger males. PLoS ONE 2:1-8. https://doi.org/10.1371/journ
al.pone.0000939

Blanckenhorn WU (2000) The evolution of body size: what keeps
organisms small? Q Rev Biol 75:385-407. https://doi.org/10.
1086/393620

Blume RR (1984) Euoniticellus intermedius (Coleoptera: Scarabaei-
dae): description of adults and immatures and biology of adults.
Environ Entomol 13(4):1064—-1068

Bock M, Jarvis G, Corey E et al (2019) Maternal age alters offspring
lifespan, fitness, and lifespan extension under caloric restriction.
Sci Rep 9:3138

Clutton-Brock T (1984) Reproductive effort and terminal investment
in iteroparous animals. Am Nat 123:212-229

Cordoba-Aguilar A, Gonzélez-Tokman DM (2011) Male harassment
and female energetics in the territorial damselfly Hetaerina ameri-
cana (Fabricius) (Zygoptera: Calopterygidae). Odonatologica
40:1-15

Crean AJ, Bonduriansky R (2014) What is a paternal effect? Trends
Ecol Evol 29:554-559. https://doi.org/10.1016/j.tree.2014.07.009

Culina A, Linton DM, Pradel R et al (2019) Live fast, don’t die young:
survival-reproduction trade-offs in long-lived income breeders. J
Anim Ecol 88:746-756. https://doi.org/10.1111/1365-2656.12957

Dhillon MK, Tanwar AK, Hasan F (2019) Fitness consequences of
delayed mating on reproductive performance of Chilo partellus
(Swinhoe). J Exp Zool Part A Ecol Integr Physiol 331:161-167.
https://doi.org/10.1002/jez.2249

Dhole S, Pfennig KS (2014) Age-dependent male mating investment
in Drosophila pseudoobscura. PLoS ONE 9. https://doi.org/10.
1371/journal.pone.0088700

Fox CW (1993) Multiple mating, lifetime fecundity and female mortal-
ity of the bruchid beetle, Callosobruchus maculatus (Coleoptera:
Bruchidae). Funct Ecol 7:203. https://doi.org/10.2307/2389888

Fox J, Weisberg S (2018) An R companion to applied regression. Sage
Publications

Fricke C, Maklakov AA (2007) Male age does not affect female fitness
in a polyandrous beetle, Callosobruchus maculatus. Anim Behav
74:541-548. https://doi.org/10.1016/j.anbehav.2006.12.016

Gonzalez-Tokman D, Gonzalez-Santoyo I, Munguia-Steyer R, Cor-
doba-Aguilar A (2013) Effect of juvenile hormone on senescence
in males with terminal investment. J Evol Biol 26. https://doi.org/
10.1111/jeb.12241

Gonzalez-Tokman D, Martinez MI, Villalobos-Avalos Y et al (2017)
Ivermectin alters reproductive success, body condition and sexual

@ Springer

trait expression in dung beetles. Chemosphere 178:129-135.
https://doi.org/10.1016/j.chemosphere.2017.03.013

Harris WE, Uller T (2009) Reproductive investment when mate quality
varies: differential allocation versus reproductive compensation.
Philos Trans R Soc B Biol Sci 364:1039-1048. https://doi.org/10.
1098/rstb.2008.0299

Harvey PH, Zammuto RM (1985) Patterns of mortality and age at
first reproduction in natural populations of mammals. Nature
315:319-320

Hill G (1991) Plumage coloration is a sexually selected indicator of
male quality. Nature 350:337-339

Khokhlova IS, Pilosof S, Fielden LJ et al (2014) A trade-off between
quantity and quality of offspring in haematophagous ectoparasites:
the effect of the level of specialization. J Anim Ecol 83:397-405.
https://doi.org/10.1111/1365-2656.12134

Kirkwood TBL (2002) Evolution of ageing. Mech Ageing Dev
123:737-745

Koch LK, Meunier J (2014) Mother and offspring fitness in an insect
with maternal care: phenotypic trade-offs between egg number,
egg mass and egg care. BMC Evol Biol 14:1-9. https://doi.org/
10.1186/1471-2148-14-125

Kokko H, Lindstrom J (1996) Evolution of female preference for old
mates. Proc R Soc B Biol Sci 263:1533-1538. https://doi.org/10.
1098/rspb.1996.0224

Kotiaho JS, Simmons LW, Hunt J, Tomkins JL (2003) Males influ-
ence maternal effects that promote sexual selection: a quantitative
genetic experiment with dung beetles Onthophagus taurus. Am
Nat 161:852-859. https://doi.org/10.1086/375173

Kuznetsova A, Christensen RHB, Bavay C, Brockhoff PB (2015) Auto-
mated mixed ANOVA modeling of sensory and consumer data.
Food Qual Prefer 40:31-38. https://doi.org/10.1016/j.foodqual.
2014.08.004

Lailvaux SP, Hathway J, Pomfret J, Knell RJ (2005) Horn size pre-
dicts physical performance in the beetle Euoniticellus intermedius
(Coleoptera: Scarabaeidae). Funct Ecol 19:632-639. https://doi.
org/10.1111/j.1365-2435.2005.01024.x

Liu XP, He HM, Sen XF (2014) The influence of female age on male
mating preference and reproductive success in cabbage beetle,
Colaphellus bowringi. Insect Sci 21:515-522. https://doi.org/10.
1111/1744-7917.12051

Martinez IM, Martinez Diego AK, Cano BM, Lumaret JP (2019)
The reproductive biology of Euoniticellus intermedius (Reiche)
(Coleoptera: Scarabaeinae: Oniticellini). Proc Entomol Soc Wash-
ingt 121:642-656. https://doi.org/10.4289/0013-8797.121.4.642

McNamara JM, Houston Al, Barta Z et al (2009) Deterioration, death
and the evolution of reproductive restraint in late life. Proc R Soc
B Biol Sci 276:4061-4066. https://doi.org/10.1098/rspb.2009.
0959

Metcalfe NB, Monaghan P (2001) Compensation for a bad start: grow
now, pay later. Trends Ecol Evol 16:254-260

Mourocq E, Bize P, Bouwhuis S et al (2016) Life span and reproduc-
tive cost explain interspecific variation in the optimal onset of
reproduction. Evolution (N Y) 70:296-313. https://doi.org/10.
1111/evo.12853

Olzer R, Ehrlich R, Heinen-Kay J et al (2018) Reproductive behavior.
Insect behavior. Oxford University Press, Oxford, pp 189-202

Pérez-Staples D, Martinez-Hernandez MG, Aluja M (2010) Male age
and experience increases mating success but not female fitness in
the mexican fruit fly. Ethology 116:778-786. https://doi.org/10.
1111/5.1439-0310.2010.01790.x

Pomfret JC, Knell RJ (2006a) Sexual selection and horn allometry in
the dung beetle Euoniticellus intermedius. Anim Behav 71:567—
576. https://doi.org/10.1016/j.anbehav.2005.05.023

Pomfret JC, Knell RJ (2006b) Immunity and the expression of a sec-
ondary sexual trait in a horned beetle. Behav Ecol 17:466-472.
https://doi.org/10.1093/beheco/arj050


https://doi.org/10.1146/annurev-ento-120709-144823
https://doi.org/10.1016/j.chemosphere.2018.03.109
https://doi.org/10.1016/j.chemosphere.2018.03.109
https://doi.org/10.1177/009286150103500418
https://doi.org/10.1177/009286150103500418
https://doi.org/10.1371/journal.pone.0000939
https://doi.org/10.1371/journal.pone.0000939
https://doi.org/10.1086/393620
https://doi.org/10.1086/393620
https://doi.org/10.1016/j.tree.2014.07.009
https://doi.org/10.1111/1365-2656.12957
https://doi.org/10.1002/jez.2249
https://doi.org/10.1371/journal.pone.0088700
https://doi.org/10.1371/journal.pone.0088700
https://doi.org/10.2307/2389888
https://doi.org/10.1016/j.anbehav.2006.12.016
https://doi.org/10.1111/jeb.12241
https://doi.org/10.1111/jeb.12241
https://doi.org/10.1016/j.chemosphere.2017.03.013
https://doi.org/10.1098/rstb.2008.0299
https://doi.org/10.1098/rstb.2008.0299
https://doi.org/10.1111/1365-2656.12134
https://doi.org/10.1186/1471-2148-14-125
https://doi.org/10.1186/1471-2148-14-125
https://doi.org/10.1098/rspb.1996.0224
https://doi.org/10.1098/rspb.1996.0224
https://doi.org/10.1086/375173
https://doi.org/10.1016/j.foodqual.2014.08.004
https://doi.org/10.1016/j.foodqual.2014.08.004
https://doi.org/10.1111/j.1365-2435.2005.01024.x
https://doi.org/10.1111/j.1365-2435.2005.01024.x
https://doi.org/10.1111/1744-7917.12051
https://doi.org/10.1111/1744-7917.12051
https://doi.org/10.4289/0013-8797.121.4.642
https://doi.org/10.1098/rspb.2009.0959
https://doi.org/10.1098/rspb.2009.0959
https://doi.org/10.1111/evo.12853
https://doi.org/10.1111/evo.12853
https://doi.org/10.1111/j.1439-0310.2010.01790.x
https://doi.org/10.1111/j.1439-0310.2010.01790.x
https://doi.org/10.1016/j.anbehav.2005.05.023
https://doi.org/10.1093/beheco/arj050

Behavioral Ecology and Sociobiology (2022) 76:99

Page90of9 99

Preston BT, Saint Jalme M, Hingrat Y et al (2015) The sperm of aging
male bustards retards their offspring’s development. Nat Commun
6:1-9. https://doi.org/10.1038/ncomms7146

Proshold FI (1996) Reproductive capacity of laboratory-reared gypsy
moths (Lepidoptera: Lymantriidae): Effect of age of female at
time of mating. J Econ Entomol 89:337-342. https://doi.org/10.
1093/jee/89.2.337

R Development Core Team (2021) R: a language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Austria

Reaney LT, Knell RJ (2010) Immune activation but not male quality
affects female current reproductive investment in a dung bee-
tle. Behav Ecol 21:1367—-1372. https://doi.org/10.1093/beheco/
arq139

Reinhardt K, Naylor RA, Siva-Jothy MT (2009) Ejaculate components
delay reproductive senescence while elevating female reproduc-
tive rate in an insect. Proc Natl Acad Sci 106:21743-21747.
https://doi.org/10.1073/pnas.0905347106

Robinson MR, Pilkington JG, Clutton-Brock TH et al (2006) Live fast,
die young: trade-offs between fitness components and sexually
antagonistic selection on weaponry in soay sheep. Evolution (N
Y) 60:2168. https://doi.org/10.1554/06-128.1

Rodriguez-Mufioz R, Hopwood P, Fisher D et al (2019) Older males
attract more females but get fewer matings in a wild field cricket.
Anim Behav 153:1-14. https://doi.org/10.1016/j.anbehav.2019.
04.011

Rodriguez-Muiioz R, Bretman A, Slate J, et al (2010) Natural and sex-
ual selection in a wild insect population. Science (80- ) 328:1269—
1272. https://doi.org/10.1126/science.1188102

Roff D (1992) The evolution of life histories: theory and analysis.
Chapman & Hal, New York

Ruhmann H, Koppik M, Wolfner MF, Fricke C (2018) The impact of
ageing on male reproductive success in Drosophila melanogaster.
Exp Gerontol 103:1-10. https://doi.org/10.1016/j.exger.2017.12.
013

Sheldon BC (2000) Differential allocation: tests, mechanisms and
implications. Trends Ecol Evol 15:397-402. https://doi.org/10.
1016/S0169-5347(00)01953-4

Simonsohn U (2018) Two lines: a valid alternative to the invalid test-
ing of U-shaped relationships with quadratic regressions. Adv
Methods Pract Psychol Sci 1:538-555. https://doi.org/10.1177/
2515245918805755

Stahlschmidt ZR, Adamo SA (2015) Food-limited mothers favour
offspring quality over offspring number: a principal components
approach. Funct Ecol 29:88-95. https://doi.org/10.1111/1365-
2435.12287

Therneau TM, Grambsch PM (2000) The Cox model. Modeling sur-
vival data: extending the Cox model. Springer, New York, pp
39-77

Travers LM, Garcia-Gonzalez F, Simmons LW (2015) Live fast die
young life history in females: evolutionary trade-off between early
life mating and lifespan in female Drosophila melanogaster. Sci
Rep 5:1-7. https://doi.org/10.1038/srep15469

Unnithan GC, Paye SO (1991) Mating, longevity, fecundity, and egg
fertility of Chilo partellus (Lepidoptera: Pyralidae): effects of
delayed or successive matings and their relevance to pheromonal
control methods. Environ Entomol 20:150-155. https://doi.org/
10.1093/ee/20.1.150

Venables WN, Ripley BD (2002) Random and mixed effects. In Mod-
ern applied statistics with S. Springer, New York, pp 271-300

Webberley KM, Buszko J, Isham V, Hurst GDD (2006) Sexually trans-
mitted disease epidemics in a natural insect population. J] Anim
Ecol 75:33-43. https://doi.org/10.1111/j.1365-2656.2005.01020.x

Wedell N, Ritchie MG (2004) Male age, mating status and nuptial gift
quality in a bushcricket. Anim Behav 67:1059-1065. https://doi.
org/10.1016/j.anbehav.2003.10.007

Wickham H (2009) Elegant graphics for data analysis. Media
35:10-1007

XuJ, Wang Q (2011) Seminal fluid reduces female longevity and stim-
ulates egg production and sperm trigger oviposition in a moth.
J Insect Physiol 57:385-390. https://doi.org/10.1016/j.jinsphys.
2010.12.006

Zera AJ, Harshman LG (2001) The physiology of life history trade-offs
in animals. Annu Rev Ecol Syst 32:95-126

Zhao CC, Zheng HY, Ma C et al (2017) Effects of age at mating of both
sexes on female longevity and fecundity performance in Ophraella
communa LeSage (Coleoptera: Chrysomelidae). Biocontrol Sci
Technol 27:1145-1152. https://doi.org/10.1080/09583157.2017.
1387232

Zuur AF, Ieno EN, Walker NJ et al (2009) Mixed effects models and
extensions in ecology with R. Springer, New York

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/ncomms7146
https://doi.org/10.1093/jee/89.2.337
https://doi.org/10.1093/jee/89.2.337
https://doi.org/10.1093/beheco/arq139
https://doi.org/10.1093/beheco/arq139
https://doi.org/10.1073/pnas.0905347106
https://doi.org/10.1554/06-128.1
https://doi.org/10.1016/j.anbehav.2019.04.011
https://doi.org/10.1016/j.anbehav.2019.04.011
https://doi.org/10.1126/science.1188102
https://doi.org/10.1016/j.exger.2017.12.013
https://doi.org/10.1016/j.exger.2017.12.013
https://doi.org/10.1016/S0169-5347(00)01953-4
https://doi.org/10.1016/S0169-5347(00)01953-4
https://doi.org/10.1177/2515245918805755
https://doi.org/10.1177/2515245918805755
https://doi.org/10.1111/1365-2435.12287
https://doi.org/10.1111/1365-2435.12287
https://doi.org/10.1038/srep15469
https://doi.org/10.1093/ee/20.1.150
https://doi.org/10.1093/ee/20.1.150
https://doi.org/10.1111/j.1365-2656.2005.01020.x
https://doi.org/10.1016/j.anbehav.2003.10.007
https://doi.org/10.1016/j.anbehav.2003.10.007
https://doi.org/10.1016/j.jinsphys.2010.12.006
https://doi.org/10.1016/j.jinsphys.2010.12.006
https://doi.org/10.1080/09583157.2017.1387232
https://doi.org/10.1080/09583157.2017.1387232

	Effects of mating age and mate age on lifespan and reproduction in a horned beetle
	Abstract 
	Significance statement
	Introduction
	Materials and methods
	Statistical analyses

	Results
	Discussion
	Acknowledgements 
	References


