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Abstract: To maximize fitness, organisms must optimally allocate resources to reproduction, daily metabolic mainte-
nance, and survival. We examined multiple years of live-trapping and observational data from a known-aged population
of female Columbian ground squirrels, Spermophilus columbianus (Ord, 1815), to determine the influences of stored
resources and daily resource income on the reproductive investments of females. We predicted that because yearling fe-
males were not fully grown structurally while producing their first litter, they would rely exclusively on income for re-
production, while reproductive investment in older females (≥2 years of age) would be influenced by both stored
resources (capital) and daily income. Results from path analysis indicated that both yearlings and older females were
income breeders. However, initial capital indirectly influenced investment in reproduction of yearling and older females.
Females with the greatest initial capital maintained high body masses while investing relatively more income in repro-
duction. By considering influences of both capital and income, important relationships can be revealed between these
resources and their influence on life histories.

Résumé : Afin de maximiser leur fitness, les organisme doivent répartir de façon optimale leurs ressources entre la re-
production, le maintien métabolique quotidien et la survie. Nous avons examiné des données de piégeage d’animaux vi-
vants et des observations sur plusieurs années provenant d’une population de spermophiles du Columbia (Spermophilus
columbianus (Ord, 1815)) femelles d’âge connu afin de déterminer l’influence des ressources emmagasinées et de
l’apport quotidien de ressources sur les investissements reproductifs des femelles. Notre prédiction est que les femelles
de 1 an, qui n’ont pas atteint leur maturité structurale au moment où elles produisent leur première portée, dépendent
entièrement des apports quotidiens pour leur reproduction; en revanche, chez les femelles plus âgées (de �2 ans),
l’investissement reproductif dépend à la fois des ressources emmagasinées (capital) et des apports quotidiens (revenu).
Les résultats d’une analyse de sentier indiquent que les femelles tant de 1 an que plus âgées, se reproduisent à partir
des apports quotidiens. Cependant le capital initial influence indirectement l’investissement reproductif des femelles de
1 an et des plus âgées. Les femelles possédant un capital initial plus important maintiennent une masse corporelle plus
grande, tout en investissement relativement plus de leurs apports journaliers dans la reproduction. En tenant compte des
influences à la fois du capital et des apports journaliers, on peut mettre à jour d’importantes relations entre ces ressour-
ces et leur influence sur les cycles biologiques.
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Introduction

Organisms must optimally allocate resources to reproduc-
tion and somatic needs (growth, metabolic maintenance, and
survival) to maximize fitness (McNamara and Houston 1996).
Patterns of reproduction and somatic investment are impor-
tant to the study of life-history evolution because increased
investment in current reproduction can decrease the total
amount of energy available for future reproduction and (or)
somatic needs (Williams 1966; Hirshfield and Tinkle 1975;

van Noordwijk and de Jong 1986; Stearns 1992; Doughty
and Shine 1997). Trade-offs can occur among life-history
traits because individuals cannot allocate maximal amounts
of resources to both reproductive and somatic needs. Re-
sources used for reproductive and somatic needs can either
be ingested during reproduction (income breeders) or gath-
ered and stored in the form of fat and (or) protein (capital
breeders) (Drent and Daan 1980; Jönsson 1997).

Capital and income breeding define two ends of a contin-
uum, and most organisms likely rely on both forms of re-
sources to support reproductive and somatic needs (Jönsson
1997). Because small body size in mammals implies a rela-
tively high metabolic rate compared with larger mammals,
species of small mammals are not able to build up large
stores of fat and protein for reproduction compared with
larger mammals such as red deer (genus Cervus L., 1758),
elephant seals (genus Mirounga Gray, 1827), and bighorn
sheep (Ovis canadensis Shaw, 1804) (Festa-Bianchet et al.
1998; Boyd 2000). Therefore, they are more reliant on in-
gested energy (income) to sustain the energetic demands of
reproduction. Income acquired at the beginning of the repro-
ductive period may, however, affect reproductive output in
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capital breeders. In the aspic viper (Vipera aspis (L., 1758)),
a capital breeder, Lourdais et al. (2002) found that increased
amounts of resources (income) given to females during vit-
telogenesis allowed them to gain more mass during the re-
productive period and produce more offspring than those
females given lower amounts of resources during vittelo-
genesis. In roe deer, a species that has been shown to use an
income breeding strategy, investment in reproduction is cor-
related with maternal mass or maternal condition at the be-
ginning of the reproductive season, suggesting a role for
capital in its income breeding strategy (Andersen et al.
2000).

We examined patterns of resource allocation to reproduc-
tion, growth, and fattening for hibernation in a population of
Columbian ground squirrels, Spermophilus columbianus
(Ord, 1815), from eastern Washington State, USA. In this
population, females have a maximum life-span of 9 years
(Broussard et al. 2003). They begin weaning litters as year-
lings before they are fully grown structurally (see Dobson
1992). Because females begin weaning litters while complet-
ing growth as yearlings, their resource demands should be
greater than those of fully grown adult females and they
should be more susceptible to a trade-off between reproduc-
tive and somatic investments than older females. Therefore,
we predicted that yearling females would have different pat-
terns of resource allocation to reproduction compared with
older females. Because small mammals are generally unable
to build up substantial energy reserves for reproduction, we
predicted that reproductive investment of females of all ages
would be more heavily influenced by the amount of re-
sources they ingested (i.e., income) during the reproductive
period than by the amount of capital they had at emergence
from hibernation. However, because older females would be
more likely to have some form of remaining energy storage
at emergence from hibernation compared with yearling fe-
males, we predicted that reproductive investment of older fe-
males would be more influenced by their capital on
emergence from hibernation than that of yearling females.

Methods

Study organism
Columbian grounds squirrels provide an excellent model

for examining patterns of resource investment in small mam-
mals because much is known about their reproductive ecol-
ogy and life history (e.g., Boag and Murie 1981; Zammuto
and Millar 1985a, 1985b; Risch et al. 1995). Populations are
regulated by food resources (Dobson and Kjelgaard 1985a;
Dobson and Oli 2001), and their plastic life histories are in-
fluenced by individual body condition (Dobson and
Kjelgaard 1985b; Dobson and Murie 1987; Dobson 1988,
1992; King et al. 1991). Mass of litters at their first emer-
gence from the natal burrow is strongly correlated with ma-
ternal mass at emergence from hibernation (Dobson et al.
1999). Females emerge from their hibernation burrows in
spring and mate within a few days. Once young are weaned
in early summer, the females must then prepare for an 8–9-
month period of hibernation, usually beginning in late sum-
mer (Murie and Harris 1982; Dobson et al. 1992). Because
of the short active season, Columbian ground squirrel fe-

males have a limited time to allocate resources to both
reproductive and somatic needs.

Field methods
Field studies were conducted from 1983 to 1990 at the

Turnbull National Wildlife Refuge, 35 km southwest of Spo-
kane, Washington, USA (47°N, 117°W, elevation 695 m).
Ground squirrels were captured soon after emergence from
hibernation in early to mid-March. All individuals were
weighed to the nearest 5 g and examined for reproductive
condition. All individuals were marked with uniquely num-
bered metal ear tags and unique dye marks on their pelage
for visual identification. New ear tags were reapplied as nec-
essary upon recapture. From 1985 to 1990, zygomatic arch
breadth measurements were made on yearling and older fe-
males by one of us (J.O.M.), and these measurements were
highly repeatable. See Dobson et al. (1999) for more details
on repeatability of these measurements.

Juvenile ground squirrels were captured shortly after
emergence from natal burrows in early to late May. Emer-
gence date of juveniles could be predicted because breeding
date was known or could be estimated within a few days.
Mating dates were determined from the external appearance
of the female’s genitalia, from behavioral evidence of above-
and below-ground copulations, by detection of a copulatory
plug, or from the presence of sperm in vaginal smears. Dates
of litter emergence were predicted by adding 24 days from
mating to parturition and 27 days from parturition to first
emergence of the litter above ground (Shaw 1925; Murie and
Harris 1982; Murie 1992). Litter emergence sites were antic-
ipated for most litters. Natal burrows were identified from
observations of females stocking them with nesting material
before young were born, or from females emerging into or
exiting from natal burrows during the lactation period.

During the period of litter emergence, the study site, espe-
cially the locations of natal burrows, was observed one to
three times daily for newly emerged juveniles. Juveniles
were captured in wire-mesh traps that were placed over natal
burrows, or in live traps that surrounded the burrows. Most
juveniles were captured, weighed, and marked within the
first 3 days of emergence. The sole lactating female that as-
sociated with a natal burrow was identified as the mother of
the litter that emerged from that burrow.

Females were split into two age classes: yearlings (1 year
of age) and older females (≥2 years of age). No maternal or
reproductive characters varied among the older females
(ANOVA, all P > 0.05).

Measures of capital and income
Reproductive investment was calculated as total litter

mass, the sum of the masses of juveniles in each litter at the
time of weaning. Since lactation had subsided at this time,
the bulk of direct maternal investment into the offspring was
considered complete (Mattingly and McClure 1982; Kenagy
et al. 1989; Michener 1989). Litter mass at weaning is a rea-
sonably accurate reflection of maternal energy investment, in
part because litter size at weaning is not greatly different
from litter size at conception or birth in Columbian ground
squirrels (Murie et al. 1980). Because these are wild popula-
tions of ground squirrels in which birth and rearing of juve-
niles takes place below ground, we were unable to evaluate
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reproductive investment for those females that lost litters
during lactation. Those litters either partially or completely
killed by badgers (Taxidea taxus (Schreber, 1777)) were
eliminated from analyses.

Somatic investment was calculated as change in maternal
mass from the time of emergence from hibernation to the
time the litter emerged from the natal burrow (Broussard et
al. 2003). This measure of mass gain also represented the
amount of resources that a female was able to acquire for
herself (i.e., income) during the reproductive season
(Humphries and Boutin 1996). Maternal spring body condi-
tion at emergence from hibernation was estimated as the re-
siduals of the regression of spring body mass on zygomatic
arch breadth, a reflection of structural size (Dobson et al.
1999). Even though spring emergence mass is significantly
associated with fat reserves at emergence from hibernation
(Young 1988), our index of condition provided a measure of
initial capital for yearling and older females that was statisti-
cally controlled for body size.

Statistical analyses
Analyses were performed using SAS (SAS Institute Inc.

1990) statistical software. We used t tests (TTEST),
Pearson’s correlation coefficients (CORR), and linear regres-
sions (GLM and REG) to analyze relationships between re-
productive and maternal variables. Unless stated otherwise,
P values ≤0.05 were considered significant.

Path analyses were used to assess direct and indirect rela-
tionships between maternal variables and reproductive in-
vestment that might not be revealed by simple correlation
analyses. Significance of path coefficients (at P ≤ 0.05) was
taken as support or nonsupport of the influence of the mater-
nal characters on reproductive investment. Path analyses use
standardized, partial regression coefficients to assess direct
and indirect relationships between a series of independent
variables and dependent variables (Li 1977; Schemske and
Horvitz 1988; Petratis et al. 1996). Path analysis allows in-
vestigators to infer causality between independent and de-
pendent variables and allows relationships between any two
variables to be broken down into direct and indirect effects,
whereas multiple regression analyses have a fixed structure
with only one dependent variable and estimate only the di-
rect effect of several independent variables on one dependent
variable (Schemske and Horvitz 1988).

Results from path analyses may be biased if there is sig-
nificant collinearity among independent variables. When in-
dependent variables are significantly collinear, variances of
path coefficients measured by variance inflation factors
(VIFs) are high. If path coefficients are inflated because of
significant collinearity, then “condition numbers” are also
inflated. Condition numbers are calculated from eigenvalue
ratios of the correlation matrix of the independent variables
(see Petratis et al. 1996 for examples). We examined VIFs
and condition indices for our path analysis to test for bias
due to collinearity.

We considered the maternal and reproductive characteris-
tics of each female measured in each year to be statistically
independent samples for two reasons. For females older than
yearlings, litter mass in one year was not related to litter
mass in the next year (r = 0.11, P > 0.05, n = 64). Second, a
two-way analysis of variance was performed with female

identification number and age as class variables. No interac-
tion between age and identification number was found for
any of the maternal and reproductive characters analyzed
(all P > 0.05). Because some maternal and reproductive
characteristics varied among years, all data were adjusted for
year effects using residuals of general linear models (PROC
GLM). Year-standardized data were used for statistical anal-
yses. However, unstandardized data are presented as means
and other descriptive statistics.

Results

Yearlings and older females (2–9 years of age) showed
different patterns of many maternal and reproductive charac-
teristics. Date of first emergence from hibernation was sig-
nificantly later for yearling females compared with older
females (yearlings, 24 March ± 1 day; older females, 19
March ± 0.6 days; t = 3.95, P = 0.001). Average spring
emergence mass was significantly lower for yearlings (180–
360 g) than for older females (235–475 g) (mean (±1 SE)
spring mass: yearlings, 250 g ± 7.1; older females, 332 g ±
3.8; t = 10.8, P < 0.0001). Virtually all yearling and older fe-
males gained mass during gestation and lactation. Somatic
investments ranged from –20 g to 210 g in yearlings and
from –5 g to 175 g in older females. Yearling females had
significantly higher somatic investments than older females
(yearlings, 125 g ± 8.1; older females, 87.3 g ± 3.5; t = 4.6,
P < 0.0001). Litter masses at weaning ranged from 100 to
530 g for yearling females and from 85 to 725 g for older fe-
males; yearling females had significantly lower litter masses
than older females (yearlings, 284.8 g ± 12.9; older females,
373 g ± 9.6; t = 5.0, P < 0.0001).

Body condition of yearling and older females was esti-
mated as the residuals from a regression of maternal spring
emergence mass on zygomatic arch breadth (an estimate of
structural size, sensu Dobson 1992). The regressions for
both yearling and older females were highly significant
(yearlings, r2 = 0.54, df = 1,26, P < 0.0001; older females,
r2 = 0.29, df = 1,90, P < 0.0001) and did not differ in slope
(F[1,118] = 1.28, P = 0.26). Residuals were normally distrib-
uted for both yearling and older females (yearlings, W =
0.96, n = 28, P = 0.33; older females, W = 0.99, n = 92, P =
0.70). Therefore, we used this index of maternal body condi-
tion in our path analyses.

Correlations of maternal date of hibernation emergence,
maternal spring emergence mass, maternal spring body con-
dition, and reproductive investment showed somewhat differ-
ent patterns for yearlings and older females (Table 1).
Maternal date of emergence from hibernation was not signif-
icantly correlated with reproductive investment for either
yearling or older females. For yearling females, spring mass
and spring body condition were not significantly correlated
with reproductive investment, while among older females,
spring mass and spring body condition were significantly
positively correlated with reproductive investment. Somatic
investment was positively correlated with reproductive in-
vestment for yearling females but not older females. Year-
ling and older females exhibited a negative association
between both emergence mass and spring body condition
and somatic investment. Maternal spring body condition was
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highly correlated with maternal spring emergence mass in
both yearling and older females.

For both yearling and older females, larger litters were
heavier (yearlings, r = 0.72, n = 36, P < 0.0001; older fe-
males, r = 0.85, n = 115, P < 0.0001). Additionally, litter
mass was significantly correlated with the number of off-
spring surviving to yearling age (yearlings, r = 0.45, n = 36,
P = 0.006; older females, r = 0.33, n = 115, P = 0.0003). For
older females, heavier mothers produced larger litters (r =
0.30, n = 115, P = 0.001).

Path analyses
Path analyses were used to assess direct and indirect rela-

tionships between maternal traits and reproductive
investment (Figs. 1A, 1B). Maternal traits were considered
the independent variables, while reproductive investment
was the dependent variable. Independent variables were not
highly intercorrelated; however, female body condition and
somatic investment were significantly negatively correlated.
For both yearling and older females, there were significant
direct effects of maternal body condition and somatic invest-
ment on reproductive investment. For yearling females, there
was a significant indirect effect of maternal body condition
on reproductive investment through somatic investment. The
indirect effect of –0.45 was calculated as the product of the
path coefficient from maternal body condition to somatic in-
vestment and the path coefficient from somatic investment to
reproductive investment (Fig. 1A) (Li 1977; Schemske and
Horvitz 1988). In older females, an indirect effect of –0.27
existed from maternal body condition to reproductive invest-
ment through somatic investment.

Collinearity among maternal variables was likely not a
significant problem for our path analysis. Only one correla-
tion coefficient appears on the path diagrams in Fig. 1: the
correlation between emergence date and maternal body con-
dition. The correlation was low and not significant for either
yearlings or older mothers.

As in other ecological studies using path analysis, the path
coefficients for the unexplained influences on each depend-
ent variable (U) were large (Schemske and Horvitz 1988;
Dobson et al. 1999; Crocker et al. 2001; Arendt 2003).

These high U values are not unexpected given that a variety
of potentially important processes, including sampling vari-
ance, are not included in the analyses.

Discussion

Capital versus income breeding
We predicted that reproduction by both yearling and older

females would be more influenced by their daily income (in-
gested resources) than by their capital. More specifically, we
predicted that because of their continued growth and rela-
tively low mass at emergence from hibernation compared
with older females, yearling females would support repro-
duction exclusively with income. Because older females
would be more likely to have more capital at emergence
from hibernation compared with yearling females, we pre-
dicted that reproductive investment of older females would
be influenced by both income and stored capital. We found
that female Columbian ground squirrels of all ages were in-
come breeders. However, there were differences in the way
yearlings and older females used their income for somatic
and reproductive needs, based on their initial capital.

Path analysis was used to examine direct and indirect rela-
tionships between reproductive investment (dependent vari-
able) and a series of maternal characteristics (independent
variables). Because path analysis uses standardized partial
regression coefficients, significant relationships among vari-
ables are revealed that might not be evident using simple
correlations (Petratis et al. 1996).

We found that for yearling females, the highest path coef-
ficient existed from somatic investment to reproductive in-
vestment. The more mass a yearling female gained during
the reproductive period, the heavier the litter she weaned.
Yearling females may have been consuming more resources
than older females to compensate for these increased ener-
getic demands or they may have been more efficient at ac-
quiring resources and allocating them to reproduction and
themselves. Even though yearling females were significantly
lighter at emergence from hibernation than older females,
they increased their body mass between the spring and the
time that their litters were weaned by about 50% while pro-
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Emergence
mass (g)

Spring body
condition

Emergence
date (days)

Somatic
investment (g)

Reproductive
investment (g)

Emergence mass — 0.71 –0.12 –0.52 0.42
<0.0001 0.26 <0.0001 <0.0001

Spring body condition 0.69 — –0.01 –0.63 0.27
<0.0001 0.94 <0.0001 0.01

Emergence date –0.15 0.14 — –0.10 –0.08
0.44 0.48 0.37 0.42

Somatic investment –0.74 –0.58 0.03 — 0.03
<0.0001 <0.0001 0.88 0.76

Reproductive investment 0.01 –0.01 –0.22 0.39 —
0.94 0.95 0.26 0.04

Note: Yearlings appear below the diagonal while older females appear above the diagonal. Somatic investment is the mass
gained by females between emergence from hibernation and the emergence of their litter. Emergence mass and spring body
condition were both measured at the time of emergence from hibernation. Reproductive investment is total litter mass at first
emergence from the natal burrow. Associated P values appear below the correlation coefficients.

Table 1. Correlations of year-adjusted characteristics of 28 yearling and 92 older (≥2 years of age) female
Columbian ground squirrels (Spermophilus columbianus) and their litters.



ducing a litter that was roughly 100% of their own spring
mass. Thus, as we predicted, yearling females supported
both somatic growth and reproduction, through gestation and
lactation, with daily income.

For older females, we found that the highest path coeffi-
cient was from maternal body condition (initial capital) to
reproductive investment. Reproductive investment was
roughly 100% of an older female’s spring emergence mass.
Thus, older females could have directly used stored capital
as resources to wean a litter. However, this seems unlikely
because mass at emergence from hibernation represents the
lowest point of a female’s annual mass cycle. Therefore, fe-
males must have produced and weaned a litter from re-
sources they ingested during the reproductive season.
Additionally, older mothers invested resources in their body
mass, exhibiting an increase in body mass of about 25% be-
tween spring emergence from hibernation and the time that

their litters were weaned. Like yearling females, older fe-
males supported somatic investment — in this case, mass
gain — and litter development with daily income.

The influence of capital on income breeding
The direct effect of maternal body condition on reproduc-

tive investment was stronger in older females than in year-
ling females. Yearling females were investing income in
completion of growth while also investing income in repro-
duction, hence the stronger direct effect of maternal body
condition on reproductive investment for older females. If
Columbian ground squirrel females of all ages were income
breeders, then why was there a significant association be-
tween maternal body condition and reproductive investment?
This association appears to be due to an inverse relationship
between the resources that a female has upon emergence
from hibernation (viz. her initial capital) and her somatic in-
vestment. On average, females of all ages that emerged from
hibernation in better condition put on less mass during the
reproductive period than females in poorer condition. Thus,
heavier females, regardless of age, were able to invest more
of their income in their litters. In this sense, stored capital
was important to reproduction even though all of the invest-
ment in the litter had to come from daily income. The vast
majority of yearling and older mothers gained mass during
reproduction and thus could not have been allocating stored
resources (capital) directly to their litters. Higher initial cap-
ital, however, allowed yearling and older females in better
condition to direct more income toward reproduction while
still meeting somatic needs.

We found alternative resource investment tactics between
growing yearlings and fully grown older females. Such alter-
native investment tactics may be important to the fitness of
individuals, and thus to the evolution of life histories. The
principal trade-off in the life histories of female Columbian
ground squirrels was between initial mass and condition at
the beginning of the reproductive season and the amount of
mass that they subsequently gained while they reproduced.
Thus, a negative indirect influence of spring body condition
on reproduction obfuscated the direct influence of initial
capital on subsequent reproduction. This obfuscation was
quite strong for yearlings, and present but less strong for
older females. We also found that investment in the mass of
litters was closely associated with the number of offspring
produced. In turn, both the mass and the size of litters are
significantly associated with the number of survivors to
yearling age, when at least some offspring begin to repro-
duce (Dobson et al. 1999).

Most of the work on capital and income breeding strate-
gies in mammals has focused on large species (Festa-
Bianchet et al. 1998; Andersen et al. 2000; Boyd 2000).
Such studies have indicated the importance of stored capital
to successful reproduction. The results of our study show
that yearling and older female Columbian ground squirrels
are primarily income breeders, weaning litters from re-
sources they ingest during the active season. However,
stored capital (in the form of fat or protein) present at spring
emergence from hibernation allows heavier, fully grown fe-
males to invest more in their litters. Capital influenced the
amount of resources indirectly invested in reproduction by
changing patterns of allocation of daily income. Although
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Emergence

Date

Body
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Investment

0.42

0.54

0.04

-0.63

-0.10

-0.01

U
U

0.87
0.87

B

Somatic Investment

Emergence

Date
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Reproductive

Investment

0.72

0.49

-0.39

-0.62

0.11

-0.12

U
U

A
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0.83

Fig. 1. Path models of the influence of maternal variables of
(A) 28 yearling and (B) 92 older (≥2 years old) female Colum-
bian ground squirrels (Spermophilus columbianus) on litter mass
at first emergence from the natal burrow (reproductive invest-
ment). Correlations between independent variables appear to the
left of the maternal variables, while path coefficients appear to
the right of the maternal variables. Positive path coefficients are
represented by solid lines, while negative path coefficients are
indicated by dashed lines. The width of the line indicates the
significance of the path coefficient; for example, the heaviest
lines represent path coefficients with a P value of ≤0.0001. U
represents the path coefficient for the unexplained variation,
which is the square root of the quantity 1 – r2 (from Li 1977).



they were income breeders, females exhibited allocation tac-
tics that depended on stored capital.

All females in the population were capital hibernators.
They used stored energy, in the form of fat and protein accu-
mulated during the previous active season, to survive the hi-
bernation season (Boag and Murie 1981; Murie and Harris
1982; Young 1988). Because they have a short time in which
to reproduce and, in some instances, complete growth, hiber-
nating species of mammals may have different resource in-
vestment strategies than nonhibernating species of
mammals. Examining where hibernating species of mam-
mals fit on the income–capital breeding continuum may
present difficulties because of the large amounts of resources
that are ingested for both weaning litters and surviving the
subsequent hibernation season. By considering influences of
both capital and income, important relationships can be re-
vealed between these resources and their influence on life
histories.
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