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VARIATION IN VIABILITY SELECTION AMONG COHORTS OF JUVENILE RED

SQUIRRELS (TAMIASCIURUS HUDSONICUYS)

ANDREW G. McApamM® AND STAN BouTiIn?
Department of Biological Sciences, University of Alberta, Edmonton, Alberta T6G 2E9, Canada
1E-mail: amcadam@ualberta.ca
2E-mail: stan.boutin@ualberta.ca

Abstract.—Selection will result in observable changes in traits only if it acts consistently in space and time, but few
estimates of selection in natural populations have been temporally replicated. Here we estimate viability selection on
nestling growth rates for 13 cohorts (1989—-2001) of red squirrels (Tamiasciurus hudsonicus) from a natural population
located in southwestern Y ukon, Canada. Directional selection on nestling growth ratesvaried in magnitude and direction
from one cohort to the next. The magnitude of directional selection was relatively weak in most years (median B’ =
0.24), but there were episodes of very strong viability selection (3’ > 0.5) in some cohorts. We found no evidence
of significant stabilizing or disruptive selection on this trait. Examination of viability selection episodes over shorter
time periods suggested that the strength of selection on juveniles in this population was positively related to the time
scale over which selection was measured. Viability selection from birth to emergence from the natal nest (50 days
of age) and from emergence to successful recruitment (100 days of age) were positively correlated, but were both
independent of selection on nestling growth rates from recruitment to potential breeding age (one year). The strength
of directional selection on growth rates prior to recruitment was negatively correlated with spring temperature whereas
selection from recruitment to breeding was positively correlated with the abundance of spruce cones produced in the
previous fall. Episodes of strong directional selection from birth to breeding age appear to be due to potentially rare
combinations of environmental conditions. As a result, predicting the occurrence of very strong episodes of selection
will be extremely difficult, but predicting the microevolutionary responses to observed selection on individual cohorts
remains feasible.
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Since the development of methods for quantifying natural
selection on multiple traits (e.g., Lande and Arnold 1983),
the number of estimates of the strength of selection in natural
populations has grown steadily (Endler 1986; Hoekstra et al.
2001; Kingsolver et al. 2001). Most episodes of directional
selection are relatively weak, but in some circumstances very
strong selection can occur (Endler 1986; Kingsolver et al.
2001). Even weak episodes of directional selection, however,
are capable of causing large changes in the mean value of
traits. Hoekstra et al. (2001) calculated that as few as 16
generations of ‘‘typical’’ selection (B’ = 0.15) could change
the mean of a heritable trait by one standard deviation. De-
spite the apparent ability of typical levels of selection to cause
large changes in traits with typical levels of additive genetic
variation (Mousseau and Roff 1987), documented microevo-
lutionary responses to selection in natural populations are
anything but typical (Merila et al. 2001).

One explanation for the general lack of response to doc-
umented selection is that selection measured at one point in
time may not persist across generations or even across life
stages within generations (Merila et al. 2001). Relatively few
studies have replicated estimates of selection either in space
or time (temporal replicates reviewed by Kingsolver et al.
2001: range = 1-10; median = 1; spatial replicates: range
= 1-12; median = 1, but see also Boyce and Perrins 1987;
Przybylo et al. 2000; Sinervo et al. 2000; Kruuk et al. 2001;
Grant and Grant 2002). A negative relationship between the
strength of viability selection and the time period over which
this selection is measured also suggests that strong episodes
of viability selection are often followed by periods of stasis
or reversal in the direction of selection within generations
(Hoekstra et al. 2001).

The response of traits across multiple generations will be
very difficult to predict if selection varies in space or time,
particularly in populations with overlapping generations
(Merila et al. 2001). However, most natural populations ex-
perience large variability in environmental conditions (e.g.,
temperature, precipitation) or in the abundance of food, pred-
ators, or competitors. It, therefore, seems unlikely that es-
timates of a single episode of selection in natural populations
will adequately predict responses of traits beyond the very
narrow window within which selection was measured.

Previous estimates of genetic variation in nestling growth
rates of red squirrels (Tamiasciurus hudsonicus) from a nat-
ural population revealed large heritable maternal effects and
a large positive covariance between direct and maternal ge-
netic effects on this life history trait (McAdam et a. 2002).
Positive genetic covariances are thought to be rapidly eroded
by consistent directional selection (Roff 1997), suggesting
that selection on nestling growth rates in this natural popu-
lation might instead vary either in space or time (McAdam
et al. 2002). Red squirrels are long lived (maximum age, 9
years) and have arelatively short generation time (2.7 years)
resulting in several generations (1-3) of females breeding
within the same season (S. Boutin, unpubl. data). Red squir-
rels in this population rely almost exclusively on the cones
of white spruce (Picea glauca) for food. The production of
spruce cones varies dramatically from one year to the next
and this annual variation in the abundance of food is thought
to have important implications for many aspects of red squir-
rel life history (Berteaux and Boutin 2000; Humphries and
Boutin 2000; Réale et al. 2003a). This combination of over-
lapping generations and the annual variation in food abun-
dance provide both the theoretical (Ellner and Hairston 1994)
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and ecological basis for our hypothesis that this large, pos-
itive direct-maternal covariance has been maintained in this
population by temporally varying selection on nestling
growth rates.

Here we report on an analysis of viability selection for 13
cohorts (1989-2001) of nestling red squirrels based on sur-
vival to potential breeding age. We were most interested in
sel ection on nestling growth rates but al so quantified maternal
selection acting via litter size and parturition date. We ex-
amined these 13 cohorts of squirrels for evidence of temporal
and spatial variation in selection using generalized linear
models including temporal and spatial variables as well as
their interactions with the juvenile and maternal traits. We
also examined viability selection over two shorter time
scales: survival to first emergence from the natal nest (50
days of age) and successful recruitment into the adult pop-
ulation (100 days). These measures of viability selection to-
gether with the estimates based on survival to one year of
age allowed us to look for evidence of temporal variation in
selection on nestling growth rates within cohorts and to eval-
uate the relationship between the time scale over which se-
lection was measured and the strength of selection within a
single population. Finally we attempted to generate hypoth-
eses regarding the causes of variation in viability selection
on growth rates in this population by correlating the strength
of selection with a variety of ecological variables.

MATERIALS AND METHODS

A natural population of red squirrelsin the southwest Y u-
kon (61°N, 138°W) was monitored from 1989 to 2002. All
individuals in each of the five trapping areas (total census
population size: 400-600) were permanently marked with
small metal ear tags and were regularly live-trapped through-
out the breeding season to assess reproductive activity. Be-
cause of their territorial and diurnal activity patterns, wewere
ableto census all squirrels within our population in both May
and August of each year, although regular trapping often
began in March. All offspring born in the population were
enumerated within days of birth and were permanently
marked prior to first emergence from their natal nest. Off-
spring are weaned at approximately 70 days of age at which
point they must acquire a territory in order to survive the
upcoming winter (for more details, see Berteaux and Boutin
2000). Red squirrelsin this population do not breed asyoung-
of-the-year, so survival through the first winter indicates sur-
vival to potential breeding age. The number of offspring pro-
duced in the population varies from year to year but often
greatly exceeds the number of vacant territories, thusin most
years the probability of survival to breeding age is low and
the opportunity for selection on offspring traits is high. Be-
cause of the timing of breeding in this population and our
trapping procedures, we assessed potential breeding age as
200 days. Any squirrel that survived to 200 days of age had
successfully survived their first winter and could have ini-
tiated breeding. Hereafter, survival to 200 days of age will
be referred to as survival to potential breeding age or survival
to one year of age.

A. G. McCADAM AND S. BOUTIN

Measurement of Traits

We examined viability selection on juvenile squirrels
based on survival to potential breeding age. The offspring
trait we were most interested in was nestling growth rates,
which were measured as the increase in mass of nestling
squirrels from soon after birth to approximately one month
of age (just prior to first emergence from the natal nest).
Growth over this time period is approximately linear (see
McAdam et al. 2002). Offspring with initial weight mea-
surements greater than 50 g, final weight measurementsgreat-
er than 100 g, or less than five days between weight mea-
surements were excluded from the analysis. Offspring in-
volved in food supplementation or litter size manipulation
experiments (e.g., Humphries and Boutin 2000) were not in-
cluded in these analyses. We also measured the effects of
birth date (Julian date) and litter size on offspring viability,
because these two traits have been found to have strong ma-
ternal effects on offspring growth (McAdam et a. 2002).
Females in this population rarely attempt a second litter late
in the breeding season (Réale et al. 2003b). We excluded
offspring from second litters in this study to be consistent
with previous estimates of selection on litter size and par-
turition date (Réale et al. 2003b). Results of analyses in-
cluding offspring from second litters are similar to those
presented here.

In the 13 cohorts between 1989 and 2001, we estimated
viability selection on a total of 1623 nestling red squirrels
based on survival to potential breeding age. Sample sizes
within a given cohort varied from 31 to 304 but often ex-
ceeded (median, 109) the sample size of most previously
published estimates of selection in natural populations (me-
dian, 134; Kingsolver et al. 2001).

Temporal and Spatial Variation

We used generalized linear models (binomial response;
McCullagh and Nelder 1989, Venables and Ripley 2002) to
assess the significance of nestling growth rate, litter size, and
parturition date to offspring viability. Sex was included in
the model to account for differences between males and fe-
males in their probability of survival to one year of age. The
significance of spatial and temporal variation in selection
were assessed by the comparison of four separate a priori
models using analysis of deviance (McCullagh and Nelder
1989; Venables and Ripley 2002). The basic model (1) in-
cluded only the three juvenile traits and SEX as predictors
of survival to one year of age. The small-scale spatial model
(2) included the basic model and the specific spatial location
of the natal territory of each offspring within the trapping
areas (X and Y grid coordinates = 3 m), their cross-product
(XY) and interactions with juvenile traits. The medium-scale
spatial model (3) included the basic model as well as a dum-
my variable representing one of the five 40 ha trapping areas
(GRID; average distance between grids is approximately 1.3
km), and interactions between GRID and the juvenile traits.
The temporal model (4) included the basic model, cohort (C),
and interactions of cohort with juvenile traits. In models 2—
4, significant main effects represented spatial or temporal
variation in the probability of survival to one year of age
whereas significant interactions with juvenile traits repre-
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sented spatial or temporal variation in selection on these
traits. In model 2, the small-scale spatial effect was consid-
ered to be the combined effects of the three spatial variables
(two coordinates and their cross-product). As a result, the
deviances explained by each of these three variables were
summed and tested against a chi-square distribution with 3
df (analysis of deviance; McCullagh and Nelder 1989; Ven-
ables and Ripley 2002). Interactions between the small-scale
spatial variable and each of the three traits were interpreted
in the same way. Data for two cohorts (1989 and 1990) and
two trapping grids were excluded from this analysis because
of small sample sizes relative to the other years and grids.

Estimation of Viability Selection

Linear selection gradients were estimated for the entire
dataset using a linear model that included grid, sex, litter
size, parturition date, and nestling growth rate as predictors
(Lande and Arnold 1983). Trait values were standardized and
relative fitness was calculated within each cohort to avoid
confounding selection gradients with covariances between
environmental conditions, trait values, and fitness. Quadratic
and correlational selection gradients were estimated in a sep-
arate linear model that included all linear, quadratic and pair-
wise cross-products of traits.

Linear, quadratic, and correlational selection gradients
were also estimated for each cohort, using separate linear
models. For the cohort analysis, traits were adjusted to amean
of zero prior to analysis and selection gradients were sub-
sequently standardized to avoid rounding errors (Endler
1986). Standardized selection gradients (B{, vi; and vj;) are
presented * one standard error (SE). Standard errors were
generated by jackknifing. No significant nonlinearities in fit-
ness surfaces within cohorts were found using generalized
additive model sfit with cubic splines, in which the smoothing
parameter (A) was obtained by generalized cross-validation
(Mathsoft 19993, b).

There was no sign of any temporal autocorrelation in the
strength of selection on nestling growth rates (one-year lag:
r=0.03,n=12, P = 0.93; two-year lag: r = —0.01, n =
11, P = 0.97; three-year lag: r = —0.07, n = 10, P = 0.85;
Legendre and Legendre 1998), thus selection gradients for
each cohort were assumed to be independent tests of the null
hypothesis of no selection. As aresult, we corrected for mul-
tiple comparisons of selection gradients (3 traits X 3 gra-
dients) only within cohorts using a sequential Bonferroni
correction (Rice 1989). Gradients significantly different from
zero at an uncorrected alpha of 0.05 as well as those signif-
icantly different from zero based on the sequential Bonferroni
correction are indicated in the tables and figure.

Time Scale of Viability Selection

To examine the effect of the length of time over which
viability selection was measured we also estimated linear
selection gradients for nestling growth rates for each of the
13 cohorts based on survival to 50 days of age (emergence
from the natal nest) as well as survival to 100 days of age
(recruitment into the adult population). Survival to 50 days,
100 days, and one year of age correspond roughly to the three
temporal categories of days, months, and years outlined by
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Hoekstraet al. (<31 days, 31-364 days; >365 days; Hoekstra
et al. 2001). Itisunlikely that growth rates could be measured
in squirrels that survive for less than 20 days, thus selection
on nestling growth rates based on survival to 50 days of age
represents a very short time period. The magnitude of direc-
tional selection on nestling growth rates (absolute value) was
compared among time periods for the 13 cohorts of squirrels
using a linear mixed-effects model in which the time period
was included as a fixed effect and the year was included as
a random (blocking) factor (n = 39 estimates of selection
gradients). The strength of viability selection on nestling
growth rates from birth to one year of age was decomposed
into three separate selection episodes (birth to emergence,
emergence to recruitment, recruitment to breeding) corre-
sponding to the time periods described above, based on the
additive nature of selection gradients across successive se-
lection episodes (Arnold and Wade 1984).

Correlates of Viability Selection

We looked for potential external and internal ecological
correlates of viability selection on the growth rates of juvenile
red squirrels acting from birth to recruitment and from re-
cruitment to breeding. External variables were the abundance
of cones produced in the current and previous year and the
average spring temperature. An index of the abundance of
spruce cones produced each year was measured by averaging
the number of visible cones on the top 3 m of each of 190
designated trees among the study areas (for details, see Hum-
phries and Boutin 2000). Cones are harvested by the squirrels
in August and are stored for subsequent consumption over
the following year or more. Because our index of spruce cone
production varied annually over three orders of magnitude
(Humphries and Boutin 2000), we log transformed these val-
ues prior to analysis. Weather data were collected from the
Burwash weather station located approximately 50 km from
the study area and spring temperatures were cal cul ated as the
average of April, May, and June mean monthly temperatures,
following Réale et al. (2003a). The only internal variable
examined was spring population density, measured as the
number of adults owning territories within the core 12-ha
area of each of the study areas. Spring population density
has been found to be positively correlated with the previous
year’s cone production (S. Boutin, unpubl. data), so the re-
siduals of the relationship between population density and
the previous year’s cone production were included as an in-
ternal ecological variable here. There was no sign of any
temporal autocorrelation in the strength of selection on nest-
ling growth rates (see above) so the selection gradient from
each cohort was used as an independent replicate in this
analysis. These four ecological variableswere correlated with
each of the selection gradients (n = number of cohorts) using
ordinary least squares multiple regression. As aresult of the
small sample size in this analysis, nonsignificant variables
(P < 0.05) in each multiple regression were removed in a
step-wise manner to arrive at a single reduced model. Sta-
tistical results from the entire model are presented for vari-
ables removed in the step-wise procedure, while results for
significant variables are presented from the final reduced
model.
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REsULTS

The fates of 1623 offspring were followed from 13 dif-
ferent cohorts from 1989 to 2001. The production of spruce
cones varied dramatically from one year to the next (Fig. 1).
In some years there was a cone crop failure (e.g., 1989, 1991,
1994, 2000), while in other mast years (e.g., 1993, 1998)
there was a very large number of cones produced. Nestling
growth rates varied among years (Table 1) and were posi-
tively correlated with the abundance of spruce cones pro-
duced in the previous year (slope = 0.23 = 0.04 g X day 1
X cones™1, n = 13, r2 = 0.74, P < 0.001). The opportunity
for selection on offspring varied among years but in general
was very high (median, 5; see Table 2). Variation among
cohorts in the opportunity for selection was positively cor-
related with both the abundance of spruce cones produced in
the previous fall (slope = 5.5 = 2.0, t;o = 2.7, P = 0.02)
and the relative spring population density (slope = 9.0 +
2.5, t1p = 3.6, P = 0.004).

The overall model of viability selection indicated that there

A. G. McCADAM AND S. BOUTIN

TABLE 2. Probability of survival from birth to 50 days, 100 days,
and one year of age and the opportunity for selection (1) based on
survival to one year of age for red squirrels born between 1989 and
2001. See Table 1 for sample sizes (number of juveniles) within
each cohort.

Opportunity for

50 days 100 days One year Selection (I)
1989 0.90 0.58 0.13 7.0
1990 0.61 0.30 0.21 3.8
1991 0.76 0.44 0.38 1.7
1992 0.53 0.26 0.17 5.0
1993 0.88 0.71 0.65 0.5
1994 0.80 0.33 0.05 17.7
1995 0.63 0.50 0.48 1.1
1996 0.61 0.25 0.13 6.8
1997 0.75 0.43 0.36 1.8
1998 0.67 0.58 0.50 1.0
1999 0.52 0.14 0.03 32.9
2000 0.48 0.12 0.09 10.2
2001 0.47 0.21 0.13 6.8

was significant selection for increased nestling growth rates
(B" = 0.34 = 0.10, t15,7 = 3.53, P = 0.0004; Fig.2) and
selection for earlier parturition dates (B’ = —0.20 = 0.07,
tis17 = 3.13, P = 0.002; Table 3). There was no significant
directional selection on litter size (B’ = 0.04 = 0.07, tig17
= 0.54, P = 0.59; Table 3) or nonlinear selection on growth
rate, parturition date or litter size (growth rate y' = 0.02 =
0.06, t1617 = 0.43, P = 0.67; parturition date y' = —0.04 =
0.04, ti11 = 0.99, P = 0.32; litter sizey’ = —0.09 = 0.05,
tig11 = 1.76, P = 0.08; Table 4). Correlational selection
gradients from the overall model were also not significantly
different from zero (t161; < 1.84, P > 0.06; Table 4).

Temporal and Spatial Variation

The basic model of nestling survival to one year of age
explained only 5.2 percent of the overall deviance (Table5).
Sex (females had a higher probability of survival than males,
analysis of deviance: x3 = 27.8, P < 0.001), growth rate
(x3 = 6.9, P = 0.01), and parturition date (x5 = 52.1, P <

TaBLE 1. Phenotypic means (= one standard deviation) and covariances between nestling growth rates (GR; g/day), litter size (LS),
and parturition date (PD; Julian date) before selection from 1989 to 2001. Sample sizes (number of juveniles) for each cohort are reported

at the right of each row.

Growth Rate Parturition Covariance Covariance Covariance
Year (g/day) Litter Sizet Date (Julian)?! (GR, LS) (GR, PD) (LS, PD) n
1989 1.94 + 0.51 2.84 = 0.69 108.7 + 4.4 —0.046 -0.017 —-0.343 31
1990 1.58 + 0.51 2.82 = 0.58 137.8 = 10.5 0.043 —-1.295 2.966 33
1991 1.95 + 0.38 2.78 = 0.58 125.6 + 11.6 —0.068 0.409 —1.930 98
1992 1.35 = 0.41 3.38 = 0.80 1499 = 17.0 -0.234 —-1.170 1.941 120
1993 1.98 + 0.49 3.33 £ 0.77 116.0 + 275 —0.147 1.104 0.003 131
1994 2.03 = 0.51 3.25 = 0.65 98.3 = 12.0 —-0.035 —-1.768 1.376 186
1995 1.68 + 0.53 3.57 = 0.99 155.8 + 19.1 —0.053 2.128 6.850 150
1996 1.92 + 0.42 3.46 = 0.65 103.2 = 20.2 -0.027 —-2.196 —8.001 69
1997 1.83 + 0.42 3.10 = 0.85 112.6 = 17.2 —0.059 —0.565 —-1.210 153
1998 1.96 = 0.62 3.53 = 0.88 128.9 = 28.7 -0.122 —5.307 2.361 88
1999 2.00 = 0.45 3.14 = 0.67 94.1 + 10.2 -0.077 —0.665 -0.614 304
2000 1.67 = 0.44 2.74 = 0.59 119.0 = 149 —0.089 —2.786 2.350 89
2001 1.52 + 0.39 3.56 = 0.72 125.3 = 9.7 -0.135 —-0.278 —1.396 171
All years 1.82 = 0.51 3.24 = 0.79 1179 = 259 —0.105 —-3.930 2.313 1623

1 Mean litter sizes and parturition dates for each year refer to the mean value experienced by juvenile red squirrels, therefore these values will differ
from those in which litters were used as the unit of replication (e.g., Humphries and Boutin 2000).
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from zero (P < 0.05). Gradients in 1995 and 1999 were not sig-
nificant after sequential Bonferroni correction.

0.001) were all significant predictors of survival to one year
of age. The addition of either the small- or the medium-scale
spatial parameters to the model increased the amount of ex-
plained deviance in juvenile survival (small-scale 6.9% of
overall deviance explained, x3, = 26.6, P = 0.01; medium-
scale 6.3% of overall deviance explained, x3 = 17.9, P =
0.02), but much of the increase in deviance explained by
these models was due to spatial main effects on survival
(small-scale x4 = 15.5, P = 0.001; medium-scale x3 = 10.8,
P = 0.005) and there was no evidence of a significant in-
teraction between the spatial variables and nestling growth
rates for either model (small-scale x3 = 4.1, P = 0.25; me-
dium-scale x5 = 0.6, P = 0.76). The addition of cohort and
its interaction with the three juvenile traits greatly improved
the amount of deviance explained (29.5% of overall deviance
explained, x3, = 401.1, P < 0.0001; Table 5) and there was
significant variation among cohorts in the strength of selec-
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TaBLE 3. Standardized maternal selection gradients (= SE) on
litter size and parturition date (Julian) prior to the expression of
these adult traits. Selection gradients were based on juvenile sur-
vival to one year of age of red squirrels born between 1989 and
2001. Boldface gradients were significantly different from zero
based on SE generated by jackknifing (P < 0.05). Selection gra-
dients for litter size in 1989 and parturition date in 1992 were not
significant after sequential Bonferroni correction. See Table 1 for
sample sizes (number of juveniles) within each cohort.

Maternal Selection Gradients (B')

Year Litter Size Parturition Date
1989 —-1.13 = 0.52 0.24 = 0.43
1990 0.16 = 0.54 —0.83 = 0.53
1991 —-0.01 = 0.13 —-0.15 = 0.12
1992 0.46 = 0.28 —0.50 = 0.18
1993 0.02 = 0.07 —-0.05 = 0.07
1994 —-0.08 = 0.21 0.03 = 0.25
1995 —-0.29 = 0.08 0.09 = 0.09
1996 0.07 = 0.58 —0.40 = 0.49
1997 -0.17 = 0.11 —-0.03 = 0.11
1998 0.06 = 0.12 -0.14 = 0.12
1999 0.31 = 0.25 —-0.51 = 0.27
2000 0.51 = 0.29 —-0.15 = 0.27
2001 0.13 = 0.07 0.11 = 0.15
All years 0.04 = 0.07 —-0.20 = 0.07

tion on both nestling growth rates (growth rate, cohort in-
teraction: x3, = 30.0, P = 0.001) and litter size (litter size,
cohort interaction: x2, = 20.2, P = 0.03).

Estimation of Viability Selection

Viability selection on nestling growth rates varied among
cohorts in both direction and magnitude (Fig. 2). In most
years selection favored increased nestling growth rates, how-
ever, in 1995 and 1997 decreased nestling growth rates were
favored. The magnitude of selection on nestling growth rates
was also generally weak (median |3’| = 0.24), but there were
episodes of very strong directional selection (e.g., 1989,
1992, 1999, and 2000). In general standard errors associated
with these selection gradients were quite large and most se-
lection gradients were not significantly different from zero.

TaBLE 4. Standardized quadratic and correlational selection gradients (= SE) on nestling growth rates (GR; g/day), litter size (LS), and
parturition date (PD; Julian) based on survival to one year of age of red squirrels born between 1989 and 2001. Bold gradients were
significantly different from zero based on SE generated by jackknifing (P < 0.05). Only correlational selection gradients for GR X LS
and LS X PD in 1989 were significant after sequential Bonferroni correction. See Table 1 for the number of juveniles within each cohort.

Quadratic selection gradients (y;;)

Correlational selection gradients (vy;;)

Year GR LS PD GR X LS GR X PD LS x PD
1989 0.18 = 0.19 —0.40 = 041 —-0.72 = 0.44 —1.65 = 0.51 1.48 = 0.50 —2.28 = 0.74
1990 —0.11 = 0.35 0.82 = 1.33 0.09 = 0.74 —-1.02 = 1.14 —0.30 = 0.60 —0.93 = 1.93
1991 0.06 = 0.09 —-0.13 = 0.11 0.02 = 0.14 0.05 = 0.14 —0.08 = 0.12 0.12 = 0.19
1992 —0.01 = 0.45 0.14 = 0.42 0.00 = 0.23 —0.10 = 0.80 —0.25 = 0.34 -0.11 = 0.37
1993 0.01 = 0.04 0.06 = 0.09 —0.03 = 0.08 0.05 = 0.13 -0.09 = 0.13 —0.10 = 0.11
1994 0.11 = 0.15 —0.33 = 0.20 —0.30 = 0.19 0.08 = 0.15 —0.20 = 0.42 0.31 £ 0. 32
1995 —0.14 = 0.08 —0.11 = 0.07 0.06 = 0.11 —0.19 = 0.12 0.03 £ 0.12 —0.08 = 0.1
1996 —0.11 = 0.45 0.32 £ 0.84 0.40 = 0.59 —-0.03 = 1.37 0.09 = 0.80 1.87 = 1. 50
1997 0.06 = 0.10 0.00 = 0.07 —0.11 = 0.08 —0.33 = 0.12 0.09 = 0.10 —0.16 = 0.1
1998 —0.14 = 0.09 —0.06 = 0.18 0.07 £ 0.15 0.24 = 0.20 —-0.16 = 0.12 0.04 = 0. 15
1999 0.14 = 0.33 —0.47 = 0.26 0.24 = 0.19 0.26 = 0.25 —0.58 = 0.39 —0.20 = 0.34
2000 0.28 = 0.49 —0.31 = 0.22 —0.21 = 0.28 0.10 = 0.46 0.16 = 0.54 0.20 = 0.30
2001 —0.11 = 0.18 —0.03 = 0.25 —0.21 = 0.07 —0.20 = 0.44 0.01 = 0.16 —0.07 = 0.23
All years 0.02 = 0.06 —0.09 = 0.05 —0.04 = 0.04 —0.01 = 0.06 —0.11 = 0.06 —0.04 = 0.07
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TaBLE 5. Four candidate models representing spatial (at two scales) and temporal variation in selection on nestling growth rates (GR),
litter size (LS), and parturition date (PD). Models are generalized linear models of survival to one year of age (binomial response) for
1509 juvenile red squirrels born between 1991 and 2001. The basic model considers only the gender of the juvenile (SEX) and the three
offspring traits. Spatial and temporal models include both the spatial (trapping grid: GRID, or x and y coordinates of the natal nest and
diagonal: X, Y, XY) or temporal (cohort: C) variables and interaction effects. Null deviance, 1653.5 and null df, 1508. Significance of
each model was assessed against the basic model using analysis of deviance.

% Null

Model Residual Deviance Analysis of
Model df Deviance Explained Deviance
Basic 4 1566.7 5.2 —
Survival ~ SEX + GR + LS + PD
Spatial—small Scale 16 1540.1 6.9 X12 = 26.6
~Basic + X + Y + XY + X:GR + X:LS + X:PD + Y:GR + P = 0.01
Y:LS + Y:PD + XY:GR + XY:LS + XY:PD
Spatial—medium scale 12 1548.8 6.3 x5 =179
~Basic + GRID + GRID:GR + GRID:LS + GRID:PD P = 0.02
Temporal 44 1165.6 29.5 X = 401.1
~Basic + C + C:GR + C.LS + C:PD P < 0.0001

Viability selection on litter size and parturition date were
weak (median |g’| = 0.16 and 0.15, respectively). In most
years, offspring born earlier in the season had a higher prob-
ability of survival (but see 1989, 1994, 1995 and 2001), but
there was no consistent direction of selection on litter size
among cohorts (Table 3). There was no evidence of consistent
stabilizing or disruptive selection for any of the traits ex-
amined here. Quadratic selection gradients for all three traits
were weak in most years (median |y’| growth rate, 0.11; litter
size, 0.14; parturition date, 0.11) and were not consistently
positive or negative among years (Table 4).

The median absolute value of correlational selection was
weak for the three combinations of traits (GR X LS = 0.19;
GR X PD = 0.16; LS X PD = 0.16) and varied in direction
from one cohort to the next. In general there was little evi-
dence of significant or consistent correlational selection be-
tween pairs of traits. However, in 1989 there was significant
negative correlational selection between both growth rate and

0.5

Magnitude of directional selection (|B'])

100 days

1 Year

Fic. 3. Effects of the length of time over which viability selection
was measured on the strength of directional selection on nestling
growth rates. The time periods of days, months, and years corre-
spond to viability based on survival to 50 days, 100 days, and one
year, respectively. Differences among the three time periods were
assessed using a linear mixed effects model in which year was
included as a random blocking factor (13 years, 39 gradients). Val-
ues are presented as cell means + SE.

litter size and litter size and parturition date, suggesting that
fast growing offspring from small litters born later in the
season had a higher probability of survival (Table 4).

Time Scale of Viability Selection

There were significant differences among the three time
periods over which directional selection on nestling growth
was estimated (F, 54 = 8.0, P = 0.002), but these differences
were not in the direction we might have predicted. The
strength of viability selection on nestling growth increased
with increases in the time-period over which selection was
measured (Fig. 3). In particular, there was a positive corre-
lation between the strength of selection from birth to emer-
gence (50 days) and from emergence to recruitment (50 to
100 days; r = 0.71, n = 13, P = 0.007; Fig. 44d), indicating
that selection over these time periods was similar in direction
and magnitude. Selection on nestling growth rates from 100
days of age to one year of age was independent of selection
prior to recruitment (r = 0.04, n = 13, P = 0.90; Fig. 4b).
All of the cohorts experiencing significant (P < 0.05) direc-
tional selection (1991, 1992, 1995 and 1999) were the result
of a consistent direction of selection both before and after
100 days of age.

Correlates of Viability Selection

Selection acting on nestling growth rates prior to recruit-
ment (100 days of age) was significantly negatively correlated
with spring temperature (slope = —0.11 * 0.05, t;;, = —2.4,
P = 0.04), but was not related to relative spring density (tg
= —0.04, P = 0.97), the abundance of cones in the current
year (tg = —0.71, P = 0.50), or the abundance of cones in
the previous year (tg = —0.99, P = 0.35). In contrast, there
was a positive relationship between the strength of selection
on nestling growth rates from recruitment to breeding age
and the abundance of cones produced in the previous fall
(slope = 0.16 = 0.071, t;; = 2.05, P = 0.06), but not the
abundance of cones in the current year (tg = —1.15, P =
0.28), relative density (tg = 0.87, P = 0.41), or spring tem-
perature (tg = —0.66, P = 0.53).
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Fic. 4. Correlations between the strength of directional viability
selection (B') acting prior to emergence (50 days of age) and from
emergence to recruitment (100 days of age; A), and prior to re-
cruitment and from recruitment to potential breeding age (one year;
B).

Discussion

In this population of red squirrels, the number of offspring
produced in a given year exceeds the number of territories
vacated by adult mortalities (S. Boutin, unpubl. data). As a
result, the opportunity for viability selection on juvenileswas
often high, but there was a large amount of annual variation
in the opportunity for selection. In all years the opportunity
for selection on juvenile red squirrels was greater than that
of Bumpus' sparrows (I = 0.90; calculated from O’ Donald
1973), and exceeded selection due to the drought of the late
1970's for Darwin’s finches (I = 6.56; calculated from Boag
and Grant 1981) in six of the 13 cohorts. It is not surprising
that the opportunity for selection was correlated with both
the previous fall’s cone production and spring population
density. In this territorial system, juveniles usually acquire
aterritory through adult mortality (but see Berteaux and Bou-
tin 2000; Boutin et al. 2000) and spring population density
represents the inverse of territory vacancy. In this population,
juveniles that do not acquire a territory do not survive the
winter. In addition, more juveniles are produced in years
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following high cone production (S. Boutin, unpubl. data), so
that juveniles born in springs with high population density
following years of high cone production will experience se-
vere competition for very few vacant territories. However,
this opportunity for selection only represents the maximum
potential for natural selection (Brodie et al. 1995). The
strength of this selection episode also depends on the co-
variance between relative fitness and juvenile traits.

Viability selection on nestling growth rates varied in both
magnitude and direction from one cohort to the next. In most
years, selection on nestling growth rates was weak but there
were several episodes of very strong (3" > 0.5; Kingsolver
et al. 2001) directional selection on this trait (1989, 1992,
1999, and 2000). In particular, 1989, 1992, and 1999 all fell
within the top 5% of published selection gradients (King-
solver et al. 2001). Standard errorswerein general quitelarge
and only four of the 13 cohorts had selection gradients which
were significantly different from zero based on alpha = 0.05
(1991, 1992, 1995, and 1999).

Variation in nestling growth rates is caused by both direct
and maternal genetic variation as well as a large positive
covariance between direct and maternal genetic effects
(McAdam et al. 2002). This large positive covariance is in-
compatible with consistent directional selection on this trait
and we have previously suggested that selection on this trait
might instead vary either in space or time (McAdam et al.
2002). We found no evidence to support the hypothesis that
selection varies over the two spatial scales examined in this
study, but it remains possible that selection varies at larger
spatial scales than those encompassed by our trapping grids.
On the other hand, we found strong evidence that selection
on nestling growth rates varies in both direction and mag-
nitude from one cohort to the next. It is not known whether
the magnitude of the reported temporal variation in selection
reported here and the degree of overlap in generations (G =
2.7 years; A. McAdam and S. Boutin, unpubl. data) are suf-
ficient to maintain the observed genetic variation and co-
variation for this trait (Ellner and Hairston 1994).

The direction and magnitude of maternal selection on litter
size varied among cohorts, whereas maternal selection on
parturition date was negative (favoring earlier breeding) for
most cohorts. Previous estimates of adult lifetime selection
for this population suggest that litter size has been under
stabilizing selection (y' = —0.63 £ 0.20) while parturition
date has experienced consistent directional selection for ear-
lier breeding (B’ = —0.53 = 0.15; Réale et al. 2003b). Our
estimates of maternal selection on litter size and parturition
date correspond to maternal selection differentials(calculated
following Kirkpatrick and Lande 1989, 1992; hfye sze =
0.15, 34 urition gate = 0-16, genetic correlation = 0.06, Réale
et al., in press) ranging from —0.58 to 0.003 offspring (me-
dian = —0.03) and —4.08 to 0.25 days (median = —1.05)
for litter size and parturition date, respectively. These indi-
cate that nearly all cohorts experienced a reduction in litter
size and advancement in parturition date prior to the ex-
pression of these maternal traits as a result of differential
early viability. These episodes of selection at early life stages
may have important influences on the evolution of adult traits
in this population (Fairbairn and Reeve 2001).

There was very little evidence of either stabilizing or dis-
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ruptive selection on any of the three traits examined. There
was evidence of correlational selection between growth and
litter size and litter size and parturition date in 1989, but none
of the other cohorts experienced significant correlational se-
lection. The large positive covariance between direct and
indirect genetic effects on nestling growth rates for this pop-
ulation (McAdam et al. 2002) isthe result of negative genetic
correlations between growth rate and both litter size and par-
turition date, and negative phenotypic effects of both litter
size and parturition date on growth rates. We had expected
then to find some evidence of strong negative correlational
selection between growth rate and parturition date or litter
size. There was evidence of negative correlational selection
between growth rate and litter sizein 1997, which represented
the dominant breeding cohort in 1999 when the estimate of
the direct-maternal covariance was made (McAdam et al.
2002), but correlational selection was not common.

We found no evidence to support the hypothesis that es-
timates of viability selection from longer time periods are
associated with weaker selection than estimates over shorter
time periods (Hoekstra et al. 2001). In fact our data provide
evidence to the contrary. Estimates of viability selection
based on survival to one year of age were greater than es-
timates based on either 50 or 100 days of age. In addition,
selection on nestling growth rates from birth to 50 days of
age and from 50 to 100 days of age were positively correlated,
suggesting that the same selective forces may be acting at
both of these biologically distinct time periods (birth to emer-
gence from the natal nest and emergence to recruitment).
There was no correlation between selection on nestling
growth rates prior to 100 days of age and from 100 days of
age.

Prior to emergence, the proximate causes of mortality in
red squirrels are exposure, malnourishment, disease and ma-
ternal mortality; there has been no evidence of predation of
juveniles within the natal nest (Stuart-Smith and Boutin
19954q). After emergence, juvenile mortality is due almost
exclusively to predation (Stuart-Smith and Boutin 1995a; An-
derson and Boutin 2002), but the risk of predation is likely
mediated by food abundance, individual condition, and be-
havior (Stuart-Smith and Boutin 1995a, b; Anderson and
Boutin 2002). The close correspondence between selection
on nestling growth rates prior to emergence and from emer-
gence to recruitment is surprising given the two distinct
agents of mortality during these two time periods.

Selection on nestling growth rates prior to recruitment was
correlated negatively with average spring temperatures, in-
dicating that selection for increased nestling growth rateswas
associated with cooler spring temperatures. Ambient tem-
peratures have large energetic implications for adult female
squirrels (Humphries and Boutin 2000), and are likely also
an important factor in the susceptibility of juveniles to ex-
posure or starvation prior to emergence. Energetic demands
may also influence the ability of juveniles to behaviorally
mediate predation risk (Stuart-Smith and Boutin 1995b; An-
derson and Boutin 2002). In both cases, increased nestling
growth rates may provide an energetic buffer, improving the
ability of juvenilesto both withstand periods of thermal stress
in the nest as well as allowing for reduced foraging activity
and therefore reduced predation risk following emergence.

A. G. McCADAM AND S. BOUTIN

Selection acting after 100 days of age was positively cor-
related with the abundance of spruce cones produced in the
previous fall. High spruce cone production is associated with
both high adult survival over winter and high reproductive
output the following spring (S. Boutin, unpubl. data). As a
result, years following high cone production have intense
competition among juveniles for vacant territories. Offspring
with higher nestling growth rates may be more successful at
competing for vacant territories or may be better able to
persist in suboptimal habitat until aterritory vacancy appears.
These correlations between both spring temperature and the
abundance of spruce cones and the strength of selection on
nestling growth rates could be verified through experimental
manipulation of nest thermal characteristics and food abun-
dance, respectively.

In some cohorts these two distinct episodes of selection
were complementary and resulted in very strong viability
selection on juvenile red squirrels. In other cohorts these
episodes acted antagonistically, reducing the overall strength
of selection on nestling growth rates. Therefore, episodes of
very strong directional selection may represent unique and
possibly rare combinations of environmental conditions. This
combined effect of multiple environmental conditions on the
overall strength of selection within cohorts will make the
prediction of future selection events (Grant and Grant 2002)
extremely difficult. However, the quantification of the
strength of selection on nestling growth ratesaswell as sourc-
es of genetic variation in this offspring trait (McAdam et al.
2002), provide the necessary and sufficient conditions for
predicting the responses of individual cohorts to observed
episodes of viability selection.
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