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Abstract
Sex-specific senescence has been construed as a function of
mating system and differential investment in parental care, with
males exhibiting low parental investment predicted to have
more rapid senescence due to costly reproductive behavior. In
monogamous mating systems, however, where parental invest-
ment may be more evenly distributed, rates of senescence are
predicted to be more equivalent between the sexes than in po-
lygynous mating systems. While many polygynous species do
appear to support this pattern, evidence from monogamous
species, particularly mammals, is scarce. Wolves are an excel-
lent system with which to test this hypothesis, as they exhibit
both monogamy and cooperative breeding, where parental in-
vestment is distributed across both breeders and non-breeders
of both sexes. We examined patterns of age-specific reproduc-
tion in red wolves and red wolf-coyote hybrids. We found no

evidence of decline in pup production with age in male wolves;
among females, the production appeared better explained by
hybrid status and age at first reproduction than age per se.
Remarkably, however, there was strong evidence of sex differ-
ences in pup recruitment, with males, but not females, showing
a steep decline in recruitment with age. Combined with previ-
ous work on aging in captive wolves, our findings contribute
not only to the current understanding of the relationship be-
tween mating system and senescence but also to the plasticity
of aging and the dynamics of female mate choice in the wild.

Significance statement
In this study, we test for signs of reproductive aging in red
wolves using a 20-year dataset documenting age-specific re-
production in the wild. We find evidence that reproductive
aging in males is evident for number of pups recruited, though
not for number of pups born; we find no evidence for repro-
ductive aging at either stage in wild female wolves. This sex
difference stands in contrast to the general prediction that pat-
terns of aging would be more monomorphic among monoga-
mous species. Furthermore, this is especially of interest given
that red wolves are cooperative breeders, with costs of repro-
duction spread across family groups. In general, this study
constitutes a valuable contribution to an emerging literature
geared at understanding patterns of aging in the context of
diverse social and ecological variables.
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Evolutionary biologists have long been intrigued by the wide-
spread diversity in rates of aging that is evident both within
and among species. It has historically been difficult to under-
stand how aging—a quintessentially maladaptive trait
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associated with deterioration in reproduction and survival ca-
pacity—could be shaped by natural selection. Current evolu-
tionary theory regards aging as an inevitable consequence of
increasing probability of death with advancing age due to
extrinsic causes, thus reducing selection against alleles with
deleterious late-life effects (Medawar 1952; Williams 1957).
However, as illuminating as this body of theory and empirical
study has proven to be, much remains to be understood re-
garding how and why rates of aging vary so dramatically in
the wild, in environments that differ not only in overall rates of
extrinsic mortality but also in numerous complex social and
environmental factors that can have pronounced effects on
how selection shapes patterns of investment in reproduction
and lifespan (Lee 2003; Bonduriansky et al. 2008).

Some classic models predict sex-specific senescence based
on sexual selection theory: males should Blive fast, die young^
when paternal investment per offspring—ranging from gam-
ete size to offspring care—is low, and the benefits of investing
in costly reproductive behavior, such as competition for mates
early in life, may be worth any potential trade-off with lon-
gevity (Williams 1957; Trivers 1972; Bonduriansky et al.
2008). This prediction of rapid aging in males relative to fe-
males appears to be supported empirically in a number of
species, particularly those exhibiting highly polygynous social
systems and high levels of sexual dimorphism (Finch 1994;
Promislow 1992; Clutton-Brock and Isvaran 2007). However,
Brule proving^ exceptions may occur in the case of monoga-
mous species where parental investment may be more equiv-
alent and favor more concordant patterns of aging between the
sexes (Promislow 1992; Promislow et al. 1992; Clutton-Brock
and Isvaran 2007).

While exceptions to the predicted fast-living strategy for
males have begun to be documented in birds (Clutton-Brock
and Isvaran 2007), similar evidence from mammals is limit-
ed—likely due at least in part to the relative rarity of monog-
amous mammals. Furthermore, studies of this kind have large-
ly focused on sex differences in longevity and survival, rather
than reproduction, particularly as information on paternal
identity and age has historically been more difficult to obtain
(but see Velando et al. 2006; Reid et al. 2010; Torres et al.
2011; Auld et al. 2013). Indeed, some of the greatest chal-
lenges in aging research in wild species are methodological,
as it remains difficult to obtain the long-term, longitudinal data
necessary for robust examination of age-related decline, espe-
cially in long-lived species (Nussey et al. 2008). Nevertheless,
to test the generality of a theory linking aging to sexual selec-
tion theory and to further explore its complexities, it is critical
to extend our understanding of patterns of aging in both sur-
vival and reproductive traits in a broader array of species.

Monogamous mammals pose an interesting case, as there
are some inevitable sex differences in parental investment
arising from female-only gestation and lactation. It is possible
that the exclusivity of these tasks may result in males bearing

proportionally more of the costs of foraging and defense, es-
pecially during early pup development. Thus, even at this
most basic level, there exists the possibility of greater strength
of extrinsic mortality on males, even in monogamous species,
that could generate sex-specific patterns of aging. Wolves are
of great interest with regard to the relationship betweenmating
system and senescence, as they exhibit highly monogamous
behavior and joint investment in parental care (Packard 2003;
Phillips et al. 2003; vonHoldt et al. 2008; Sparkman et al.
2012). However, they are also cooperative breeders, and it is
possible that what could otherwise be greater male-specific
costs of predation and defense are spread out among group
members, thus allowing mortality risks in male breeders to
more closely approximate that of females (Bourke 2007).
Thus, in these mammals, we might predict the most consonant
patterns of male and female aging based on social system
alone, regardless of any core differences in early parental in-
vestment between the sexes.

Here, we present the first study in a large, monogamous
carnivore to test for evidence of both male and female repro-
ductive senescence with regard to two indices of reproductive
success: pup production and recruitment. We examine longi-
tudinal data on pup production and recruitment from 20 years
of monitoring of a reintroduced population of the red wolf,
Canis rufus. Red wolves are cooperative breeders which ex-
hibit high levels of genetic monogamy (Sparkman et al.
2011a, 2012), and reproductive success for both males and
females is known based on a population-wide pedigree
(Adams 2006). There has been considerably controversy over
whether the red wolf lineage originated from an early hybrid-
ization between the now-extinct southeastern gray wolf and
coyote or whether it is a distinct cousin of the coyote that
evolved independently in North America (Kyle et al. 2006;
vonHoldt et al. 2016). Whatever the case, red wolves have
naturally interbred with coyotes subsequent to their reintro-
duction, allowing us to examine variation in age-related pat-
terns in both Btraditional^ red wolves and recent coyote hy-
brids. Using this rich data set, we test the prediction that mo-
nogamous male wolves pose an exception to the Blive fast, die
young^ model for male life-history and explore the ramifica-
tions of our findings (in combination with previous findings
for captive red wolves) for understanding the plasticity of
aging and female mate choice.

Methods

Red wolves were reintroduced into the Alligator River
National Wildlife Refuge in North Carolina in 1987 after their
extinction from their native distribution throughout the south-
eastern USA (McCarley and Carley 1979; USFWS 1984).
Between 1987 and 2007, free-ranging wolves were captured
primarily via foothold traps, equipped with very high-
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frequency radio-collars and subsequently monitored inten-
sively to gather detailed information on life-history traits
(Phillips et al. 2003). It is estimated that >95% of handled
adult wolves were collared and that >90% of adults on the
recovery area were Bknown^ (A. Beyer and USFWS, unpub-
lished data). It was not possible to record data blind because
our study involved focal animals in the field.

Two levels of reproduction were analyzed: (1) the birth
litter size, defined as the number of pups captured in the
den site, and (2) the recruit litter size, defined as the num-
ber that survived from birth in the spring until the follow-
ing autumn. Litter size estimates were obtained directly
via den site visits during the first weeks after pup birth,
when pups had low mobility and could be enumerated and
individually marked with relative ease (Mills et al. 2008).
Our analysis examined 92 birth events, involving 52 dams
and 58 sires, as well as 106 recruitment events, involving
44 dams and 44 sires. Parentage was assigned using a
population pedigree, the reconstruction of which has been
described in detail elsewhere (Adams 2006). Briefly, ge-
netic material was obtained for 703 individuals and geno-
types were collected at 18 microsatellite loci with an av-
erage heterozygosity of 0.65 (Adams 2006). To assign
parents to an individual, we used a maximum likelihood
approach as implemented in the program CERVUS 2.0
(Marshall et al. 1998; Adams 2006) as well as field data
on known pairings and spatial locations of individuals.
When one parent was known, we could successfully as-
sign parentage 95% of the time at the 95% confidence
level and 96% of the time at the 80% confidence level.
When neither parent was known, we could successfully
assign parentage 88% of the time at the 95% confidence
level and 99% of the time at the 80% confidence level
using these 18 loci (Adams 2006).

All members of a red wolf pack, including the breeding
pair and non-breeding individuals, are known to frequent dens
after pups are born, and the majority of non-breeding mem-
bers of packs were offspring from a previous year that delayed
dispersal, which we refer to as Bhelpers.^ Wolves were aged
by PIT tagging at den sites or during pup capture in early fall.

Reintroduced red wolves naturally hybridize with the coy-
ote (Canis latrans), although management efforts selectively
removemany hybrid litters (Phillips et al. 2003).Wewere able
to identify all pair formation and hybridization events between
radio-collared red wolves and coyotes. Hybrids used in this
study ranged from 50 to 97% red wolf (see Adams 2006).

Statistical analyses

Analyses were conducted using PROC GLIMMIX, with a
log-link function and Poisson distribution (SAS 9.3, SAS
Institute, Cary, NC, USA). We conducted generalized linear
mixed model analyses of our two response variables—red

wolf birth and recruit litter size. We began by testing for an
effect of dam age, with dam identity as a random effect, and
for an effect of sire age, with sire identity as a random effect.
Random effects were included to address the presence of re-
peated measures of reproductive events within individuals.
We also tested for a quadratic relationship between reproduc-
tive variables and age for both dams and sires. Given that we
found dam age was significantly related to birth litter size, and
sire age was significantly related to recruit litter size (see
BResults^ section), we then examined other confounding var-
iables that could potentially explain variation in birth and re-
cruit litter size. This allowed us to test whether the relation-
ships we observed with age could better be explained by other
factors.

For birth litter size, we constructed a series of models that
contained dam age and dam identity as a random effect, and
one of the following variables (summary statistics—mean ±
standard deviation—are provided in parentheses): population
size (103 ± 28 wolves), pack size (3 ± 2 wolves), dam adult
body size (PC1 mean −0.06 ± 0.69), dam hybrid status (125
red wolves, 39 hybrids), dam presence/absence of helpers in
the natal pack (75 present, 53 absent), dam age at first repro-
duction (AFR) (3.2 ± 1.1 years), and dam age at last repro-
duction (ALR) (6.7 ± 2.0 years). Pack size was defined as the
number of individuals present within a pack during the spring,
when pups are born. It was expressed as a categorical variable
with two levels: one to two individuals in a pack (generally the
dam and sire), or three or more individuals. Note that analyses
were also conducted with pack size as a continuous variable,
and no non-linear effects were observed. We chose to conduct
the final analysis with pack size as a categorical variable to
reduce the extent to which current pack size is influenced by
the degree of reproductive success and offspring dispersal
profile during the previous year, as packs are largely com-
posed of parents and philopatric offspring (Sparkman et al.
2012). We included the presence/absence of helpers in sire/
dam natal pack (i.e., whether or not sires and dams had helpers
when they were pups themselves), as previous work has
shown that helpers can have long-term effects on pup fitness
(Sparkman et al. 2011b). Adult body size was defined as the
first principal component from a principal component anal-
ysis (PCA) of morphological measures (ear, tail, hindfoot,
shoulder, and body length) of free-ranging wolves taken at
any age over 18 months, the age at which growth appears
to cease in red wolves (Sparkman et al. 2011b). PC1 ex-
plains 71% of the variation in body size. AFR and ALR
were also investigated, to examine whether age effects
could be explained by differences in individual quality
rather than age per se (Nussey et al. 2008). Age at first
reproduction was defined as the first year at which an in-
dividual was known to reproduce, and age at last reproduc-
tion was defined as the last year at which an individual was
known to reproduce prior to their death.
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For recruit litter size, we constructed a series of models that
contained sire age and sire identity as a random effect, and one
of the following variables (summary statistics—mean ± stan-
dard deviation—are provided in parentheses): population size,
pack size, sire adult body size (PC1 mean 1.23 ± 0.95), sire
hybrid status (110 red wolves, 54 hybrids), sire presence/
absence of helpers in the natal pack (73 present, 47 absent), sire
age AFR (3.0 ± 1.6 years), and sire age ALR (6.2 ± 2.4 years).
All variables were defined as described above.

We first screened all covariates individually, and those
where P > 0.1 when fit individually were not considered fur-
ther. We compared models containing variables that passed
the preliminary screening tests using Akaike’s information
criterion corrected for small samples (AICc) (see Burnham
and Anderson 2002). There was no concern regarding
multicollinearity in our analysis (r < 0.3 for all explanatory
variables). In addition to each main effect, we also included
interactions between dam/sire age and hybrid status, to deter-
mine whether red wolves and red wolf-coyote hybrids were
exhibiting the same trends. Since some variables had data
missing for some individuals, interfering with our ability to
compare models using AICc, we imputed missing values as
follows: we imputed a dam AFR of 3 years, the AFR average
for this population, for 12/98 missing data cells; we imputed a
pack size of 1–2 individuals for 4/98 packs, as all four of these
packs appeared to be young transitory packs, unlikely to have
had helpers from previous litters. To confirm that imputed
values were not affecting conclusions, the final models arrived
at through our model selection procedure were re-run with the
reduced sample size (N = 83 litters) that only included obser-
vations where data was available for all covariates.

In addition to considering a simple linear and quadratic re-
lationship between reproductive output and age, we also

employed two additional methods designed to test for non-
linear effects of age. First, following the approach of
Hammers et al. (2012), we repeated the analyses of top models
for birth and recruit litter size using generalized additive mixed
models (GAMMs) with a non-parametric smoothing spline for
sire/dam age using the mgcv package (version 1.8-3; Wood
2011) in R (version 3.1.2; R Core Team 2014). In addition,
we conducted analyses with dam or sire age restricted to 5 years
or older to test for evidence of a linear decline from mid-life to
age 10 (the latest age of reproduction in our data set). To do so,
we included dam age and sire age to all top models for both
birth and recruit litter size using this restricted data set.

Results

There was a significant negative relationship between birth
litter size and dam, but not sire age (Table 1; Fig. 1a, b). In
contrast, there was a significant relationship between recruit
litter size and sire age, but not dam age. There was no signif-
icant quadratic effect of age (Table 1; Fig. 1c, d).

For birth litter size, with dam age as a covariate, population
density, pack size, dam AFR, and dam hybrid status all
showed P < 0.1 (Table 2). For recruit litter size, with sire
age as a covariate, presence of natal helpers, pack size, and
ALR all showed P < 0.1 (Table 2). All other effects showed
P > 0.1 and were not considered further (Table 2), with the
exception of dam ALR and sire AFR. We included both of
these variables in our model selection analysis, since ideally
both AFR and ALR should be tested at the same time when
accounting for potential variation in individual quality.

We compared all combinations of the screened variables in
models with and without age. The model with the lowest

Table 1 Age effects
Response Effect Number Estimate SE df F P

Birth litter size Dam age 98 −0.072 0.030 1.50 5.64 0.021

Sire age 93 −0.031 0.029 1.44 1.15 0.290

Dam age 98 −0.026 0.156 1.49 0.03 0.867

Dam age2 −0.004 0.014 1.49 0.09 0.768

Sire age 93 −0.170 0.136 1.48 1.56 0.218

Sire age2 0.014 0.013 1.48 1.09 0.301

Recruit litter size Dam age 148 −0.044 0.033 1.91 1.7 0.195

Sire age 145 −0.097 0.035 1.84 7.84 0.006

Dam age 148 0.035 0.177 1.82 0.04 0.846

Dam age2 −0.008 0.016 1.82 0.23 0.631

Sire age 145 0.117 0.161 1.83 0.53 0.468

Sire age2 −0.023 0.017 1.83 1.85 0.177

Generalized linear mixed model analyses of the relationship between age and age squared on the number of wolf
pups born (birth litter size) and recruited (recruit litter size). Sire and dam identities were included as random
effects. Effect estimates and standard errors (SE) are given. Significant P values are indicated in bold
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AICc for birth litter size included hybrid status, pack size, age
at first reproduction, and population density, but not dam age
(Table 3). Other models with similar AICc values included
various combinations of these same variables; thus, all of the
top models were in agreement in the variables that best ex-
plained birth litter size. No additional parameters occurred

within a ΔAICc <3, with the exception of dam ALR in one
model (ΔAICc = 2.1); however, ALR was highly non-
significant (as in Table 2) and did not alter either the relation-
ship between birth litter size and other variables in the model.
Furthermore, all of the top models lead to the same conclusion
regarding a lack of evidence for senescence. An interaction

Fig. 1 Relationships between birth and recruit litter size and sire/dam age. Only a and d represent significant linear relationships. Data markers are
jittered to reveal overlapping points

Table 2 Effect screening
Response Effect Number Estimate SE df F P

Birth litter size Population size 98 0.004 0.002 1.49 2.97 0.091

Pack size 94 −0.284 0.116 1.17 6.05 0.025

Dam body size 70 −0.043 0.089 1.29 0.24 0.630

Dam hybrid status 98 −0.303 0.124 1.45 6.00 0.018

Dam natal helpers 80 0.116 0.129 1.33 0.81 0.375

Dam AFR 86 −0.149 0.054 1.37 7.64 0.009

Dam ALR 96 −0.002 0.036 1.44 0.00 0.952

Recruit litter size Population size 139 −0.001 0.002 1.76 0.15 0.695

Pack size 135 −0.268 0.134 1.24 3.99 0.057

Sire body size 99 −0.095 0.082 1.37 1.34 0.255

Sire hybrid status 145 −0.120 0.132 1.58 0.82 0.369

Sire natal helpers 114 0.334 0.137 1.43 5.92 0.019

Sire AFR 122 0.047 0.052 1.74 0.81 0.372

Sire ALR 142 0.055 0.030 1.83 3.35 0.071

Generalized linear mixed model results for additional fixed effects that may affect birth and recruit litter size.
Fixed effects of dam or sire age and random effects of dam or sire were included in eachmodel for birth and recruit
litter size, respectively. Effect estimates and standard errors (SE) are given.P values that were <0.1 are indicated in
bold
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between age and hybrid status was not present in any of the
top models. All four variables in the final birth litter size mod-
el were significantly related to birth litter size, with the excep-
tion of population density (Table 4). Hybrids had larger litters,
dams with later AFR had smaller litters (Fig. 2a), and larger
packs had larger litters (Fig. 2b).

The model with the lowest AICc for recruit litter size
contained both sire age and presence of natal helpers, but
not pack size, AFR, or ALR (Table 3). Other models with
similar AICc values (ΔAICc <3) included various combina-
tions of sire age and natal helpers, and some also included
ALR and pack size. However, while ALR and pack size were
non-significant (P > 0.1), indicating the lack of a strong effect,

the most critical point for the purpose of the study is that
regardless of whether natal helpers, pack size, or ALR were
in the model together with sire age, all models provided evi-
dence for senescence. AFR did appear in the tenth best model
(ΔAICc = 3.5), but it was highly non-significant (as in
Table 2) and did not alter the relationship between recruit litter
size and other variables in the model. In the top model, both
sire age and natal helpers were significantly related to recruit
litter size (Table 4), with older sires having fewer recruits
(Fig. 4). Consistent with previous analyses of male lifetime
reproductive success (discussed in Sparkman et al. 2011b),
males that had helpers present in their natal packs also recruit-
ed significantly fewer pups (Fig. 3).

Table 3 Model comparison
Response Model AICc ΔAICc

Birth litter size Hybrid + pack size + AFR + population density 151.44 0.0

Pack size + AFR + population density 151.65 0.2

AFR + population density 152.96 1.5

Hybrid + pack size + AFR 152.98 1.5

Hybrid + pack size + AFR + population density + ALR 153.56 2.1

Hybrid + AFR + population density 153.76 2.3

Dam age + pack size + AFR + population density 154.41 3.0

Hybrid + pack size + AFR + ALR 154.58 3.1

Dam age + hybrid + pack size + AFR + population density 154.61 3.2

Hybrid + AFR 154.77 3.3

Recruit litter size Sire age + natal helpers 262.52 0.0

Sire age 262.87 0.4

Natal helpers 262.98 0.5

Sire age + ALR 263.41 0.9

Sire age + natal helpers + ALR 264.41 1.9

Pack size 264.75 2.2

Sire age + natal helpers + pack size 264.85 2.3

Natal helpers + ALR 264.86 2.3

Sire age + pack size 265.32 2.8

Sire age + AFR + ALR 265.99 3.5

AICc values for generalized linear mixed models of birth and recruit litter size, with sire/dam ID as random
effects. Changes in AICc values in comparison to the top model are given. Only the top ten models showing
combinations of variables that passed the screening process are shown

Table 4 Results from final birth
and recruit litter size models Response Effect With imputed values Without imputed values

df F P df F P Estimate SE

Birth litter size Dam hybrid status 1.44 5.17 0.028 1.30 6.9 0.014 −0.268 0.118

Pack size 1.18 5.64 0.029 1.14 5.23 0.038 −0.242 0.102

Dam AFR 1.44 7.87 0.008 1.30 5.25 0.029 −0.131 0.047

Population size 1.49 2.93 0.093 1.38 5.51 0.024 0.0041 0.002

Recruit litter size Sire age 1.68 5.77 0.019 −0.1235 0.039

Sire natal helpers 1.43 5.92 0.012 0.3602 0.138

P values in bold indicate significant effects
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GAMM models fitting a non-linear smooth spline showed
no significant relationship between birth litter size and either
dam age (estimated degree of freedom (edf) = 1; F = 0.561;
P = 0.456) or sire age (edf = 1; F = 1.161;P = 0.285). Similarly,
there was no significant relationship between recruit litter size
and dam age (edf = 1; F = 2.269; P = 0.134). Consistent with
the generalized linear mixed model analyses, however, there

was a significant relationship between recruit litter size and sire
age (edf = 1; F = 11.47; P = 0.000917). The GAMM function
penalizes complexity, and if there is not sufficient support for
non-linearity, it will revert to a linear model, as is indicated by
an estimated degree of freedom, or edf, at or near 1. In all cases,
the edf was 1, the new model did not explain additional varia-
tion in the data, and the plotted relationship of the spline func-
tion was linear and matched results from the linear model. As
such, there was no support for non-linear relationships with
respect to age. The restricted analysis containing only sires or
dams ages 5 and older revealed no hidden negative relationship
with dam age for either reproductive variable (birth litter size
P = 0.716, recruit litter size P = 0.159) or in sires for birth litter
size (P = 0.885). Note that even a full model selection analysis
on this restricted data set leads us to the same conclusions, with
reproductive aging evident only for sires with respect to recruit
litter size. Furthermore, even if we restrict the data set to 6+ or
7+ years, we still see no evidence for aging. That said, sample
sizes begin to diminish at 8 years, leaving us little power to
robustly test for presence of decline at 8+ years of age. Finally,
we also confirmed that sire and dam age did not bear a signif-
icant relationship to birth litter size or recruit litter size, respec-
tively, if included in our top models for each of these variables
(Table S1).

Discussion

In this study, we report that red wolves do in fact exhibit sex
differences in age-related reproductive decline. Furthermore,
patterns of age-related decline vary with the stage of repro-
ductive investment. These results suggest that a monogamous,
cooperatively breeding social system per se does not result in
more homogeneous patterns of reproductive senescence be-
tween the sexes, as might be predicted by demographic appli-
cations of sexual selection theory. Rather, our findings suggest
that monogamous breeding pairs may differ markedly in their
contribution to mutual fitness, as well as in their response to
early-life social factors.

Sex-specific changes in reproduction with age

Female age appeared to bear a significant negative relation to
birth litter size in our sample of red wolves (Fig. 1a). However,
other competing explanatory variables—AFR and hybrid status
in particular—appeared to more effectively explain variation in
litter size (Fig. 2), suggesting that the low litter sizes at later
ages may have been primarily an artifact of higher reproduction
in hybrids (likely due to high average litter sizes in coyotes—
see Rabon 2014; Gese et al. 2016) and females that started
reproducing later having smaller litters (perhaps due to poor
body condition, or suboptimal conditions) (Fig. 4a). This is
not to say that female reproductive senescence does not occur
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in red wolves—on the contrary, it may occur at later ages, or
even commence around 8 years of age, when our sample size
becomes restrictive. Furthermore, age and AFR at later ages
may to be some extent confounded, with later AFR females
also beginning to experience some level of reproductive de-
cline. However, while we had few points for ages 9 and 10,
two of the largest litters, composed of 10 pups (with the more
typically pattern being two to four pups per litter), occurred at
ages 7 and 9. This suggests that some females may continue to
be capable of high reproductive output even at late ages. Male
red wolves showed a similar capacity for sustained pup produc-
tion with age even at late ages, with no evidence of decline in
number of pups sired by older males (Figs. 1b and 4b).

These results are not readily explained by differences in
breeder quality that mask senescent decline (with only
higher-quality females living to reproduce at late ages; see
Nussey et al. 2008), as dam age at last reproduction did not
prove to be a significant predictor of number of pups pro-
duced. Furthermore, our findings are consistent with a recent
study in captive red wolves that showed no relation between
birth litter size and parental age (Rabon 2014). Importantly,
however, captive red wolf females did show a decline in pup
survival with maternal age, commencing at 8 years of age.
Since very few females reproduced at this late age in the wild,
it is possible that reproductive senescence after 8 years is also
accompanied by somatic senescence and a steep decline in the
probability of survival and/or breeding success at older ages.

The lack of strong evidence for reproductive senescence in
wild female red wolves stands in contrast to reports of female

reproductive senescence in other cooperative breeders with
similar lifespans, where declines in litter size and/or survival
have been shown to commence as early as 4–6 years of age
(e.g., Creel et al. 2004; Sharp and Clutton-Brock 2010; Stahler
et al. 2013). Though some evidence suggests that red wolves
represent a lineage that emerged from hybridization between
gray wolves of Eurasian origin and coyotes of North
American origin (vonHoldt et al. 2016), other works suggest
that it may be a distinctly North American cousin of the coyote
(Kyle et al. 2006).Whatever the case, in this context we found
that red wolves do appear tomore closely resemble the coyote,
in which female pregnancy rates and breeding success have
been reported to show little decrease until after 9 years of age
(Windberg 1995; Green et al. 2002). Nevertheless, at least two
coyote studies have shown a complete cessation in reproduc-
tion in all individuals older than 6 years (Crabtree 1988; Sacks
2005). As studies of canid senescence accumulate, it will be
important to determine whether female red wolves are distinc-
tive in showing minimal senescence up to late ages in the wild
or whether the few reports that exist differ less due to phylo-
genetic differences, than to population differences in response
to ecological challenges.

While there was no evidence of a relationship between dam
age and recruit litter size (Figs. 1c and 4c), sire age did bear a
strong relationship to recruitment, with sires showing a steep
linear decline in recruit litter size from ages 1 to 9 (Figs. 1d
and 4d). Tellingly, five or six reproductive 8- and 9-year olds
had zero recruits, and the remaining individual reared only a
single recruit. Thus, aging appears to have effects over the vast

Fig. 4 Average predicted values
(solid lines) from generalized
linear mixed models for birth and
recruit litter size in relation to sire/
dam age, with upper and lower
95% confidence intervals (dotted
lines). Only d represents a
significant linear relationship
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majority of male wolf reproductive lifespan in the wild, acting
at the level of successful pup recruitment. These findings are
consistent with reports of apparent somatic senescence in gray
wolves, which exhibit predatory senescence commencing as
early as 2–3 years of age (MacNulty et al. 2009b).

These sex-specific patterns of reproductive senescence in red
wolves suggest that sex differences in parental investment and
behavior may not be sufficiently diluted by cooperative living so
as to decrease the strength of extrinsic mortality on males. There
is in fact reason to believe that in spite of being monogamous
cooperative breeders in which both sexes share parenting and
foraging responsibilities, wolves do exhibit moderate sexual di-
morphism in addition to characteristically mammalian differen-
tiation in sex roles during gestation and lactation. For instance, on
average male gray wolves are larger than females, and larger
body size has been associated with increased predatory ability
(MacNulty et al. 2009a). Furthermore, there is some evidence
that competitionmay be stronger inmales (though perhaps not as
strong as in polygynous species) (Sparkman et al. 2012; Cassidy
et al. 2015). Thus, it is possible that costs associated with in-
creased effort/investment in predation and pack defense—or at
least increased probability of injury—may sufficiently differenti-
ate levels of extrinsic mortality experienced by males and fe-
males in general.

Interestingly, paternal age does not affect pup survival in cap-
tive male red wolves (Rabon 2014). Thus, it appears that age-
specific declines in recruitment may be environmentally contin-
gent. More limited resources, harsher environmental conditions,
and/or increased costs associated with male-male competition,
pack defense, and foraging in the wild may cause more rapid
phenotypic aging in males and consequently result in decreased
ability to perform these same behaviors. A similar case of envi-
ronmentally contingent plasticity in aging has been reported in
the black field cricket, where males suffered increased mortality
rate due to predation risk under semi-natural conditions, whereas
males lived longer and aged slower than females in a benign lab
environment (Maklakov et al. 2009). There is also some evi-
dence that sex differences in mortality and longevity in humans
may be environmentally contingent (Graves et al. 2006; Graves
2007). While these findings suggest that male reproductive se-
nescence is plastic, it remains to be determined whether environ-
mental conditions simply advance the onset of senescent pheno-
types, perhaps through Bwear and tear,^ or whether they expose
evolved phenotypes that are a result of limited selection against
deleterious alleles that are more readily expressed in mature
wolves in the wild, even at early ages.

Ramifications for female mate choice

We have previously shown that red wolf lifetime reproductive
success is strongly correlated with helper presence/absence at
birth, via effects on early-life survival and reproductive
lifespan (Sparkman et al. 2011b). While having helpers does

increase the probability of survival to age 2 for both males and
females, male red wolves that had helpers at birth had signif-
icantly lower lifetime reproductive success via reduced repro-
ductive lifespan. In this study, we report that males that had
helpers in their natal pack also recruited fewer pups (Fig. 3).
Thus, it appears that for males, having had natal helpers de-
creases lifetime reproductive success through both a decrease
in reproductive lifespan and a decrease in annual recruitment.
This may be due to a trade-off between early- and late-life
traits, where faster growth to larger body sizes for pups that
had helpers in their natal pack may carry costs that result in
reduced performance of parental or survival-related traits in
adulthood (see Sparkman et al. 2011b for more thorough
discussion).

The variability in reproductive quality among males with
respect to age and early-life social experience combined
would suggest that females should prefer to breed with (1)
younger males and (2) males that did not have helpers at birth.
However, with respect to (1), we have little evidence that
females are actively abandoning their mates in exchange for
younger males. It is true that 12% (n = 90) of breeding pairs
may form due to male-male competition, with younger males
replacing older breeders (Sparkman et al. 2012). We have
reported three cases in which sons displaced fathers—two
initially through extra-pair copulation with their mother
(which is unusual, as these constituted two of only a total of
four cases of paternity/maternity outside of a pairbond). The
remaining eight cases of breeder replacement involved the
arrival of a competitor and subsequent death or departure of
the resident male. However, it is not clear (except perhaps with
respect to the mother-son pair bonds) whether females are
actively choosing replacement males; in fact, the vast majority
of females stay with one mate until death. This extreme mo-
nogamous behavior may be male-enforced (Hosken et al.
2009), with even senescent males actively engaged in repro-
ductive suppression and ousting of potential competitors.
Alternatively, for females, the likelihood of and costs associ-
ated with finding a new, younger mate with a suitable territory
may be greater than any potential benefits.

The extent to which females could preferentially breed with
males that did not have helpers would likely be a complex
function of both mate availability, as well as the presence of
signals indicating early social history. For instance, there
could be selection for preference for smaller males, since
males with helpers are smaller at high density (Sparkman
et al. 2011b). However, such a preference would not necessar-
ily evolve, since small body size could trade-off with preda-
tory and/or competitive ability (MacNulty et al. 2009a), which
could also have important ramifications for pup recruitment.
Unfortunately, the study of mate choice in wolves is logisti-
cally challenging, as wolf behavior is difficult to observe di-
rectly and on fine spatial and temporal scales in the wild.
However, in so far as we can determine whether females select
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mates on different criteria associated with age and early-life
factors will be of great interest, in determining whether fe-
males are responding adaptively to differences in male parent-
ing ability.
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