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The evolutionary maintenance of cooperative breeding systems is thought to be a function of relative costs

and benefits to breeders, helpers and juveniles. Beneficial effects of helpers on early-life survivorship and

performance have been established in several species, but lifetime fitness benefits and/or costs of being

helped remain unclear, particularly for long-lived species. We tested for effects of helpers on early- and

late-life traits in a population of reintroduced red wolves (Canis rufus), while controlling for ecological

variables such as home-range size and population density. We found that the presence of helpers in

family groups was positively correlated with pup mass and survival at low population density, but nega-

tively correlated with mass/size at high density, with no relation to survival. Interestingly, mass/size

differences persisted into adulthood for both sexes. While the presence of helpers did not advance age

at first reproduction for pups of either sex, females appeared to garner long-term fitness benefits from

helpers through later age at last reproduction, longer reproductive lifespan and a greater number of life-

time reproductive events, which translated to higher lifetime reproductive success. In contrast, males with

helpers exhibited diminished lifetime reproductive performance. Our findings suggest that while helper

presence may have beneficial short-term effects in some ecological contexts, it may also incur

long-term sex-dependent costs with critical ramifications for lifetime fitness.

Keywords: cooperative breeding; helpers; body mass; survival; age at first reproduction;

lifetime reproductive success
1. INTRODUCTION
Cooperative breeding is a relatively rare but broadly

distributed phenomenon in the animal kingdom, with

the majority of cooperatively breeding species living in

family units consisting of both breeding individuals and

offspring that delay dispersal [1]. Though not all delayed

dispersers play an active role in caring for young, in many

species they may act as ‘helpers’ through juvenile provi-

sioning, guarding, grooming and/or training [2,3]. The

evolutionary stability of cooperative breeding is theoreti-

cally a complex function of costs and benefits of delayed

dispersal to both the helper and those helped [4–6].

Beneficial effects of helpers on juvenile growth and survi-

val have been documented in a wide array of cooperatively

breeding species [2,3], and the benefits of large juvenile

size have been shown to extend to the reproductive

years. For instance, heavier prairie voles (Microtus

ochrogaster) are preferred as social mates, and have

increased fecundity [7,8]. Similarly, heavier banded mon-

goose (Mungos mungo) and meerkat (Suricata suricatta)

females have earlier ages at first breeding as well as

increased fecundity [6,9]. Moreover, helpers increase
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the probability that meerkat pups will become reproductive

during their lifetimes [10].

Though studies are beginning to emerge showing favour-

able effects of helpers on early-life probability of

reproduction and fecundity, evidence of lifetime fitness

benefits of helpers—apart from increased probability of sur-

vival to breeding age—is minimal [11]. This deficiency may

be due to challenges associated with obtaining complete

longitudinal life-history data on individuals, particularly in

long-lived species. Nevertheless, any definitive fitness

benefits of helping behaviour can only be established by

assessing the impact of helping on lifetime reproductive suc-

cess (LRS) of those being helped. It is particularly critical to

evaluate any early-life benefits of helping in the context of

life-history theory, which predicts trade-offs between

early- and late-life traits [12,13], as well as evidence that

the long-term advantage of investing in certain traits such

as larger body sizes may vary according to species and

environmental context [14,15]. Furthermore, while some

studies have demonstrated sex differences in LRS in relation

to early-life factors such as population density and delayed

dispersal [16,17], the possibility of sex differences in LRS

driven by helpers has not previously been examined.

In this study, we examined sex-specific effects of

cooperative breeding on components of LRS in a mono-

gamous group-living canid, the red wolf Canis rufus.

Helping behaviour is widespread among canids, as
This journal is q 2010 The Royal Society
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demonstrated by den-site attendance, provisioning, play

and grooming by non-breeding pack members [18–20].

Studies in some canids have shown a positive relationship

between helping behaviour and pup size and survival

[18,21–23], although in other cases the relationship is

less clear [24–26]. Furthermore, evidence suggests that

the presence of helpers is not always beneficial and may

in fact be harmful when population densities are high

and food resources are limited [21,27,28]. Thus, ecologi-

cal factors such as population density and home-range

size are essential to bear in mind when assessing impacts

of large family groups on offspring fitness.

We examined the effects of cooperative breeding on

early- and late-life traits in red wolves reintroduced into

North Carolina following extinction from their historical

range across the southeastern United States [29]. Over 20

years, a large proportion (i.e. greater than 80%) of wild-

born individuals were monitored intensively via radio-tele-

metry and genetic sampling, and we have information on

individual home-range size, population density, pack

social dynamics and life history of more than 400 free-ran-

ging wolves. Drawing on this rich dataset, we address the

following questions, critical to understanding the evolution

and maintenance of a cooperative breeding strategy:

— Do helpers affect body mass, size and survival of

offspring?

— Do helpers facilitate earlier age at first reproduction?

— Do helpers exert long-term effects on lifetime repro-

ductive traits, such as age at last reproduction (ALR),

reproductive lifespan (RLS), number of lifetime

reproductive events (LREs) and—ultimately—LRS?

In addition, we test for sex differences in response to

helpers for all three of these areas, and discuss the

ramifications of our findings for the evolutionary main-

tenance of cooperative breeding in monogamous species.

2. STUDY SYSTEM
Formerly distributed throughout the southeastern United

States, the red wolf was declared extinct in the wild in

1980, as a result of systematic eradication and habitat loss

following European settlement [29,30]. In 1973, the US

Endangered Species Act resulted in the establishment of a

captive breeding programme and in 1987 a reintroduction

programme was launched in the Alligator River National

Wildlife Refuge in North Carolina [29]. Since reintroduction,

the red wolf population has grown to roughly 120 individuals

([31]; electronic supplementary material, figure S1), and

from 1987 to 2007 463 animals were equipped with very

high-frequency radio transmitters and monitored intensively

for home-range and life-history attributes [32].

Paternity data reveal that the red wolf population largely

exhibits both social and genetic monogamy, with reproduc-

tion in a pack limited almost exclusively to a single

breeding pair [33]. All members of a red wolf pack, including

the breeding pair and non-breeding individuals, are known to

frequent dens after pups are born [32]. In this study, the

majority (90%, n ¼ 161) of non-breeding members of

packs were offspring from a previous year that delayed dis-

persal, which we will refer to as ‘helpers’, though true

helping behaviour, such as is present in all other members

of the Canis genus, has not yet been documented in the (con-

siderably less studied) red wolf, and non-breeders may
Proc. R. Soc. B (2011)
not always provide help. In this population, 59 per cent

(n ¼ 321) of pups with known fate had at least one helper

present for at least part of their first year. Packs had one or

two helpers present on average.
3. STATISTICAL ANALYSES
In our analyses, we recognized three population density

time intervals: Low Density I (1989–1993), Low Density

II (1994–1998) and High Density (1999–2007) (elec-

tronic supplementary material, figure S1). During the

High Density interval the population was stationary.

Except where noted, time intervals were analysed separately

to avoid difficulties of interpretation in testing for three-way

interactions. Life-history traits were analysed with respect

to adult mass and size, natal home-range size, natal popu-

lation density and presence or absence (P/A) of helpers in

the natal pack. Home-range size was calculated from the

95 per cent isopleths of utilization distributions, as esti-

mated using kernel density estimators with fixed

bandwidth estimated using the root-n bandwidth estimator,

and ranged from 14 to 164 km2 [34]. Helper effects were

analysed using a binomial variable denoting presence/

absence owing to the relative paucity of packs with three

or more helpers. All non-significant effects and their inter-

actions (p . 0.1) were removed in a step-wise fashion to

arrive at the final model. All analyses were conducted

using SAS 9.1.3 (SAS Institute, Cary, NC, USA).

(a) Body mass, size and survival

Wolves were captured primarily via foothold traps, and

weighed and measured upon capture [32]. Measurements

of mass, ear, tail, hindfoot and body length were made on

127 pups (aged 6–8 months), and 199 adults. The four

morphological measures were significantly correlated, and

thus were reduced to a single structural size index (hereafter

‘size PC1’) using principal components analyses for pups

and adults. The residuals of individual mass or size PC1

plotted against estimated age in months at time of weighing

were used for all pup mass and size analyses, to compensate

for growth in older pups. Though mass and size PC1 were

positively correlated in both pups and adults (§3), we

analysed them independently because mass of free-ranging

canids can exhibit high seasonal variability and may be more

indicative of condition than size per se [35]. For adults, we

averaged individual mass and size PC1 over lifetime

measures obtained after growth ceased (approx.

18 months).

We conducted simple linear regression analyses by sex to

test for long-term within-individual relationships between

pup and adult mass and size PC1. For both pup and

adult mass and size PC1, stepwise analyses were conducted

with sex and presence/absence of helpers as fixed effects,

and natal home-range size and natal population density as

covariates. Litter was included as a random effect to

account for common environmental or maternal effects.

We excluded the Low Density I interval from mass/size

analyses owing to low sample size (n ¼ 10).

To test for a role of helpers on survival for Low Density

II and High Density intervals, we constructed logistic

mixed models with survival to age 2 (yes or no) as the

response variable, presence/absence of helpers and sex

and their interaction as fixed effects, natal home-range

size as a covariate and litter as a random effect. We were

http://rspb.royalsocietypublishing.org/
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unable to test for an effect of helpers on survival to six to

eight months of age, to mirror our analyses of effects of

helpers on mass/size at that age, as the majority of pups

were not radiocollared prior to six months. We chose age

2 as an index of survival to reproductive age, as this is

the age at which many wolves begin to breed. Since the

majority of mortalities prior to age 2 were due to anthropo-

genic causes, we assume for the purposes of this analysis

that factors that make individuals more vulnerable to

death from natural causes similarly increase risk from

anthropogenic factors. This assumption is supported by

qualitatively similar trends when confining the analysis to

individuals dying of natural causes alone (n ¼ 12 and n ¼

11 for Low Density II and High Density, respectively).

Similarly, for censored individuals (lost owing to radiocol-

lar failure), we assume that death of pups occurred at or

around the time of censoring, as results with and without

censored individuals were qualitatively similar.
(b) Age at first reproduction

Age at first reproduction was known for 105 individuals (52

males, 53 females). We analysed age at first reproduction

with respect to sex, presence/absence of helpers, pup or

adult mass or size PC1, natal home-range size and natal

population density. Analyses were conducted by considering

each population time interval both separately and pooled.
(c) Lifetime reproductive traits

Pearson correlation coefficients were calculated between all

lifetime reproductive traits, including age at first reproduc-

tion, age at last reproduction, reproductive lifespan, lifetime

number of reproductive events and LRS. LRS was defined

as the total number of pups produced in an individual’s life-

time that survived from birth in the spring until the

following autumn, and was estimated as the sum of yearly

counts of pups captured in the den and/or observed in a

pack during the following months. Parental relationships

were confirmed from genetic data, generated at 18 microsa-

tellite loci, via genetic exclusion and the program CERVUS

v. 2.0 [36] (for detailed genetic methods, see [37]). The

Brown–Forsythe test was used to test for unequal variance

in LRS between the sexes using both reproductive and

non-reproductive individuals for whom complete lifetime

information was known (23 females, 29 males).

Approximately 27 per cent (n ¼ 489) of wolves moni-

tored were known to be reproductive. Of these, complete

lifetime reproductive information was known for 34 wild-

born individuals (13 females, 21 males) that were either

known to have died of natural causes or were presumed

to have died after reproduction had ceased: 14 died of

natural causes, two died of unknown causes but had

lost dominance prior to death, four died of anthropogenic

causes at advanced ages but had not reproduced in the

previous year, and 14 were censored after 7 years of

age, but had not reproduced for at least one year pre-

viously, or were sufficiently advanced in age as to be

presumed dead. No individuals were included that

appeared to cease reproduction primarily owing to the

death of a mate by anthropogenic causes. An additional

five individuals that died either naturally or of unknown

causes at an advanced age for whom timing of reproduc-

tion was known, but not numbers of recruits, were used

for all analyses of lifetime reproductive traits except
Proc. R. Soc. B (2011)
LRS. Note that analyses using both more stringent (i.e.

only those individuals known to die of natural causes;

n ¼ 14) and less stringent (i.e. including individuals that

were either lost or known to die of unknown causes;

n ¼ 74) had similar outcomes for all four variables.

Age at last reproduction, reproductive lifespan, lifetime

number of reproductive events and LRS were analysed

with respect to sex, presence/absence of helpers, adult

mass and size PC1, natal home-range size and natal

population density. Sample sizes for lifetime reproductive

traits were small when divided among time intervals, but

because trends were similar among intervals we pooled

samples from all three intervals for our final analysis. Fur-

thermore, as all four variables were strongly positively

correlated (§3), we conducted a MANCOVA using all

four variables as the response variables, transformed

into standardized z-scores (i.e. the difference between

individual values for a given trait and the sample mean,

divided by the sample standard deviation).
4. RESULTS
(a) Body mass, size and survival

A red wolf structural size index (size PC1) was derived

from the first principal component of a principal com-

ponents analyses of ear, tail, hindfoot and body length

for both pups and adults (pups: l1 ¼ 2.86, 57% of

variation; adults: l1 ¼ 3.3, 66% of variation). Size PC1

had strong positive loadings for all four morphological

traits. The second principal component (pups: l2 ¼

0.84, 17% of variation; adults: l2 ¼ 0.70, 14% of vari-

ation) had a strong positive loading for tail length alone,

but was not significantly related to any of our dependent

variables, and thus was not considered further. Body mass

and size PC1 were strongly correlated in both pups and

adults (pups: F1,126¼121.7, p , 0.0001, R2 ¼ 0.49;

adults: F1,198 ¼ 678.5, p , 0.0001, R2 ¼ 0.77). Long-

term repeated measures of body mass and size PC1

were positively related for individuals captured both as

pups and adults (female mass: F1,21 ¼ 7.66, p ¼ 0.012,

R2 ¼ 0.28; male mass: F1,23 ¼ 4.76, p ¼ 0.040, R2 ¼

0.18; female size: F1,13 ¼ 16.51, p ¼ 0.002, R2 ¼ 0.58;

male size: F1,23 ¼24.43, p , 0.0001, R2 ¼ 0.52).

Natal home-range size and population density did not

significantly affect either pup or adult mass or size PC1,

and thus were dropped from the final analyses, which con-

sidered only sex, presence/absence of helpers and their

interaction, and litter as a random effect. Presence of help-

ers was significantly related to greater pup mass in both

males and females during the Low Density II interval,

and pup size followed a similar trend (table 1 and

figure 1a). During the High Density interval, there was a

significant sex � P/A helper interaction for pup mass,

with a weak positive relationship between helper presence

and male mass, in contrast to a weak negative relationship

for female mass (figure 1c). There was a significant negative

relationship between the presence of helpers and pup size in

both males and females. Results for adult mass/size were

similar to those found for pup mass/size, with a significant

positive relationship between size and the presence of

helpers during the Low Density II interval, and a positive

trend with mass (figure 1b). There was a significant

negative relationship between mass/size and helpers in

both sexes during the High Density interval (figure 1d).

http://rspb.royalsocietypublishing.org/


Table 1. ANCOVA models of pup and adult mass and size PC1 during two population intervals. Asterisks denote significant

effects.

Low Density II interval High Density interval

mass size mass size

d.f. F p d.f. F p d.f. F p d.f. F p

pups
sex 1,19 30.8 0.02* 1,16 0.6 0.45 1,73 25.9 0.03* 1,73 24.4 0.00*

P/A helpers 1,19 73.4 0.00* 1,16 2.7 0.12 1,73 0.1 0.89 1,73 8.7 0.00*
sex � P/A helpers 1,19 1.9 0.54 1,16 0.1 0.76 1,73 22.9 0.04* 1,73 0.3 0.57

adult
sex 1,42 179.2 0.00* 1,41 23.4 0.00* 1,32 5.6 0.02* 1,27 16.9 0.00*
P/A helpers 1,42 22.0 0.10 1,41 6.6 0.01* 1,32 4.7 0.04* 1,27 6.1 0.02*

sex � P/A helpers 1,42 0.0 0.98 1,41 0.1 0.72 1,32 0.0 0.81 1,27 0.0 0.86
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Figure 1. Least-square means of red wolf mass in relation to the presence or absence of helpers in the natal pack in (a,c) pups
and (b,d) adults during two population intervals. Similar patterns were observed for size PC1, with the exception of (c), which
showed a negative relationship between helper presence and size PC1 for both sexes. Black diamonds, males; white diamonds,
females.
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The final model for survival to age 2 contained only

P/A helpers and litter as a random effect. Neither sex

nor home-range size significantly affected early-life survi-

val. Furthermore, the effect of helpers was only significant

for the Low Density II interval, with pup survival to age

2 increasing from 47 per cent in the absence of helpers

to 78 per cent in the presence of helpers (n ¼ 81,

x2
1;53 ¼ 7:83, p ¼ 0.007). During the High Density

interval, there was no effect of helpers on pup survival

(n ¼ 158, x2
1;113 ¼ 7:37, p ¼ 0.54).

(b) Age at first reproduction

Neither pup or adult mass or size PC1, presence/absence

of helpers, natal population density nor natal home-range
Proc. R. Soc. B (2011)
size significantly affected age at first reproduction. Thus,

the final model contained only sex as a main effect.

Pooled across time intervals, there was a significant sex

difference in age at first reproduction: 46 per cent (n ¼

52) of males produced their first litter within their first

2 years of life, while only 25 per cent (n ¼ 53) of females

reproduced at these ages (F1,102 ¼ 10.79, p ¼ 0.0014).

However, while each time interval showed a trend for

males to commence reproduction earlier than females

(males: 2.69+0.18 years; females: 3.47+0.18 years),

this relationship was significant only for Low Density II

(Low Density I: F1,25 ¼ 9.22, p ¼ 0.19; Low Density

II: F1,38 ¼ 3.86, p ¼ 0.006; High Density: F1,35 ¼

3.18, p ¼ 0.22).

http://rspb.royalsocietypublishing.org/


Table 2. MANCOVA and ANCOVA models of age at

last reproduction (ALR), reproductive lifespan (RLS),
lifetime number of reproductive events (LRE) and lifetime
reproductive success (LRS). Asterisks denote significant
effects.

effects d.f. F p

MANCOVA
sex 4,25 1.48 0.2372
P/A helpers 4,25 0.74 0.5738

sex � P/A helpers 4,25 3.36 0.0248*
density 4,25 2.47 0.0710

ALR
sex 1,34 1.62 0.2120
P/A helpers 1,34 0.05 0.8248

sex � P/A helpers 1,34 10.18 0.0031*
density 1,34 0.80 0.3769

RLS
sex 1,34 0.05 0.8255
P/A helpers 1,34 0.15 0.6969

sex � P/A helpers 1,34 9.56 0.0040*
density 1,34 3.71 0.0626

LRE
sex 1,34 1.13 0.2962
P/A helpers 1,34 0.40 0.5297

sex � P/A helpers 1,34 6.94 0.0126*
density 1,34 4.57 0.0398*

LRS
sex 1,28 0.54 0.4686
P/A helpers 1,28 0.27 0.6096

sex � P/A helpers 1,28 4.76 0.0377*
density 1,28 7.01 0.0132*
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(c) Lifetime reproductive traits

Pairwise comparisons of lifetime reproductive traits showed

significant positive correlations among age at last reproduc-

tion, reproductive lifespan, number of LREs and LRS (ALR

versus RLS: r¼ 0.751, p , 0.0001; ALR versus LRE: r ¼

0.715, p , 0.0001; ALR versus LRS: r¼ 0.560, p ,

0.0001; RLS versus LRE: r¼ 0.900, p , 0.0001; RLS

versus LRS: r¼ 0.754, p , 0.0001; LRE versus LRS: r ¼

0.827, p , 0.0001). Furthermore, age at first reproduction

(AFR) was significantly negatively correlated with RLS,

and marginally significantly negatively correlated with life-

time number of reproductive events, indicating that early

ages of reproduction are associated with longer RLSs and

a higher number of LREs (AFR versus ALR: r ¼ 0.155,

p¼ 0.36; AFR versus RLS: r ¼ 20.433, p¼ 0.0075;

AFR versus LRE: r ¼ 20.308, p¼ 0.064; AFR versus

LRS: r ¼ 20.238, p¼ 0.15). The variance in LRS did not

differ significantly between males and females (females:

s¼ 7.34; males: s¼ 5.32; F1,50 ¼ 1.97; p¼ 0.12).

Adult mass, size PC1 and natal home-range size were

not significantly related to any of the four lifetime repro-

ductive traits, and thus were excluded from the final

models. The final models for these traits contained sex,

P/A helpers and their interaction, as well as natal

population density (table 2). Population density was sig-

nificantly negatively correlated to lifetime number of

reproductive events and LRS, and marginally significantly

negatively correlated to reproductive lifespan. Though

highly non-significant, population density was also

included in the final model for age at last reproduction,

for consistency. All ANCOVA and MANCOVA models

showed a significant sex � P/A helpers interaction, with

females having a later age at last reproduction, longer

reproductive lifespan, greater number of LREs and greater

LRS than males in the presence of helpers (figure 2).
5. DISCUSSION
Early-life experiences can exert long-term effects on life-

time fitness [38,39]. In several ungulate [16,40–42] and

one bird [43] species, for instance, high population den-

sity or poor habitat quality during the year of birth have

been shown to negatively affect LRS. However, while

there is abundant information on early-life effects of help-

ers in cooperatively breeding species, little is known

regarding the long-term fitness effects of helping on

juveniles and whether such effects are consistent across

sexes. In this study, we present the first evidence of

both social and environmental effects on LRS in a wild

carnivore. In accordance with other studies, we found a

negative relationship between population density and

components of LRS in red wolves. The relationship

between natal pack helpers on both early- and late-life

traits, however, was complex and revealed intriguing sex

differences in life history.

(a) Do helpers affect mass, size and survival of

offspring?

During the Low Density II interval (1994–1998), pups

with helpers present had larger body mass, as well as

larger mass and size PC1 as adults, suggesting that

packs with helpers can indeed be more capable of provid-

ing nourishment for pups (figure 1a). During the High

Density interval (1999–2007), however, the positive
Proc. R. Soc. B (2011)
effects of helper presence shifted: while male pups

showed no difference in mass related to the presence of

helpers, female pups with helpers actually exhibited

lower mass, and both sexes exhibited smaller mass and

size PC1 as adults (figure 1c,d). The greater susceptibility

of female pups to negative effects of helper presence early

in life suggests that females may be less successful than

males when faced with competition from older siblings

for food. As a social feeding hierarchy has been documen-

ted in a variety of other captive and wild carnivores (e.g.

[44–46]), we propose that in red wolves this feeding hier-

archy is further stratified between male and female pups,

where larger and/or more aggressive males may be capable

of excluding females from feeding—a hypothesis that

should be tested in future behavioural research. Whatever

the case, it appears that helpers in the natal pack can

exert long-lasting effects on mass/size in red wolves, and

that the direction of these effects is density-dependent.

The positive effects of helper presence during the Low

Density II interval extended to a substantial increase in

the proportion of pups surviving to reproductive age relative

to those without helpers. While the effect of helpers on pup

survival during their first year remains unknown, a positive

effect on yearling survival during this interval suggests

strong fitness benefit to having helpers, as has been docu-

mented in a variety of cooperatively breeding species

[2,3]. However, this positive effect on survival was absent

during the High Density interval. These findings are con-

sistent with a study on grey wolves (Canis lupus), where

helpers were shown to increase survival of young in a popu-

lation where density was low and food was abundant, but
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had negative effects where density was high and food was

scarce [27]. Our findings in red wolves differ only in that

though helper presence is negatively related to lower pup

mass/size at high density, survival to reproductive age did

not differ between pups with or without helpers.
(b) Do helpers facilitate earlier age at

first reproduction?

Helper-facilitated advancement of age at first reproduction

has been reported in females of cooperatively breeding

banded mongooses and meerkats [6,9]. Given that larger

mass and size can facilitate earlier maturation, one would

predict that red wolf pups with helpers in their natal

pack should commence reproduction earlier than those

without helpers during Low Density II, and vice versa

during High Density. However, such was not the case:

the presence of helpers did not affect age at first reproduc-

tion for either sex during either time interval. It is currently

unclear what factors are most influential in determining

age at first reproduction in this population, but other

work suggests that one key to understanding this trait

may lie in understanding what factors affect delayed dis-

persal, as females that disperse later are also more likely

to commence reproduction at a later age [33].
(c) Do helpers exert long-term effects on

lifetime reproductive traits?

Given that larger adult size has been associated with a

greater probability of obtaining mates, achieving domi-

nance and higher fecundity (e.g. [6–9]), one might

predict that LRS would be higher in wolf pups receiving

growth benefits in the presence of helpers. Thus, during

the Low Density II interval, when helpers were associated

with increased adult mass and size for both sexes, LRS
Proc. R. Soc. B (2011)
should be higher for pups with helpers. Surprisingly, we

found that long-term effects of helpers differed between

the sexes. For both sexes, those that reproduced to later

ages had longer reproductive lifespans, a greater number

of LREs and higher LRS. When helpers were absent

from the natal pack, males did not differ from females

in expression of these traits, but when helpers were pre-

sent, females actually fared better than males in that

they had later age at last reproduction, longer reproduc-

tive lifespan, a greater number of LREs and ultimately

higher LRS (table 2 and figure 2).

There are two main hypotheses that may explain this long-

term correlation with natal social environment. First, it is

possible that females that managed to survive early-life com-

petition with male pups and older siblings and successfully

reproduce were individuals of the highest quality and, on

average, able to out-perform males (and females without

helpers) upon whom selection was less strong. Second, the

presence of helpers may trigger trade-offs between early-

and late-life traits [12,13]. We found no evidence of a

helper-mediated trade-off between age at first reproduction

and late-life traits—though males did tend to commence

reproduction earlier than females, this sex difference was

not influenced by the presence of helpers. Nevertheless, it

is possible that larger mass early in life may come at a cost

to late-life reproductive performance for males. Faster

early-life growth rates have been associated with physiological

and/or pleiotropic trade-offs, resulting in faster rates of ageing

and shorter lifespans [12,13]. The evidence from red wolves

during both Low Density II and High Density suggests that

males are larger in general than females (figure 2). While

large mass/size has been demonstrated to have important

advantages in many species, some studies indicate that

large size can carry a cost during adult life, particularly in

resource-limited environments [14,15]. Long-term
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metabolic costs of larger body mass in male red wolves with

helpers may produce a trade-off with late-life traits, resulting

in reduced age at last reproduction and associated traits. In

other words, ‘help’ early in life may translate to ‘harm’ later

in life. Conversely, when food is limited, females, which are

smaller in general, may benefit from a certain level of caloric

restriction, which has been shown to have beneficial late-life

effects in model species (reviewed in [47]). Nevertheless,

there are several weaknesses to this hypothesis—most criti-

cally, it cannot explain how differences within the sexes in

relation to the presence of helpers should be manifest in the

same way during both Low Density and High Density inter-

vals, in spite of the reversal in the effects of helpers on mass

and size between intervals. Unfortunately, we were restricted

by sample size from determining whether the differences

within and between the sexes in the presence or absence of

helpers are identical across population density intervals (as

similar trends would indicate), or differ in important regards.

Whatever the case, additional research into the physiological

and ecological variables influencing reproductive success is

needed in order to evaluate the relative costs and benefits

of large size, or other helper-influenced traits, in early- and

late-life reproductive performance in red wolves.
(i) Ramifications for evolutionary stability of

cooperative breeding in red wolves

In polygynous species, variance in LRS tends to be

greater among males than among females, as some

males may have very high reproductive success through

breeding with multiple females, while others may have

little or no opportunity to breed [48]. In contrast, mono-

gamous species are predicted to have equal variance in

reproductive success, though this hypothesis has rarely

been tested in mammals. In this study, we did find equiv-

alent variance in reproductive success between the two

sexes; however, we also found a sex difference in mean

LRS for those with helpers in their natal pack. This

result is surprising given that greater pack stability (and

therefore delayed dispersal) may be predicted to occur

more frequently in a population experiencing lower

levels of anthropogenically induced disturbance than the

red wolf population currently experiences [49]. Our find-

ings suggest that, historically, in the context of greater

pack stability, males may have predominately exhibited

lower LRS than females. This raises the question of

how a monogamous, group-living social system has never-

theless been maintained among red wolves. To

compensate for reduced LRS in males in the context of

high pack continuity, one might predict increased selec-

tion for polygyny or extra-pair copulations, so that

males could maximize their reproductive success during

their short reproductive lifespans, and thereby increase

mean lifetime reproduction for males in the population.

Indeed, extra-pair copulations are common even in

canids that exhibit social monogamy (e.g. [50–52]).

However, we found only two instances of extra-pair mat-

ings and two of multiple paternity in red wolves among 90

breeding pairs and 174 reproductive events [33],

suggesting that the selective forces and/or phylogenetic

constraints responsible for the maintenance of a monog-

amous mating strategy are still strong. However, there

are at least three non-exclusive mechanisms that may

allow monogamous group-living to be maintained as a
Proc. R. Soc. B (2011)
viable strategy in a population with greater pack stability.

First, the existence of serial monogamy. While red wolves

in our study were primarily genetically monogamous,

death of a mate or male–male competition can lead to

formation of a new breeding pair. Thus, males may be

able to maintain a lower mean reproductive success on

average through increased rates of male turnover, or

serial monogamy, in the context of longer female repro-

ductive lifespan. Second, the earlier mean age at first

reproduction that we report for males regardless of

helper presence may at least partially compensate for

what might otherwise be an even greater disparity in

reproductive lifespan relative to females. Third, though

decreased anthropogenic disturbance results in increased

proportion of kin-based wolf packs [49], there will inevi-

tably be natural dissolution and formation of packs owing

to death and abandonment, even in an undisturbed popu-

lation. Thus, to some extent, a low frequency of males

that do not experience helping behaviour and have

higher LRS than those that do—and vice versa for

females—will narrow the gap in mean fitness between

the two sexes and help increase the viability of a monog-

amous, group-living social system.
6. CONCLUSION
Our findings regarding the effects of helpers on pup early-

life traits suggests that helping behaviour in red wolves is

facultative, and may vary with population density. The

decreases in mass and size and absence of survival

benefits for wolves raised in a pack with older siblings

when the population was at carrying capacity suggest

that siblings prioritize their own energetic needs. Even

more intriguing is the evidence presented here that

suggests life-history trade-offs may be socially mediated;

males, which fared slightly better in the presence of help-

ers early in life, fared worse late in life, and vice versa for

females, resulting in marked sex differences in LRS.

While helping behaviour has been shown to favour such

traits as larger body size and earlier reproduction in

other species, the consequences of such help for lifetime

fitness have not been previously demonstrated. Moreover,

considered in the context of an integrated life history, it is

not clear that such traits are always beneficial in the long

run. In light of our findings regarding the complex

relationship between helpers and pup LRS in the red

wolf, we contend that while some forms of helping behav-

iour may indeed contribute to fitness, trade-offs may also

come into play, which are strongly dependent on what

constitutes the most fit strategy for both sexes in diverse

social and ecological contexts.
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USFWS, and we are grateful to Service personnel for their
diligent efforts in the field and for access to the data. The
study was funded by the USFWS. The findings and
conclusions in this article are those of the authors and do
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