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In species with sexual size dimorphism, the offspring of the larger sex
usually have greater energy requirements and may lead to greater fitness
costs for parents. The effects of offspring sex on maternal longevity,
however, have only been tested in humans. Human studies produced
mixed results and considerable debate mainly owing to the difficulty of
distinguishing the effects of sexual dimorphism from sociocultural factors.
To advance this debate, we examined how the relative number of sons influ-
enced maternal longevity in four species of free-living ungulates (Soay sheep
Owis aries; bighorn sheep, Ovis canadensis; red deer, Cervus elaphus; mountain
goat, Oreamnos americanus), with high male-biased sexual size dimorphism
but without complicating sociocultural variables. We found no evidence
for a higher cumulative cost of sons than of daughters on maternal longevity.
For a given number of offspring, most females with many sons in all four
populations lived longer than females with few sons. The higher cost of
sons over daughters on maternal lifespan reported by some human studies
may be the exception rather than the rule in long-lived iteroparous species.

1. Introduction

Trade-offs play a fundamental role in life-history theory [1]. Organisms allocate
acquired energy among several functions including growth, reproduction and
maintenance. When resources are limited, energy allocated to one function
reduces allocation to others [2]. Therefore, increasing reproductive effort
should reduce the energy available for somatic maintenance, possibly decreasing
longevity [3]. Because longevity is a major source of variation in lifetime repro-
ductive success and fitness among long-lived species [4], knowledge of the
processes driving variation in longevity is essential to understanding population
dynamics and evolutionary ecology.

Longevity costs of reproduction may vary with sex of both parents [5] and off-
spring [6]. Sex differences in energy intake and growth of juveniles are common
in sexually size-dimorphic species [7]. In humans, despite weak sexual dimorph-
ism [8], the energy intake of pregnant women is about 10% higher when they are
expecting a boy rather than a girl [9]. In dimorphic species where sons grow faster
than daughters and thus require greater parental energy expenditure, the fitness
costs of rearing sons are typically expected to be greater than those of rearing
daughters [7]. In many mammals, only mothers provide parental care, and
there is suggestive evidence that short-term fitness costs of reproduction (how
reproduction at time f affects survival or reproduction at time ¢ + 1) are greater
for females when rearing a son than a daughter [10-17]. Most of these studies
are indicative rather than conclusive because correlation does not imply causa-
tion. Experimental manipulation of postnatal offspring sex ratio has only been
performed in bank voles (Myodes glareolus) [17,18] and tammar wallabies (Macro-
pus eugenii) [19,20]. This type of experiment is unfortunately impracticable with
most mammals, in part owing to maternal refusal of cross-fostered offspring [20].

© 2019 The Author(s) Published by the Royal Society. Al rights reserved.
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Table 1. The four study populations of female ungulates. (Age-related variation in survival is well documented in each population [30-32,42]. Survival rates [JEJ]
are high and constant for adult females, then decrease after species-specific age thresholds marking the onset of actuarial senescence. Information about age at

first parturition, longevity and offspring sex is from data analysed here.)

species Soay sheep
population Hirta

start of the study 1985

onset of actuarial senescence 6 years
early life 1-6 years

mean age at first parturition 1.5 years (1, 6)
(min, max)

mean longevity for adults 6.35 years (n = 703)

(sample size)

1783 @

1762 &

131 unknown

number of offspring of each sex
at or shortly after birth

Beyond short-term fitness costs of reproduction, the
accumulation of physiological costs over multiple reproductive
events may have long-term effects on future performance
[3,21]. Most studies testing early-late life trade-offs measured
early reproductive effort as the number of offspring produced
or reared during a predefined time period [21], ignoring
offspring sex. Thus, we know little about the long-term
cumulative fitness costs to females of producing and rearing
sons versus daughters. The only exceptions are investigations
in humans, which provide mixed support for the hypothesis
that sons reduce maternal post-menopausal lifespan more
than daughters (see mini-review in [22]). Furthermore, the
differential effects of sons and daughters on post-reproductive
lifespan in human mothers may be owing to sociocultural
rather than biological mechanisms [23—-25]. For instance, in
several societies, daughters provide more help than sons for
elderly parents [25,26].

Here, we examine the long-term impact of producing and
rearing more sons relative to daughters on maternal longevity
in four intensively monitored populations of free-living ungu-
lates: Soay sheep (Owis aries), bighorn sheep (Ovis canadensis),
red deer (Cervus elaphus) and mountain goat (Oreamnos
americanus). These species show a marked male-biased
sexual size dimorphism and a relatively simple social system
compared to humans. In all species except Soay sheep, rearing
a son lowers maternal reproductive performance the following
year more than rearing a daughter [11,13,27,28]. We expected
to find a negative effect of producing and rearing relatively
more sons than daughters on maternal longevity, especially
in bighorn sheep, red deer and mountain goats.

2. Material and methods
(a) Study populations

We studied bighorn sheep at Ram Mountain (38 km?) and moun-
tain goats at Caw Ridge (28 km?), Alberta, Canada. The red deer
and Soay sheep populations are, respectively, located in the
North Block (12 km?) of the Isle of Rum and in the Village Bay
area (2.3km?) on the island of Hirta, St Kilda, both off the
west coast of Scotland, UK. Study areas are unfenced and thus

bighorn sheep mountain goat red deer

Ram Mountain Caw Ridge Rum

1971 1988 1971

7 years 9 years 9 years

2-7 years 3-9 years 3-9 ye>ars>
34 years (2, 7) 4.7 years (3, 8) 4.1 years (3, 7)

9.4 years (n = 173)

415 Q
32 &

377 unknown

10.7 years (n = 92) 12.2 years (n = 344)

209 Q 960 Q
204 & %7 &
46 unknown 139 unknown

open to movements, but female dispersal is rare in all four
populations [29-32].

(b) Capturing and marking

The study populations have been the subject of detailed individual-
based monitoring for 3 or 4 decades (table 1). For all species except
mountain goats, most individuals were first captured, weighed,
sampled for genetic analysis and marked near birth. Female
bighorn sheep, red deer and mountain goats can produce a
single offspring in May—June. Female Soay sheep can give birth
to either singletons or twins in March—April (mean twinning rate
15% [33]). In red deer and Soay sheep, all females are monitored
for parturition on a daily basis during the spring, and offspring
are caught within a few days of birth. In bighorn sheep, age at
first capture in a corral trap varies from one week to four
months, but most are captured within a few weeks of birth. Since
1998, female goats with their offspring are not captured owing to
the risk of abandonment, so most individuals are aged 1 year or
older when first caught in box traps [34]. The age of female moun-
tain goats not marked as yearlings (1 year old) was determined by
counting the number of horn annuli, a technique reliable up to
7 years of age [32]. Animals are marked with coloured ear tags
and/or visual collars for individual identification at a distance
(electronic supplementary material, figure S1). Techniques used
to capture, mark and monitor individuals are described in detail
elsewhere [32,33,35,36].

(c) Longevity

Regular censuses of the study areas are conducted from May to
September for bighorn sheep and mountain goats and through-
out the year for red deer and Soay sheep. Longevity for red
deer and Soay sheep is based on the date an animal was found
dead in approximately 70 and 85% of cases or on the date of
the last sighting in the remaining cases [33,36]. In bighorn
sheep and mountain goats, 1 and 17% of carcasses were found,
respectively, but the date of the last sighting is a reliable indicator
of age at death because there is almost no record of female emi-
gration [32,37]. The annual likelihood of missing a female if she is
alive is very low in all systems (re-sighting probability: 0.99 for
both bighorn sheep [29] and mountain goats [32], 0.95 for red
deer [30] and 0.93 for Soay sheep [31]). Our analyses included
only resident females that reproduced at least once before natural
death (excluding hunter kills in red deer, removals for scientific
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Table 2. Effects of the relative number of sons produced during early life on later lifespan for females of four ungulate species. (Interactions are denoted by x.) i}

species n effect slope s.e. Z p-value
Soay sheep 357 no. of offspring born early 0.040 0.017 2.32 0.02
no. of twins bor early - 0030 0017 —181 007

no. of sons born early —0.021 0.012 —1.84 0.06

no. of offspring born early x no. of sons bom early 0016 0009 mo 009
bighorn sheep 118 no. of offspring born early 0.069 0.028 2.46 0.01
“no.ofsons bom early 03 0,033 106 0.29

no. of offspring born early x no. of sons born early 0.017 0.022 0.76 0.44
R gobat‘ ..... o e offsprihg o éériy' o TR TR R s s o1 080
no. of sons born early 0.001 0.025 0.03 0.98

“no. of offspring born early x no. of sons bom eay 0011 002 052 061

red deer 254 no. of offspring born early 0.043 0.013 341 <0.001
Cno.ofsons bom early —0019 0013 —148 014
no. of offspring born early x no. of sons born early 0.005 0.010 0.54 0.59

Table 3. Effects of the relative number of sons weaned during early life on later lifespan for females of four ungulate species. (Interactions are denoted by x.)

species n effect slope s.e. z p-value
Soay sheep 356 no. of offspring weaned early 0.036 0.014 2.48 0.01
s Wéénéd'e‘ar‘IyI e o e e
no. of sons weaned early —0.018 0.011 —1.57 0.12
o of offspring weaned early x no. of sons weaned early 0024 0008 304 0002
bighorn sheep 15 no. of offspring weaned early 0.009 0.028 0.32 0.74
o of sons weaned early 0058 0028 204 004
no. of offspring weaned early x no. of sons weaned early 0.007 0.021 0.35 0.73
‘fﬁddnbtaih'g'obabt e 6f‘off§pfihg‘Wéahéd éafly' O
no. of sons weaned early —0.004 0.028 —0.14 0.89
o of offspring weaned early x no. of sons weaned early 0009 003 038 070
red deer 254 no. of offspring weaned early 0.031 0.013 2.28 0.02
oo weaned 'ea‘rly' 1 o oo ee as
no. of offspring weaned early x no. of sons weaned early —0.003 0.010 —031 0.76

purposes and capture mortalities). Possible causes of natural
mortality included starvation [38], especially at high population
density, adverse weather, parasitism, disease, as well as
predation in bighorn sheep [39] and mountain goats [32].

(d) Reproduction

Intensive observations took place every summer to determine
mother—offspring associations and offspring survival. Weaning
success was measured by offspring survival to 15 September in
bighorn sheep and mountain goats, 1 August in Soay sheep
and 1 October in red deer. Although mountain goat kids were
not marked, they tightly follow and bed next to their marked
mothers, providing an accurate determination of their fate until
weaning, and often until 1 year old ([32]; electronic supplemen-
tary material, figure S1). In mountain goats, offspring sex was
determined by observations of urination posture and the
vulvar patch in females. In the other species, offspring sex was
determined at capture or, occasionally, through observation of
urination posture.

(e) Models

We ran two types of models to examine the effects of sons on
maternal longevity. First, in the context of early-late life trade-
offs, we assessed whether the number of sons born and
weaned during early life influenced maternal lifespan later in
life. We defined ‘early life” at the population level as between
minimum age at first parturition and age at onset of actuarial
senescence (see [40,41] for a similar approach and table 1 for
definition of actuarial senescence). ‘Early life’ overlapped the
latest age at which any females started breeding (table 1).
Actuarial senescence is well documented in all four populations
[30-32,42]. We only included females that survived beyond the
onset of actuarial senescence in this first approach (see tables 2
and 3 for sample sizes). Second, we examined correlations
between the lifetime number of sons born or weaned and
maternal longevity using all data (see tables 4 and 5 for
sample sizes). The reasons for this second approach include
the fact that longevity costs of producing and rearing sons
may not be confined to older mothers [43]. The proportion of
sons produced or weaned, on average, during early life or
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Table 4. Effects of the relative number of sons produced during lifetime on materal longevity in four ungulate species. (Interactions are denoted by x. [}

Sample sizes are larger compared to previous analyses (table 2) because here we considered all adult females.)

species n effect slope s.e. z p-value
Soay sheep 703 lifetime no. of offspring born 0.546 0.018 29.51 <0.001
*lifetime no. of twins bom 0107 0012 -89 <0001
lifetime no. of sons born 0.128 0.018 7.10 <0.001
*lifetime no. of offspring bom x lfetime no. of sons bom ~ —0.134 0010 —1311 <0001
bighorn sheep 173 lifetime no. of offspring born 0.331 0.022 15 <0.001
lifetime no. of sons born 0034 005 ‘ 1.”35 ‘ 018
lifetime no. of offspring born x lifetime no. of sons born —0.033 0.014 —234 0.02
- goét e ietmen ofoffspnng o e e se o
lifetime no. of sons born 0.037 0.031 1.20 0.23
lifetime no. of offspring bom x lfetime no. of sons bom ~ —0056 0016 —343 <0001
red deer 344 lifetime no. of offspring born 0.283 0.014 19.84 <0.001
*lifetime no. of sons bom 0070 0015 460 <0001
lifetime no. of offspring born x lifetime no. of sons born —0.104 0.010 —10.23 <0.001

Table 5. Effects of the relative number of sons weaned during lifetime on maternal longevity in four ungulate species. (Interactions are denoted by x. Sample
sizes are larger compared to previous analyses (table 3) because here we considered all adult females.)

species n effect slope s.e. z p-value
Soay sheep 608 lifetime no. of offspring weaned 0.407 0.018 22.60 <0.001
lifetime no. of twins weaned —0.073 0.013 —578 <0.001

* lifetime no. of sons weaned 0107 0018 594 <0001

lifetime no. of offspring weaned x lifetime no. of sons weaned —0.102 0.010 —10.34 <0.001

" bighom sheep 165 lifetime no. of offspring weaned 028 002 78 <0001
lifetime no. of sons weaned 0.073 0.030 241 0.02
* lifetime no. of offspring weaned x lfetime no. of sons weaned ~ —0.041 0019 —215 003

mountain goat 84 lifetime no. of offspring weaned 0.197 0.032 6.22 <0.001
 lifetime no. of sons weaned 0064 0035 18 007

lifetime no. of offspring weaned x lifetime no. of sons weaned —0.047 0.018 —2.67 0.007

red deer 325 lifetime no. of 6ffspriﬁg weaned o o 0.330 0015 1512 <0001
lifetime no. of sons weaned 0.059 0.017 3.58 <0.001

lifetime no. of ofvfsprihg' weaned x lifetime no. of sons weaned —0.093 0011 879 <0.001

lifetime is presented in the electronic supplementary material,
table S1.

In all models, we controlled for the number of offspring
produced /weaned during early life or lifetime. Thus, we investi-
gated whether for females with the same number of offspring,
having more sons affected longevity, thereby accounting for
variation in reproductive potential that may mask costs of
sons. In Soay sheep, we accounted for the number of twin
pairs because females that produced twins tended to die younger
[44]. Our models included interactions between the number of
offspring and the number of sons because costs of reproduction
may be greater in females with lower reproductive potential
[45-47]. We tested the effects of both the number of offspring
born and weaned on maternal longevity to determine the
importance of gestation and lactation in generating reproductive
costs.

All analyses were performed in R (v. 3.5.0) [48]. Maternal long-
evity was analysed in generalized linear mixed models with the

package ‘glmmTMB’ [49], using the Conway—-Maxwell-Poisson
distribution to deal with under-dispersion [50]. The distribution
of longevity for each species is shown in the electronic supplemen-
tary material, figure S2. The year of birth was included as a
random effect to account for non-independence of mothers born
in the same year and variation in longevity among cohorts.
Females were born between 1973 and 2004 in bighorn sheep,
1984 and 2003 in mountain goats, 1968 and 2004 in red deer,
and 1985 and 2007 in Soay sheep. Regression coefficients (/)
and their standard errors (s.e.) are shown for all fixed covariates,
along with statistical significance based on the Wald Z-statistic.
To assess effect sizes, we reported standardized regression coeffi-
cients obtained by centring and scaling all continuous explanatory
variables (mean = 0, variance = 1). Centring enables interpret-
ation of the main effects involved in an interaction [51]. Thus,
we presented the estimates and s.e. from full models [52]. Variance
inflation factors for all explanatory variables in our models were
less than 5, indicating no multicollinearity problems [53].
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Figure 1. Predicted effects of the number of sons weaned during early life (1-6 years) on lifespan (in years) for female Soay sheep that lived more than 6 years
and (a) produced four to seven offspring (values within the 10— 90 percentile range) during early life, (b) weaned three to six offspring (values within the 10-90
percentile range) during early life. Circles are observed lifespan in one of the imputed datasets (see Material and methods). The size of the circle is proportional to

the number of females.

(f) Multiple imputation

The sex of each offspring born was known for most, but not all,
female-years (68% in bighorn sheep, 90% in mountain goats,
94% in red deer, 97% in Soay sheep; see table 1 for raw numbers).
In bighorn sheep, the sex of lambs that died at birth or within a few
days of birth was unknown because no lamb was seen, but milk or
colostrum was expressed by the mother at capture. Yearly wean-
ing success of female red deer and Soay sheep was missing in 6
and 2% of cases. We used multiple imputation to predict these
two kinds of missing values. We created multiple ‘complete” data-
sets where the missing values were imputed based on information
from all variables in the dataset. We used multiple imputation by
chained equation (function mice in the package ‘mice’, [54])
because this method is robust and allows categorical variables to
be imputed [55]. Differences in the imputed values between the
multiple datasets reflect imputation uncertainty. We generated
10 imputed datasets for each species [56], and calculated the
number of sons born/weaned in each dataset. We obtained 10
different estimates and their standard errors for each effect of pro-
ducing/weaning sons (one from each imputed dataset) and used
conventional multiple imputation rules for combining results [57].
When comparing the relationships between early-life reproduc-
tion and longevity in later life obtained by multiple imputation
with those from datasets in which all females with missing
values were excluded, we obtained similar patterns (electronic
supplementary material, tables S2 and S3). In the main text, we
only present results based on multiple imputations because of
greater statistical power and the risk of biasing effect sizes when
excluding missing values [58].

3. Results
(a) Early-life reproduction and lifespan later in life

In Soay sheep, we found an interaction between the number of
offspring and sons weaned during early life on later lifespan
(B=0.024 +£ 0.008, p=0.002) and there was a similar,
though non-significant, interaction between the number of off-
spring and sons born (rather than weaned, 8= 0.016 + 0.009,
p = 0.09). The relationship between the number of sons and
maternal lifespan was increasingly negative as the number
of lambs produced/weaned during early life decreased
(figure 1). However, the cost of sons in terms of subsequent

longevity was small and not statistically significant even for
females that produced less than or equal to five lambs (post
hoc analysis: B = —0.021 + 0.005, p=0.16, n=176) or
weaned less than or equal to four lambs (8= —0.016 +
0.015, p = 0.29, n = 175) during early life. There were no signifi-
cant interactions between the number of offspring and sons
born or weaned in any other species (tables 2 and 3). In all
species except mountain goats, the number of offspring
produced during early life was positively associated with
lifespan later in life (table 2). For a given number of offspring
born, female bighorn sheep, red deer and mountain goats
with many sons did not die sooner or later than females with
few sons (table 2). Repeating the analysis using the number
of sons weaned did not change the results except in bighorn
sheep where the positive estimate was slightly stronger and
more precise, resulting in confidence intervals that did not
overlap 0 (table 3). For bighorn females that weaned three
lambs during early life (the observed mean), longevity later
in life increased from 10.2 to 12.2 years as the number of sons
weaned increased from 0 to 3.

(b) Lifetime reproduction and adult lifespan

In all species, we found significant interactions between the
lifetime number of offspring and sons on adult longevity
regardless of whether reproductive performance was measured
atbirth (table 4) or weaning (table 5). All these interactive effects
acted in the same direction: the relationship between number of
sons and maternal longevity was increasingly positive as the
number of offspring produced/weaned during lifetime
decreased (figure 2). Post hoc analyses did not show a negative
effect of sons on longevity for females producing greater than
or equal to 10 offspring in Soay sheep (8= —0.004 + 0.010,
p = 0.70, n = 94) or greater than or equal to eight offspring in
mountain goats (8= —0.011 £ 0.038, p=0.78, n=19) and
red deer (8= 0.003 + 0.011, p = 0.79, n = 114).

4. Discussion

Our study tested for a trade-off between cumulative repro-
ductive effort, incorporating offspring number and sex
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Figure 2. Predicted changes in longevity (in years) with the lifetime number of sons produced (a,ce,g) or weaned (b,d,f,h) relative to the lifetime number of
offspring produced/weaned according to each species, female Soay sheep (a,b), bighorn sheep (c,d), mountain goats (e,f) and red deer (g,h). Each line represents
predicted longevity for females with a different number of offspring indicated at the end of the line. Predictions are shown between the 10th and the 90th
percentile of the number of offspring. Circles are observed lifespan in one of the imputed datasets (see Material and methods). The size of the circle is proportional

to the number of females.

ratio, and maternal longevity in non-human animals. Helle
et al. [6] showed that post-menopausal longevity of pre-
industrial Sami women decreased by 0.65 years for each
son born, while it increased by 0.44 years for each daughter.
However, the generality of these findings in pre-industrial
humans has been questioned [59,60]. Cesarini et al. [61]
warned of widespread publication bias in favour of positive
results in this area and pointed out the need for more replica-
tion studies on independent samples. Our analyses of four
intensively monitored populations of free-living ungulates
do not support higher costs of sons than daughters to
maternal lifespan.

Our study is based on correlational evidence: we could
not manipulate offspring sex ratio. Thus, the positive

relationship between the relative number of sons weaned
during early life and maternal longevity in bighorn sheep
may reflect the influence of physiological or genetic factors
on these two variables, rather than causation per se. Although
evolutionary theories of ageing predict that early allocation to
reproduction should be favoured by natural selection at the
cost of reduced late-life traits [3,62], trade-offs are often not
visible in correlational studies because individuals vary in
resource acquisition [63]. According to the van Noordwijk
& De Jong [64] model, trade-offs between life-history traits
should be apparent only when inter-individual variation in
resource allocation exceeds variation in resource acquisition.
The variation in reproductive potential (often referred to as
‘quality” [65]) that results from variation in resource
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acquisition may therefore mask the fitness costs of reproduc-
tion at the population level [66]. In our study, some females
combined a high reproductive success during early life with
long lifespans, whereas others had few offspring and rela-
tively short lifespans, suggesting large differences in
individual reproductive potential. We found no evidence
for a negative effect of number of sons during early life on
subsequent maternal longevity even after accounting for
differences in the number of offspring. Nevertheless, other
characteristics that affect the amount of resources available
to individuals, such as metabolic efficiencies [64] and social
rank [67], may explain why we failed to find any negative
associations between the number of sons and maternal
longevity.

We examined the effects of the number of sons during
early life on maternal longevity, using data from females
that survived beyond the onset of actuarial senescence.
Recent simulations [43] showed that restricting analyses to
post-menopausal women underestimates the potential
trade-off between reproduction and lifespan. Our second
approach avoids potential sample selection problems by
considering all adult females. These analyses produced posi-
tive rather than negative correlations between the lifetime
number of sons and maternal longevity.

It could be argued that the overall lack of association
between relative number of sons and maternal longevity
was owing to a lack of statistical power in our analyses. How-
ever, our sample size, at least in red deer and Soay sheep, was
comparable to that in the study on pre-industrial Sami
women that found a longevity cost of sons [6]. To maximize
sample sizes, we used multiple imputation to handle missing
values for females with incomplete reproductive histories.
Unlike data deletion where cases containing at least one miss-
ing value are excluded from the analysis, multiple imputation
neither produces biased parameter estimates nor reduces
statistical power [58]. We also chose not to apply corrections
for multiple testing because Bonferroni and similar methods
reduce statistical power and there is no consensus for when
multiple-testing adjustment is necessary [68,69]. We therefore
believe it is unlikely that lack of statistical power could
explain the absence of positive results.

Differences in the energetic costs of sons and daughters
are not necessarily limited to the period of offspring nutri-
tional dependence. In mammals, daughters are usually less
prone to disperse than sons [70], and are therefore more
likely to compete for resources with their mothers after nutri-
tional independence [71]. In red deer on Rum, daughters
typically occupy core areas overlapping that of their mother
and resource competition between female relatives reduced
the reproductive success of adult females [72]. Although the
higher energetic costs of sons before weaning might be
balanced by post-weaning competition with daughters in
red deer [7], we can discard this explanation in other species.
The social system of sheep does not include strong post-
weaning mother—daughter association [73,74]. In mountain
goats, mother—yearling associations were common, but a
recent study suggests that the post-weaning costs of sons
exceed those of daughters [27]. The likelihood of ‘helping’
by one sex of mature offspring may influence maternal
longevity in some mammals. In pre-industrial human
societies, daughters typically helped in domestic and caregiv-
ing responsibilities, while sons simply increased maternal
workload by working outside the home but living with

parents [75]. This sociocultural sexual division of labour -

offers an alternative explanation for differential effects of
sons and daughters on maternal longevity that are often
attributed to sex differences in offspring demand during
pregnancy [24,75]. One advantage of our study species is
that offspring do not help mothers rear the next progeny.

There are at least two mechanisms by which females can
recover from the higher energetic costs of rearing sons in the
short term to avoid cumulating these costs. First, females can
take reproductive pauses when their body reserves are insuf-
ficient. All the species studied here are capital breeders that
use stored energy for reproduction in contrast with income
breeders that rely on short-term food acquisition to finance
reproduction [76]. There is evidence in red deer that repro-
ductive pauses depend on the sex of the previous offspring.
Indeed, female red deer that gave birth to a son are less
likely to give birth the following spring than mothers that
had a daughter [13]. Although this effect accounted for
only 1% of the total variation in hind fecundity [13], it was
primarily observed in low ranking mothers [12]. In bighorn
sheep, lambs born the year following the weaning of a son
had lower survival to weaning than lambs born after a
daughter, particularly at high density [11]. Second, mothers
with low capacity to provide care, either because of low
body condition, social status or experience, may produce
the cheaper sex to reduce fitness costs [12,77,78]. For example,
the year after weaning a son bighorn sheep females in poor
condition were more likely to produce a daughter than a
son [77].

A review of empirical studies of free-living mammals [79]
reported that short-term survival costs of reproduction are
infrequent in ungulates, which exhibit high reproductive
variability and low variance in adult survival. Our results
suggest that this pattern also holds for cumulative costs of
reproduction. Future studies of other groups of mammals
(e.g. non-human primates, elephants, marsupials) are
needed before we can conclude that the higher cost of sons
over daughters on maternal longevity reported by some
human studies is the exception rather than the rule in
long-lived mammal species. Detailed longitudinal data on
short-lived species, such as rodents, are also needed to test
whether higher cumulative costs of rearing sons on maternal
longevity are more likely to be found in short-lived than
long-lived species.
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