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Abstract 
Reproduction is an energetically expensive activity for both sexes. However, if males and females differ in their annual timing 
of reproduction, such that peak investment for one sex occurs during a more resource-limited period, there is an opportunity 
for sex-specific selection to act on the acquisition of energetic resources. Both male and female North American red squirrels 
(Tamiasciurus hudsonicus) cache conifer cones, although males typically have larger caches than females. Peak energetic 
investment in reproduction occurs for males during the mating season in winter and early spring (when squirrels rely almost 
exclusively on cached resources) and for females during lactation (which can align with fresh food availability). We provide 
evidence that suggests sex differences in cache size are likely driven by a stronger positive connection between cached 
resources and components of fitness for males than for females. Specifically, males with larger caches have greater siring 
success than males with smaller caches, whereas for females, only early breeding females experience a positive effect of cache 
size on the number of recruits produced. We also show that males sire pups and females give birth earlier in the year if they 
have larger caches compared with squirrels of the same sex with smaller caches. Sexual selection can thus extend beyond 
traits directly connected to mating behavior, and can act on traits related to acquiring resources needed to fuel reproduction 
that are expressed months or years in advance of breeding efforts.

Signi!cance statement
The timing and energetic requirements of reproduction are often different for males and females which could drive different 
life history strategies between the sexes. Red squirrels in the southwest Yukon, Canada cache white spruce cones in autumn, 
which serve as their primary food source until fresh food becomes available during summer. We measured the size of squir-
rel caches and subsequently monitored their reproduction to test whether the influence of stored food differs for males and 
females. We confirmed that males have larger caches than females and show that this is likely driven by a stronger positive 
association of cache size and components of fitness for males than for females. These findings highlight that the strength of 
selection can differ on the homologous traits of males and females leading to sex-specific extended phenotypes.

Keywords Caching · Capital breeding · Fitness · Life history · Phenology · Sexual selection

Introduction

A foundational concept in life history theory is that invest-
ment in reproduction is constrained by limited resources 
(Cody 1966; Roff 1992; Stearns 1992; Brown et al. 2004). 
Indeed, empirical studies have shown that females across a 
variety of taxa produce more or larger offspring when they 
have access to a greater amount of resources (Boutin 1990; 
Reznick et al. 1996; Podofillini et al. 2019; Chevallier et al. 
2020). Although the connection between energy acquisition 
and allocation to reproduction is more often documented 
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for females, limited energy should similarly constrain male 
reproductive investment. For example, male smallmouth 
bass (Micropterus dolomieu) and Palestine sunbirds (Nec-
tarinia osea) increase parental care when their own access to 
food is greater (duration in bass, Ridgway and Shuter 1994; 
increased food delivery in sunbirds, Markman 2014). In sys-
tems without male parental care, secondary sexual character-
istics that enhance breeding likelihood such as weapons or 
ornaments are often condition dependent (Hill 1990; Holzer 
2003; Körner et al 2017) which suggests that resource acqui-
sition could influence a male’s fitness through his ability 
to develop a phenotype that can secure more reproductive 
opportunities. Thus, male reproductive investment should 
also be sensitive to resource levels (Key and Ross 1999).

Because the timing and energetic requirements of peak 
reproductive investment differ for males and females in most 
animal systems (Hau et al. 2017), the fitness consequences of 
resource acquisition are likely to be sex specific. For exam-
ple, in species without male provisioning, males likely allo-
cate the greatest energetic investment to reproduction when 
searching or competing for mating opportunities, whereas 
females should maximize their allocation to reproduction 
later when they are fueling the development of offspring 
through parental care and/or provisioning (Oftedal 1985; 
Kenagy et al. 1989; Naya et al. 2008; Lane et al. 2009).

Within each sex, the timing of reproduction and ener-
getic investment therein can be influenced by environmental 
food availability, and often has consequences for offspring 
success. Specifically, organisms that receive experimental 
food supplementation (reviewed by Boutin 1990) or experi-
ence earlier or greater food availability tend to breed earlier 
(Hindell et al. 2012; Schroeder et al. 2012; but see Post and 
Forchhammer 2008). Young that are produced earlier within 
a breeding season have more time to develop and secure 
territories compared to offspring born later, often leading to 
greater early-life success (Woodroffe 1995; Hall et al. 2020). 
Thus, selection should favor greater resource acquisition in 
systems wherein early reproduction is limited by resources 
and early-born offspring have greater success.

For capital breeding organisms that rely on stored energy 
(e.g., fat or cached food) to finance reproduction (Drent and 
Daan 1980), energy accumulation prior to breeding can have 
a significant influence on reproductive success (Festa-Bian-
chet et al. 1998; Milner et al. 2013; see also Gaillard et al. 
2000). Food caching is one such mode of energy storage that 
may be under sex-specific selection (Vander Wall 1990). For 
example, male great grey shrikes (Lanius excubitor) with 
augmented caches sired more offspring (Yosef and Pinshow 
1989), and male bull-headed shrikes (Lanius bucephalus) 
that retrieved more cached food improved their song tempo 
and, in turn, attracted more mates (Nishida and Takagi 
2019). Moreover, caching behavior in these shrikes seems 
to be restricted to males (Yosef and Pinshow 1989, 2005). 

In mammals, sex differences in food caching behavior have 
been observed in several species (e.g., Hodgdon and Lar-
son 1973; Kumari et al. 1979; Jenkins 2011). For example, 
male arctic ground squirrels (Urocitellus parryii), but not 
females, cache plant matter in hibernacula, and it is believed 
this cache is used to fuel earlier emergence and physiological 
preparation for reproduction in males (McLean and Towns 
1981). Although asymmetry in food caching between the 
sexes has been interpreted to be due to differential energetic 
costs of reproduction, a direct link between cached resources 
and the ensuing reproductive success of both males and 
females has not been drawn. 

North American red squirrels (Tamiasciurus hudsonicus; 
hereafter, squirrels) are food-caching mammals that primar-
ily consume conifer seeds contained in cones (Fletcher et al. 
2013). In the southwest Yukon, both male and female squir-
rels defend solitary territories in which they cache cones 
from white spruce (Picea glauca) trees in a central larder 
called a midden (Smith 1968). There is little evidence of 
adult sexual size dimorphism in this population (Boutin and 
Larsen 1993; Stuart-Smith and Boutin 1994; Descamps et al. 
2008). Instead, sex differences appear in the size of their 
cache of spruce cones, with males typically having caches 
of cones that are about 1.5 times greater than the caches of 
females (Donald and Boutin 2011; Archibald et al. 2013; 
Fisher et al. 2019). In fact, squirrels that acquire a midden 
that was previously owned by a male have larger caches and 
obtain higher lifetime reproductive success than if the previ-
ous owner was a female (Fisher et al. 2019). At the popula-
tion level, spruce reproductive dynamics cause cone crops 
to fluctuate annually, with exceptionally large crops (masts) 
occurring every 4–7 years (LaMontagne and Boutin 2007; 
McAdam et al. 2019). Squirrels breed earlier in the year 
when the cone crop from the previous autumn is larger (Bou-
tin et al. 2006; Williams et al. 2014; Lane et al. 2018), and 
early breeding is typically favored by selection (McAdam 
and Boutin 2003a; Réale et al. 2003; Lane et al. 2018). At 
the individual level, females supplemented with food suc-
cessfully wean more offspring (Kerr et al. 2007). In addition, 
in a different habitat (non-masting jack pine (Pinus banksi-
ana) forest of northern Alberta), females with experimen-
tally augmented caches bred earlier than controls in 1 year of 
monitoring (Larsen et al. 1997). Whether this reproductive 
advantage is experienced by females who naturally cache 
more cones than their same-sex competitors and whether it 
may hold in the naturally more variable white spruce sys-
tems, however, is unknown. Furthermore, the influence of 
cache size on male reproduction has not been assessed.

Thus, while we have previously found that red squirrel 
reproduction is influenced by annual variation in masting, 
the size of the cache an individual settles on, and experimen-
tal supplementation of food, here we examined how natu-
ral variation in cache sizes relates to reproductive success 
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within years and among individuals for both males and 
females. We test the hypothesis that males have larger caches 
of cones than females (Donald and Boutin 2011; Archibald 
et al. 2013; Fisher et al. 2019) because positive directional 
selection on cached resources is stronger for males than 
for females. To evaluate this hypothesis, we first tested 
whether having access to more cached cones leads to (1) 
earlier breeding in males and/or females and (2) increased 
reproductive output (i.e., number of pups produced per 
year) and success (i.e., number of offspring surviving to 
200 days of age per year) for males and/or females. Similar 
to other species described above, male red squirrels experi-
ence peak reproductive energetic requirements when they 
search for mates during late winter or spring (Lane et al. 
2010), whereas females experience peak reproductive ener-
getic requirements when producing milk for pups during 
late spring/summer (Fletcher et al. 2012). Because the later 
energetic requirements of females may occur when fresh 
foods are available, we predicted male reproductive success 
would be more strongly associated with cached resources 
than for females. We then tested for potential sex-specific 
mechanisms (e.g., male breeding home ranges, female 
litter size) by which cache size could affect annual repro-
ductive success. Female red squirrels come into estrus on 
a single day, and mate with multiple males in a scramble 
competition mating system (Lane et al. 2007, 2008). Males 
increase home range size during the breeding season, and 
males that travel farther during the mating season tend to 
sire more offspring (Lane et al. 2009). Thus, for males, we 
also tested whether individuals with larger caches had larger 
home ranges during the breeding season. For females, we 
also tested whether individuals with larger caches produced 
larger litters, faster growing pups, or multiple litters per 
year (i.e., traits that could contribute to annual reproductive 
success).

Methods

Monitoring reproduction

We monitored a wild population of North American red 
squirrels from 2007 to 2015 on two ~ 40 ha study areas 
(KL and SU) in the southwest Yukon (61° N, 138° W; for 
full details of the study population, see McAdam et al. 
2007; Dantzer et al. 2020). We have continuously moni-
tored this population since 1989, but have only quantified 
cone cache size since 2007. All individuals received per-
manent aluminum alphanumeric ear tags (National Band 
and Tag Company, Newport, KY, USA) upon first cap-
ture. It was not possible to record data without research-
ers knowing animal identities because our study involved 
focal animals in the field. Within each study area, we 

marked each individual with unique color combinations of 
wire to permit identification from a distance for behavioral 
observations (Dantzer et al. 2012). Using live-trapping and 
behavioral observations, we monitored mating behavior, 
reproductive status, and survival from March to August 
each year. We knew birth year with certainty for 225 indi-
viduals for which we also had individual measures of food 
resources (see below). If squirrels were first handled as 
adults (n = 103), we assigned a minimum age of 1 (i.e., 
conservatively assuming a birth year of 1 year prior, fol-
lowing Berteaux and Boutin 2000). We used birth year to 
estimate age in years.

We trapped females regularly to monitor reproductive 
status, and determined pregnancy status through body 
mass gain and abdominal palpation (McAdam et al. 2007). 
We used telemetry of radio collared lactating females 
to locate nests twice: first following parturition (deter-
mined by a drop in body mass, with lactation confirmed 
through the expression of milk) and again when pups 
were ~ 25 days old. We enumerated, marked, and weighed 
pups at both nest visits, and tagged pups at ~ 25 days of 
age. We calculated the postnatal growth rate for each pup 
as their body mass gain between the first and second nest 
entry divided by the number of days between nest entries, 
as growth is approximately linear at this stage (McAdam 
et al. 2002; McAdam and Boutin 2003b). We then calcu-
lated average growth rate for each litter to use in the analy-
sis. We assessed whether pups recruited into the popula-
tion by monitoring whether they survived to 200 days old 
(following Larsen and Boutin 1994; Berteaux and Boutin 
2000; McAdam and Boutin 2003b).

To calculate male reproductive success, and confirm 
female reproductive success, we analyzed a genetically 
determined pedigree. Briefly, we collected tissue samples 
from all adults and pups at first handling. For details on 
microsatellite loci isolation and paternity assignment, see 
(Gunn et al. 2005; Lane et al. 2007). We assigned loci with 
GENEMAPPER software 3.5 (Applied Biosystems) and 
then used CERVUS v. 3.0 to assign paternity with 99% 
confidence (Marshall et al. 1998; Kalinowski et al. 2007). 
We assigned maternity based on behavioral observations 
and telemetry when we located each nest. Genotyping 
error from these known mother–offspring pairs was < 1% 
(Haines et al. 2020). For each male and female that we had 
cache size data for, we then defined annual reproductive 
output as the total number of pups produced, and annual 
reproductive success as the total number of offspring who 
survived to 200 days of age (i.e., recruits). We used par-
turition dates for each litter estimated from monitoring 
females to determine the earliest date that males sired 
pups within a season by subtracting the gestation period 
(35 days, Lane et al. 2007) from the earliest parturition 
date among the pups that they sired that season.



 Behavioral Ecology and Sociobiology          (2022) 76:142 

1 3

  142  Page 4 of 15

Estimating resource availability

White spruce cones become visible in mid-summer, but 
squirrels do not begin harvesting them until late summer 
once cones have matured (Fletcher et al. 2010; Archibald et 
al. 2013). Squirrels cache harvested cones in middens, 
which are characterized by large amounts of debris from 
consumed cones (cone scales and rachides) as well as cones 
cached within the layer of cone scales or within tunnels 
in the ground. Midden use is traditional; squirrels cache 
cones in the same location on a territory even when owner-
ship changes (Fisher et al. 2019). Rarely, a new midden is 
established (Price and Boutin 1993) and middens last many 
years (Fisher et al. 2019). Within-year habitat heterogeneity 
does not appear to be a strong influence on the number of 
cones within a midden. Specifically, there is no relation-
ship between the number of cones on a territory and cache 
size during non-mast years, although squirrels that defended 
larger territories had larger caches of cones (LaMontagne 
et al. 2013). Outside of the breeding season, territory sizes 
do not differ between males and females (LaMontagne et al. 
2013). There is considerable variation in territory sizes and 
the number of cones on territories among years, and spatial 
variation in cone production was not consistent among years 
(i.e., no locations that were consistently productive or unpro-
ductive; LaMontagne et al. 2013).

Cached cones cannot be assessed during most of the 
breeding season (in winter and early spring) due to frozen 
ground and snow cover that obscures the midden boundaries 
and covers cached cones except where squirrels dig tunnels 
to access their cache (Krebs et al. 2001). Thus, we used 
autumn estimates of cache size as our measure of individ-
ual-level resource availability for the following breeding 
season. We included reproductive data from breeding sea-
sons 2008–2014 as both male and female reproduction were 
assessed in these years; thus, we used cache size records 
from 2007 through 2013. Because we monitored the sur-
vival of juveniles born in the reproductive season of 2014 
to 200 days old (i.e., into 2015), the period of this study 
extends from 2007–2015.

We estimated cache size following Fisher et al. (2019), 
adapted from Larivée et al. (2010) and Donald and Boutin 
(2011). We counted the number of cones within 10 cm of 
the midden’s surface in the cone scales or within 30 cm of 
the surface in tunnels in 30 cm × 30 cm quadrats on each 
midden. The number of quadrats varied, as prior to 2011 
we sampled 16 quadrats. In 2011 and later we sampled 4–8 
quadrats depending on midden area. We accounted for this 
variation by averaging the number of cones counted in all 
quadrats for each midden. We measured midden length and 
width to the edge of the scale pile (for newly established 
middens lacking scale accumulation, we delineated edges 
as locations of cached cones). We calculated midden area 

assuming an elliptical area. We then estimated the total num-
ber of cones per midden (i.e., cache size) by multiplying 
the average number of cones per quadrat by the number of 
quadrats that would fit within the midden area. We assigned 
multiple middens to the ownership of a single squirrel in 
13 instances out of 522 squirrel-year combinations (2.4%). 
For squirrels that owned multiple middens, we summed the 
cones in each midden to represent their combined cache size. 
Because the distribution of cache size was right skewed, we 
 log10-transformed the data to improve normality.

Population-level cone production by white spruce varied 
across the years under study. The years 2010 and 2014 were 
determined to be mast years based on large crops relative 
to intervening years (McAdam et al. 2019; Dantzer et al. 
2020). Thus, our dataset consisted of two mast years and 
five non-mast years.

Male breeding home range area

We measured male breeding season home range area during 
the 2013–2014 breeding seasons by locating radio collared 
males regularly (i.e., at least daily, but usually several times 
a day) to record their spatial locations. Thus, although data 
on cache size and reproductive output and success existed 
for 7 years, data for the analysis of male breeding home 
range area only existed for these 2 years. We also recorded 
a male’s location each time he was trapped or observed dur-
ing regular monitoring activities. We included all location 
data collected prior to the last siring date in that year (last 
parturition date minus 35 days of gestation) because mat-
ing behavior should not occur when there are no receptive 
females with which to breed. Using these spatial locations, 
we calculated breeding season home ranges for individual 
males for these two years using adehabitatHR (version 
0.4.19; Calenge 2006). We excluded males with five or fewer 
locations per season due to the requirements of the package. 
The sample size (2013: n = 51 males; 2014: n = 18 males) 
and total number of locations in the season per male (2013: 
35 ± 26.5 SD, range = 6–87; 2014: 36 ± 51.4, range = 6–173) 
varied annually. We used all locations to calculate the area 
that males traveled during the mating season (herein called 
“breeding season home range”) using a 100% minimum con-
vex polygon (MCP) and then  log10-transformed the home 
range area for analysis. Because MCPs are influenced by the 
number of locations used in each calculation, we included 
the  log10-transformed number of locations as a covariate in 
the model of area traveled following Kenward (2001) and 
Lane et al. (2009).

Given the variation in male search effort for mates (Lane 
et al. 2009), we looked for potential spatial biases in our 
detection of male reproductive success and of our assign-
ment of paternities to offspring born in our study areas by 
comparing the number of pups sired in the core 20 ha versus 
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edge 20 ha of each ~ 40 ha study area. In particular, we were 
concerned that males on the edge of our study areas may 
have traveled out of the study area and sired pups that we 
did not quantify. However, we did not find significant spa-
tial differences in our ability to detect male siring success 
or assign paternities (see Supplementary Online Material). 
This gives us confidence that we are capturing measures of 
male success evenly across space and our measures of male 
reproductive success were not biased by where males resided 
in our study areas (similar to findings for offspring survival: 
Kerr et al. 2007; McAdam et al. 2007).

Statistical analyses

We conducted all analyses in R Version 4.0.2 (R Core Team 
2016). We used the lme4 (version 1.1.23) and lmerTest (ver-
sion 3.1.2, Kuznetsova et al. 2017) packages to conduct and 
interpret general linear mixed models, and the package lme4 
(Bates et al. 2015) to conduct generalized linear mixed mod-
els and general linear models without random effects. To 
account for multiple observations of individuals and annual 
variation, we included squirrel identity and year as random 
effects in all models. However, squirrel identity explained no 
variance in three models and was removed to allow the mod-
els to converge. This was likely because most of the squirrels 
represented in these datasets contributed only one observa-
tion (male earliest reproduction (58/94 squirrels); male home 
range size (54/60 squirrels); female number of litters (66/117 
squirrels). We tested the robustness of these results by ran-
domly selecting one observation from each squirrel (i.e., no 
repeated measures) and reran each model 10 times on this 
reduced dataset and have indicated in the results when the 
significance level of a test was sensitive to this resampling. 
We note that an assumption of results from these models is 
that the observed patterns faithfully reflect among-individual 
covariance, which cannot explicitly be tested given the avail-
able data. We also attempted to include study area (KL or 
SU) as a fixed effect in all models as recent studies have indi-
cated small but significant differences in reproductive success 
between study areas (e.g., Martinig et al. 2020); one model 
would not converge when fully parameterized, and we there-
fore removed study area from that model. We used type III 
sums of squares to interpret the significance of fixed effects.

Sex and age effects on cache size

We first confirmed previous findings of a sex difference in 
cache size in this system (Donald and Boutin 2011; Fisher 
et al. 2019; see Results). Because of this sex difference, and 
because we expected covariates and random effects to have 
different fits to response variables for males and females, we 
chose to run separate models for males and females in sub-
sequent analyses. Because we have previously documented 

reproductive senescence in females in this population 
(Descamps et al. 2008), we included age as both a linear 
and a quadratic fixed effect to assess whether cache size 
shifts across squirrel age for males and females. Both linear 
and quadratic age terms were mean centered within each 
sex for analysis.

The effects of cache size on reproduction

Because our goal was to test whether selection acts on cache 
size more strongly for males than for females, and because 
selection occurs at the annual level, we focused this analysis 
within-years and among-individuals. To do this, we mean cen-
tered cache size within years by subtracting the annual mean 
from each observation (sensu Snijders and Bosker 1999). We 
did this for each sex independently. Mean-centered cache size 
measures of four males and five females were greater than 
3 standard deviations below zero (Fig. 1), and we therefore 
removed them for the main analysis and figures. We note 
in the text of the Results when the inclusion of these data 
points would have altered the significance level of a test. We 
included cache size, age,  age2, and study area as fixed effects 
in models to assess their effects on reproductive behavior and 
success (full models). These full models assessed the relation-
ships between cache size and dependent variables marginal to 
the effects of age (and study area). However, because age and 
cache size covaried, we also constructed these models without 
age or  age2 (reduced models) to assess the effects of cache 
size on reproductive variables not marginal to age effects. In 
other words, these reduced models assessed whether there was 
a relationship between cache size and reproductive variables 
which could be partially explained by covariation with age.

We constructed a model for each of the following 
dependent variables: number of pups produced per year, 
number of recruits produced per year, and the earliest date 
of birth of a litter that a female birthed or that a male 
sired pups within (squirrel litters exhibit multiple pater-
nities; Lane et al. 2008). For males, we also constructed 
a model with breeding home range size as a dependent 
variable; this model also contained the number of spatial 
locations that the MCP was generated from as a covariate. 
We included year as a fixed effect rather than a random 
effect in this model because we had breeding home range 
size data from only 2 years. As such, there were relatively 
few squirrels with repeated measures in the area dataset 
(6 records of 67), leading to model convergence issues 
when squirrel identity was included as a random effect. 
We therefore ran this model with no random effects. For 
females, we constructed additional models with the num-
ber of pups in her first litter of the year, mean growth rate 
of her first litter of the year (with litter size covariate), 
and whether she produced a single litter or multiple litters 
in a year (binary). We condensed the number of litters 
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produced in a year into a binary distribution because of the 
rarity of a female producing three litters (n = 7) in a year 
compared to one (n = 134) or two (n = 51) litters per year.

Based on the results, we wondered whether the effects of 
cache size on reproductive output and success depended on the 
timing of reproduction within sexes. Therefore, we conducted 
an exploratory analysis to test for an interaction between cache 
size and the day of year of a squirrel’s earliest reproduction 
(mean centered) on each dependent variable. We tested for 
these interactions in the full and reduced model structures, 
but report results only from the full models because the sig-
nificance level of the interaction remained the same regardless 
of structure.

We modeled continuously distributed traits with Gaussian 
distributions. We modeled the number of pups produced and the 
number of recruits produced with Poisson distributions and log 
link functions. We modeled the number of litters that females 
produced with a binomial distribution (logit link function).

Results

Sex and age effects on cache size

We estimated red squirrels to have an average of 13,894 
cones (± 17,900 SD, range 0 to 146,048) cached in their 
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Fig. 1  Distributions of cache size estimates for A, C male (n = 229 
annual measures) and B, D female (n = 288) North American red 
squirrels (Tamiasciurus hudsonicus). Raw data are plotted on A and 
B. We  log10 transformed the data to improve normality and then mean 
centered the data within years (independently for each sex) which is 

plotted on C and D. We classified cache size estimates of four males 
and five females that were lower than 3 standard deviations below the 
mean (males =  − 1.77 on log scale, females =  − 2.46) as outliers and 
subsequently removed them from the dataset for analysis and plotting 
(see the “Methods” section)
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midden, with males having more than twice as many cached 
cones as females (males: 19,733 ± 20,130, range 0 to 
146,048, n = 229 annual measures; females: 9281 ± 14,356, 
range 0 to 109,973, n = 288; t329 = 6.9, p < 0.001). We found 
no effect of study area on the number of cached cones of 
either sex (male: t122 =  − 0.5, p = 0.616; female: t167 =  − 0.5, 
p = 0.596). The cache size of males increased until age five 
and then leveled off (linear age effect: t193 = 3.9, p < 0.001; 
quadratic age effects: t153 =  − 2.6, p = 0.009; Fig. 2A). A 
partial regression line suggests the cache size of females 
increased to a lesser degree to age four and then declined 
towards late life (linear age effects: t256 = 2.9, p = 0.004; 
quadratic age effects: t233 =  − 2.5, p = 0.015; Fig.  2B), 
although the residuals suggest cache size increases from 
ages 1 to 2, then level off until age 4 after which few data 
points exist.

The effects of cache size on reproduction

Females and males that had larger caches bred earlier 
in the year (female estimate: − 4.9 ± 1.5 SE, male esti-
mate: − 9.5 ± 4.2 SE; Fig. 3A, D; Table 1). For example, for 
a squirrel with a cache size of the third quartile compared 
to the first quartile (and a median age (3 years old) on grid 
KL), a male is predicted to sire offspring 4.4 days earlier and 
a female is predicted to birth offspring 3.3 days earlier. In 
the reduced model structure, these predictions increased to 
5.3 days earlier for males and 4.8 days earlier for females. 
This effect, however, was not significant for males in the full 
model (t123 =  − 1.7, p = 0.088) or for males in the reduced 
model when outliers (n = 4) were retained in the analysis 
(t128 =  − 1.5, p = 0.146). When we randomly sampled one 
observation for each male to remove repeated observations, 
the effect of cache size on siring timing in the full model was 

significant in 80% of tests and nonsignificant in 20% (high-
est p = 0.2). Males with larger caches sired more pups than 
males with smaller caches (Table 1; Fig. 3B). For example, 
a male with a cache size of the third quartile (and median 
age on grid KL) is predicted to sire 0.40 more pups than a 
male with a cache size of the first quartile (median num-
ber of pups sired per male = 2). We did not find evidence 
of a relationship between male cache size and the number 
of recruits produced nor breeding season home range size 
(Table 1; Fig. 3). In subsequent exploratory analyses, we 
found no evidence of an interaction between cache size and 
first siring date on the number of pups, number of recruits, 
nor breeding season home range for males (all p ≥ 0.689).

In the initial models, we did not find a relationship 
between the cache size of females and the number of pups 
produced, number of recruits, litter size, number of litters, or 
pup growth rate (Table 1). However, in subsequent explora-
tory analyses, the number of recruits that a female produced 
increased with cache size for females that began reproduc-
ing early (cache size*first parturition date interaction, coef-
ficient =  − 0.24 ± 0.11 SE, z =  − 2.1, p = 0.033); this effect 
of cache size on reproductive success diminished for females 
that began reproducing in the middle of the distribution of 
first parturition dates and was negative for females that began 
reproducing later in the year (Fig. 4A). This interaction was 
marginally nonsignificant if outliers (n = 5) were retained 
in the analysis (z =  − 1.8, p = 0.078). We found a similar 
trend for the growth rate of pups from first litters; females 
with larger caches produced faster growing pups when lit-
ters were produced early, but this relationship shifted to a 
negative relationship when litters were birthed later in the 
year (cache size*parturition date, coefficient =  − 0.08 ± 0.04 
SE, z =  − 1.9, p = 0.055). We did not find an interaction of 
female cache size and parturition timing on the number of 
pups produced, litter size, or whether females produced a 

Fig. 2  The number of white 
spruce cones (Picea glauca) 
within caches of A male and 
B female North American 
red squirrels (Tamiasciurus 
hudsonicus) increased with 
age for both sexes and then 
plateaued (male) or declined 
(female) towards late life. Points 
represent residuals from models 
correcting for the effects of 
study area, year, and squir-
rel identity. Points are shown 
with a 0.5 transparency and are 
jittered on the x-axis to avoid 
overplotting. Lines represent 
quadratic regressions extracted 
from the models (results shown 
in Table 1)
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single vs. multiple litters (all p ≥ 0.104). Regression coef-
ficients are listed in Supplementary Table 1.

Because the relationship between cache size and reproductive 
output and success appeared different for males and females, 
we extracted and compared the 95% confidence intervals (CIs) 
of the slope estimates from the full model structure (without an 
interaction with reproductive timing) for each sex. The effect 
of cache size on the number of pups produced was stronger for 
males (estimate: 0.52, 95% CIs = (0.14, 0.89) than for females 
(estimate: − 0.05, 95% CIs = (− 0.18, 0.07) and the CIs for each 
estimate did not overlap. The CIs for the slope of cache size 
on the number of recruits produced overlapped considerably 
for males (estimate: 0.47, 95% CIs = (− 0.16, 1.12) and females 
(estimate: 0.06, 95% CIs = (− 0.18, 0.30). We then extracted 
the 95% CIs for the interaction coefficient of cache size and 
earliest reproduction on the number of recruits produced from 
our exploratory models. The 95% CIs overlapped the coef-
ficients of this interaction for males and females (male esti-
mate: − 0.06, 95% CIs = (− 0.28, 0.16); female estimate: − 0.24, 
95% CIs = (− 0.47, − 0.01).

Discussion

Asymmetrical reproductive phenologies are known to lead 
to differential costs among the sexes in mammalian species 
(Hau et al. 2017). In such situations, we might expect selec-
tion to act on male and female resource acquisition differ-
ently. Here, we show evidence of sex-specific selection that 
is consistent with sex differences in food cache size in red 
squirrels (Donald and Boutin 2011; Archibald et al. 2013; 
Fisher et al. 2019).

Squirrels with larger caches bred earlier than same-sex 
individuals with smaller caches. This mirrors among-year 
patterns wherein squirrels breed earlier following larger cone 
crops in the previous autumn (Boutin et al. 2006; Williams 
et al. 2014; Lane et al. 2018) and experimental findings 
that food supplemented females bred an average of 18 days 
earlier than control females (Kerr et al. 2007). Given that 
females that breed earlier produce offspring with higher sur-
vival under high density conditions, and are more likely to 
produce multiple litters in a year (Williams et al. 2014; see 
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Fig. 3  The relationship between the number of cones in an individ-
ual’s cache and the timing and output of reproduction for A–C male 
and D–F female North American red squirrels (Tamiasciurus hud-
sonicus). Cache size was  log10 transformed and then mean centered 
within years. Points represent residuals from the full models reported 

in Table 1. Points are shown with a 0.5 transparency to avoid over-
plotting. Lines represent linear regressions extracted from the full 
models. Statistical results are reported in Table 1 and regression coef-
ficients are reported in Supplementary Table 1
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Table 1  Statistical results from models assessing the effects of study area, age, and cache size on reproductive behavior (earliest reproduction, breeding season home range size) and output 
(number of offspring, number of recruits, litter size, whether there were single or multiple litters within year, and mean pup growth rate) for male (top subset) and female (bottom subset) North 
American red squirrels (Tamiasciurus hudsonicus). For each dependent variable, we assessed the effect of cache size with a fully parameterized model and a model that did not include age or 
 age2 (reduced model; see Methods for additional details). Females and males were analyzed in separate models. Dashes denote terms that were removed to allow model convergence. Bold face 
font denotes model terms with a p-value < 0.05. Regression coefficients are reported in Supplementary Table 1

Fixed effects Random effect variance
Dependent variable n study area age age2 cache size

(full model)
cache size
(reduced model)

Squirrel
ID

Year

Males
  Earliest reproduction 132 t124 = 1.1 p = 0.260 t126 = 0.3 p = 0.798 t125 =  − 0.6 p = 0.519 t123 =  − 1.7 p = 0.088 t126 = − 2.3 p = 0.025 – 522.1
  Number of offspring 187  – z =  − 0.3 p = 0.740 – z = 2.7 p = 0.007 z = 2.8 p = 0.004 0.59 0.15
  Number of recruits 187 z =  − 1.9 p = 0.055 z = 1.1 p = 0.268 z =  − 1.2 p = 0.225 z = 1.5 p = 0.141 z = 1.5 p = 0.131 0.71 0.27
  Home range size 67 t = 1.2 p = 0.255 t =  − 1.2 p = 0.218 t = 1.0 p = 0.325 t =  − 0.3 p = 0.761 t =  − 1.1 p = 0.274 –

Females
  Earliest reproduction 201 t104 = 1.2 p = 0.250 t177 =  − 8.0 p < 0.001 t171 = 6.8 p < 0.001 t169 =  − 2.6 p = 0.009 t148 =  − 3.3 p = 0.001 41.7 550.5
  Number of offspring 246 z =  − 1.2 p = 0.212 z = 4.2 p < 0.001 z =  − 4.0 p < 0.001 z =  − 0.8 p = 0.405 z =  − 0.4 p = 0.665 0.14 0.08
  Number of recruits 246 z =  − 1.1 p = 0.272 z = 1.4 p = 0.156 z =  − 1.4 p = 0.181 z = 0.5 p = 0.620 z = 0.7 p = 0.495 0.23 0.37
  Litter size 172 t100 =  − 3.0 p = 0.003 t162 = 1.5 p = 0.148 t163 =  − 1.3 p = 0.210 t142 =  − 0.9 p = 0.346 t140 =  − 0.7 p = 0.480 0.15 0.12
  Single vs. multiple 

litters
192 z =  − 0.4 p = 0.688 z = 2.5 p = 0.013 z =  − 2.1 p = 0.038 z = 0.5 p = 0.584 z = 1.1 p = 0.293 – 3.2

  Mean pup growth rate 120 t73 = -0.5 p = 0.655 t111 = 3.1 p = 0.003 t114 = -3.3 p = 0.001 t83 = -0.6 p = 0.556 t114 = -0.2 p = 0.873 0.00 0.01
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also McAdam and Boutin 2003a), our phenology findings 
suggest individuals of both sexes with larger caches ought 
to experience greater reproductive success. For males, this 
effect of cache size on reproductive timing was only consist-
ently significant in the reduced model, suggesting this effect 
may be mediated by age, and was sensitive to the inclusion/
exclusion of outliers and treatment of repeated measures, but 
the effect for females was robust.

Males with larger caches sired more pups compared to 
males with smaller caches, which differed from females 
which exhibited no overall relationship between cache size 
and reproductive output. Subsequent exploratory analyses 

revealed that only for early breeding females were larger 
caches associated with more recruits compared to females 
with smaller caches. Although there was overlap in the 95% 
confidence intervals for cache size x reproductive timing 
interaction between males and females, we interpret these 
collective results to indicate that cache size is more strongly 
associated with the reproductive success of males than for 
females. This sex-specific relationship between reproductive 
success and resources likely results from sex differences in 
the timing and requirements of peak energy expenditure on 
reproduction. Peak energy expenditure for males is likely 
during the mating season in late winter when males engage 
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Fig. 4  The effects of the number of cones in a female North Ameri-
can red squirrel’s (Tamiasciurus hudsonicus) cache and the A number 
of recruits she produced and B mean growth rate of the pups in her 
litter depending upon the timing of parturition. Lines represent lin-
ear regressions extracted from the full model structures including an 
interaction of cache size and parturition timing. Left panels indicate 

the regression line at the 10th percentile of parturition timing, middle 
panels represent regressions at the 50th percentile of parturition tim-
ing, and right panels indicate the regressions at the 90th percentile. 
Each residual is plotted only once in the panel that indicates the par-
turition timing the residual is closest to
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in mating chases (Lane et al. 2010), at which time cold 
weather may also exacerbate energetic requirements (Lane 
et al. 2009). During this time in the Yukon, red squirrels feed 
almost exclusively on cached cones (Fletcher et al. 2013). 
In contrast, peak energy expenditure for females is later in 
the year during lactation (Fletcher et al. 2012) when fresh 
foods (e.g., mushrooms and new cones) become available 
in late spring and summer (Fletcher et al. 2013). For exam-
ple, ~ 50% of feeding observations before mid-May were of 
squirrels eating seeds from cached cones, with the remaining 
observations consisting of cached fungi (mushrooms/truf-
fles) and spruce buds, each of which is less calorically dense 
than spruce seed (Fletcher et al. 2013). Most females in our 
dataset analyzed here experienced mid-lactation in early 
June when fresh mushrooms began to increase in frequency 
in feeding observations (Fletcher et al. 2013). Fresh cones 
can also become available as early as late June (Fletcher 
et al. 2013). Thus, while cached cones are still the most 
significant and reliable source of calories for females until 
sometime in July, most females have access to additional 
food resources during their peak energy demand. Foraging 
efficiency is also likely an important contributor to the pat-
terns observed here. Males likely require a more efficient 
energy source to fuel high intensity mating chases, whereas 
females may be able to supplement their diet with less effi-
cient fuel sources.

Our findings that sex-specific selection likely drives dif-
ferences in resource acquisition between the sexes could 
exemplify a common pattern for animal systems (Hau et al. 
2017). For example, female grey seals (Halichoerus grypus) 
begin accumulating fat earlier in the year, accumulate a 
greater amount, and consume more fat during the breeding 
season compared with males (Beck et al. 2003). Sex differ-
ences in the timing and energetic costs of reproduction are 
theorized to drive this differential seasonal pattern of fat 
accumulation and consumption, but fitness data are lacking 
(Beck et al. 2003). In cases where data for both fitness and 
resource acquisition exist, tests tend to be restricted to one 
sex. However, in a laboratory environment, Reddiex et al. 
(2013) found that male and female fruit flies (Drosophila 
melanogaster) differ in macronutrient preferences and that 
these sex-specific preferences maximize fitness (see also 
Maklakov et al. 2008 for similar results with crickets). The 
lack of comparable data in wild populations likely results 
from the difficulty of simultaneously collecting resource 
acquisition data at relevant time periods and fitness data for 
both sexes.

Another reason that comparable data is lacking is because 
resource acquisition is typically considered a product of 
temporal and spatial variance in the environment rather 
than a phenotype that can be shaped by natural selection 
(sensu Laskowski et al. 2021). While the environment is 
indeed likely to have large effects on available resources, 

the amount of resources acquired is an expression of the 
phenotype that will be affected by multivariate interactions 
of behavior, performance, and morphological traits (Larue 
et al. 2022). In our system, current work to assess how red 
squirrel phenotypes and their heritabilities contribute to var-
iation in resource acquisition are ongoing. Cached resources 
in particular represent an extended phenotype (Fisher et al. 
2019), which is a trait that exists outside of their physical 
body (Dawkins 1978, 1982). Capital breeding organisms that 
fuel reproductive effort with fat (sensu Beck et al. 2003) or 
cached resources (as shown here) are ideally suited to com-
pare patterns of resource acquisition and its consequences 
because acquisition is quantifiable and stored resources 
should, to some degree, be attributable to the organismal 
phenotype.

A putative mechanism for cache size to increase male 
reproductive output could be that cached resources directly 
provide energy that fuels greater or earlier mating effort and/
or performance. However, as analyzed here, we found no 
connection between male cache size and breeding season 
home range area. It is possible that our failure to detect a 
relationship is a consequence of fluctuating squirrel mat-
ing behavior in the context of mast years (male home range 
data here are limited to one mast year and one non-mast 
year), or that increased effort may be concentrated within 
similar areas. Cache size may signal male quality to females; 
however, mating chases tend to be centered on the female’s 
midden, thus restricting the opportunity of females to assess 
the cache size of males. Cached cones more likely serve 
as fuel for mate searching, a sexually selected trait in male 
squirrels (Lane et al. 2010). In support of this, our finding 
that males with larger caches sired offspring earlier in the 
season suggests the possibility that greater cached resources 
fuel earlier reproductive effort. Cached resources could also 
fuel males to increase the time invested into mate searching 
(although no relationship between male cache size and maxi-
mum length of time between successful sirings was found 
here; data not shown).

Given that we did not find a relationship between cache 
size and the number of pups that females produced, larger 
caches likely enable early breeding females to produce more 
recruits by increasing offspring quality. To support this, we 
found that early breeding females with larger caches pro-
duced slightly faster growing pups. Pups that grow faster 
usually experience greater overwinter survival (Hendrix 
et al. 2020) and natural selection favors mothers that pro-
duce fast growing offspring in high density environments 
(Dantzer et al. 2013; see also McAdam and Boutin 2003a). 
Experimentally supplemented females produced offspring 
with higher early survival despite no difference in the 
body size of offspring compared with offspring of non-
supplemented females (Kerr et al. 2007), which suggests 
that maternal food resources can have a positive effect on 
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pup success in addition to any effect on offspring body size. 
Thus, mothers may improve offspring success by creating a 
quality environment for offspring via nest defense, as evi-
denced by females with high nest attendance having higher 
lifetime reproductive success (Westrick et al. 2020). These 
findings are similar to those across a variety of taxa show-
ing that the resources available to mothers are important 
determinants of early-life success of offspring (Mousseau 
and Fox 1998; Monteith et al. 2009; Salomon et al. 2011; 
Warner and Lovern 2014).

Both male and female cache sizes increased with age 
to varying degrees and then plateaued (male) or decreased 
towards late life (female; similar to Fisher et al. 2019). Female 
reproductive effort increases with age in our population as the 
likelihood of breeding, the likelihood of producing a second 
litter within a season, and the propensity to bequeath their ter-
ritory to offspring increases across lifespan (Descamps et al. 
2007). Given our findings, we suggest that early life increases 
in reproductive effort of females may be fueled by the con-
comitant increase in cached resources, and that the late life 
decrease in the cache size of females could result from the 
coinciding highest reproductive effort. Additionally, females 
that reproduce during late life experience reduced survival 
(Descamps et al. 2009) which may partially result from their 
lower availability of cached resources. Alternatively, late life 
decreases in cache size, survival, and reproduction (Descamps 
et al. 2008, 2009; Haines 2017), which are common in wild 
vertebrates (Festa-Bianchet and King 2007; Gaillard et al. 
2017; Lemaitre and Gaillard 2017), could reflect responses 
to underlying physiological senescence. Here, we focused on 
total cache size (newly cached cones plus stored cones from 
previous years), but future work that teases out caching effort 
(i.e., new cones only), cone consumption, and storage will be 
important for disentangling the causes and consequences of 
changes in cache size across age.

Red squirrels exhibit high variability in the timing, out-
put, and success of reproduction among years (e.g., Boutin 
et al. 2006; Williams et al. 2014; Lane et al. 2018; McAdam 
et al. 2019), which suggests the importance of a squirrel’s 
cache is likely to vary among years. For example, the aver-
age parturition date in the population varies by as much 
as ~ 60 days among years (Boutin et al. 2006; Williams 
et al. 2014), and female consumption of cached resources 
during mid-lactation ranges from 2 to 100% among years 
depending on reproductive phenology (Fletcher et al. 2013). 
We focused our analyses here on testing whether the impor-
tance of within-year variation in cached resources is sex 
specific and could explain sex differences in cache sizes. 
We thus analyzed a 7-year period for which we have data on 
the siring success of males in addition to our larger dataset 
of reproductive success of females (Dantzer et al. 2020). 
Nevertheless, future work should examine whether envi-
ronmental variation at the population level, such as cone 

availability, spruce masting, and conspecific density, affect 
these within-year relationships among cache size and repro-
ductive strategy and their consequences.

Conclusion

We show that both males and females with larger caches 
produced offspring earlier in the year than squirrels of their 
sex with smaller caches. Males with greater cache sizes sired 
more pups, whereas for females, cache size only positively 
affected components of fitness when they reproduced early 
in a year. We suggest that the stronger overall positive effect 
of cache size on reproductive success for males than for 
females likely contributes to males typically having larger 
caches than females. These results serve to expand an appre-
ciation for factors influencing male fitness components as 
well as offer new perspectives on the complexities contribut-
ing to female reproductive plasticity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00265- 022- 03245-y.
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