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Cohort effects can be a major source of heterogeneity and play an important
role in population dynamics. Silver-spoon effects, when environmental
quality at birth improves future performance regardless of the adult environ-
ment, can induce strong lagged responses on population growth.
Alternatively, the external predictive adaptive response (PAR) hypothesis
predicts that organisms will adjust their developmental trajectory and physi-
ology during early life in anticipation of expected adult conditions but has
rarely been assessed in wild species. We used over 40 years of detailed
individual monitoring of bighorn ewes (Ovis canadensis) to quantify long-
term cohort effects on survival and reproduction. We then tested both the
silver-spoon and the PAR hypotheses. Cohort effects involved a strong inter-
action between birth and current environments: reproduction and survival
were lowest for ewes that were born and lived at high population densities.
This interaction, however, does not support the PAR hypothesis because
individuals with matching high-density birth and adult environments had
reduced fitness. Instead, individuals born at high density had overall
lower lifetime fitness suggesting a silver-spoon effect. Early-life conditions
can induce long-term changes in fitness components, and their effects on
cohort fitness vary according to adult environment.

1. Introduction

Individual differences in life-history traits play an important role in population
processes [1,2], where sex and age are important structuring factors. Sex ratio
and age structure affect population dynamics because survival typically
varies between sexes [3], and reproduction and survival are often strongly
dependent on age [4]. Cohort effects are another source of variation and
occur when environmental conditions early in life generate average differences
in future performance among individuals born in different years [5]. Cohort
effects have been documented in many taxa including reptiles [6-8], birds
[9,10], mammals [11,12] and humans [13] and can have a strong influence on
population dynamics.

Early-life conditions can have delayed consequences on fitness components
[9]. For example, conditions during ontogeny of zebra finches (Taeniopygia
guttata) and great tits (Parus major) permanently affect clutch size [14]. In red
squirrels (Tamiasciurus hudsonicus), high density at birth reduces adult survival
[11]. These permanent influences of early-life conditions on life-history traits,
independent of the adult environment, have been termed silver-spoon effects
[15]. They increase heterogeneity because cohorts born under more favourable
environmental conditions have higher lifetime performance. For example,
cohorts of red-billed choughs (Pyrrhocorax pyrrhocorax) born in favourable
years fledge more offspring over their lifetime than cohorts born in unfavour-
able years [10]. Hence, conditions during early life can have long-term
consequences on population dynamics. Models have shown that in populations
with overlapping generations, delayed performance effects can increase
individual differences in fitness, potentially destabilizing population dynamics
[16]. Cohort effects, however, can also be influenced by environmental
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conditions during adulthood. For example, a favourable
adult environment could mask cohort differences induced
by poor early conditions. This situation has recently been
referred to as ‘beneficially saturated conditions” [17] because
very favourable adult conditions may enable maximum poss-
ible performance for all individual and mask differences
between cohorts.

The external predictive adaptive response (PAR) hypothesis
[18] suggests, however, that if conditions during early life antici-
pate those likely met as adults, the early environment may
adaptively shape development and physiology to anticipate
predicted adult conditions. Thus, individuals encountering
matching environments when young and adult should have
higher fitness. In meadow voles (Microtus pennsylvanicus),
maternal exposure to different photoperiods influences the
development of coat thickness of newborns [19], improving
fitness by matching phenotype to birth season. In zebra finches,
early-life exposure to heat stress increased survival of individ-
uals who also experienced heat stress as adults [20]. Although
support for this hypothesis has been found in humans [21]
and in laboratory experiments [18,19], evidence for PAR in
wild animals is weak [22-24]. In roe deer (Capreolus capreolus),
fitness consequences of early-life environment fit the silver-
spoon better than the PAR hypothesis [25]. Similarly, in red
deer (Cervus elaphus), the effect of birth density on ageing is
independent of density in adulthood [4]. The assumption that
early-life environmental conditions reliably predict the future
environment has been questioned [26]. For long-lived species,
short-term environmental and ecological fluctuations may con-
siderably reduce the predictive power of birth environment on
future environment.

Interactions between environments during adulthood and
early-life can also involve developmental constraints on
future plasticity. Beckerman et al. [27] found such cohort
variation in the plastic response to adult environment in
soil mites (Sancassania berlesei). For example, rearing con-
ditions interacted with density in adulthood so that the
response of fecundity to adult density was stronger when
rearing conditions had been favourable than when they had
been unfavourable. Nussey et al. [28] also found that
plasticity in offspring birth weight was constrained for red
deer hinds born at high density. Hence, the consequences
of early-life conditions on plasticity can be adaptive, as
suggested by PAR, or non-adaptive as when individuals
born in harsh conditions suffer reduced lifetime performance
though silver-spoon effects.

Cohort effects are most commonly caused by factors
affecting the entire population during early-life, such as
environmental variation. Indeed, up to 30-50% of variation
in individual performance can be explained by early-life
environment in large mammals [12]. In Soay sheep (Ouvis
aries), the North Atlantic Oscillation (NAO) index during
winter is linked to cohort variation in birth mass, birth
date, twinning rate and age of primiparity [29]. In red deer,
the amount of rainfall near parturition interacts with forage
supplementation; high rainfall leads to higher body mass in
the un-supplemented population [30]. In red squirrels,
cohort effects on breeding success are linked to food abun-
dance when pups are in the nest and to spring temperature
in the year of birth [11]. Another source of cohort effects is
density at birth. For example, high birth density delays primi-
parity in Soay sheep [29] and reduces body mass in red deer
[31]. Cohort effects can also be caused by prenatal conditions.

Soay sheep that experience high NAO values in utero delay
primiparity [29]. With ongoing climate change, understand-
ing how climate can cause cohort effects is crucial, because
directional changes in early-life conditions may allow predic-
tions of long-term population dynamics, which may differ
from those observed under previous climate regimes.

Our study has three main objectives. First, we quantify the
variance in survival and in weaning success of adult bighorn
ewes (Ovis canadensis) explained by cohort and identify the
environmental drivers of this variability. Second, we contrast
the predictions from the silver-spoon and the PAR hypotheses.
PAR predicts an interaction between early and current environ-
mental conditions: individuals experiencing similar early and
adult environments have higher fitness than those with dissim-
ilar environment. The silver-spoon hypothesis, on the other
hand, predicts long-term additive effects of early environment:
individuals experiencing favourable conditions early in life will
have superior fitness as adults. Third, we assess whether the
variation observed at the cohort level arises from individual
differences in fitness or from individual plasticity [32].
We used the long-term individual monitoring programme of
bighorn sheep on Ram Mountain to identify the main environ-
mental drivers of cohort effects and their lifelong consequences
on survival and weaning success. Over 40 years, this
population has experienced important changes in density
(figure 1), weather and climate and shown substantial variation
in reproduction and survival rates. We characterized early-life
environment using density, a global climate index and local
weather variables. We tested for the presence of PAR by deter-
mining whether animals with matching early-life and adult
environments had higher fitness.

2. Method

(a) Study area and population

The study population is in Alberta, Canada (52°N, 115°W,
elevation: 1080-2170 m). The study area covers about 38 km?
of alpine and subalpine habitat approximately 30 km east of
the Rocky Mountains. The population has been closely moni-
tored each year between late May and late September since
1972 [33]. Ewes are marked using visual collars. Lambs are
marked with coloured ear tags, mostly within a few weeks of
birth. Individuals were assigned to a cohort based on their
year of birth (electronic supplementary material, table S4).
Resighting probability is over 99% [34], so ewes are considered
dead when not seen for a year. Because all females are marked
and an exact census is made each year, we can precisely deter-
mine their survival rate. A female was considered to have
weaned a lamb when the lamb survived past 15 September.
She was considered unsuccessful if she either did not produce
a lamb (i.e. was not seen with a lamb and was not lactating) or
lost it before weaning. We restricted analyses to cohorts born
from 1973 to 2005. Complete lifetime data on weaning success
and survival up to 2014 are available for all individuals in
these cohorts (N = 235), except for one female born in 2004 still
alive in 2014 and 25 females from cohorts 1973 to 1977 which
were experimentally removed [33]. We censored the last year of
life of these experimentally removed ewes from analyses. Remov-
ing entirely individuals without complete life history or cohorts
containing individuals with incomplete life history resulted in
qualitatively identical results (results not shown); therefore, we
present the results of analyses including truncated data to maxi-
mize sample size. Density was the number of females aged
2 years and older in June.
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Figure 1. Population size and composition of female bighorn sheep at Ram
Mountain between 1973 and 2014. Colour bands represent cohorts, with
band height indicating the number of ewes. (Online version in colour.)

(b) Climatic and weather data

Data on precipitation (rainfall plus water equivalent of snowfall
in mm) and average temperature (°C) were obtained from the
Environment Canada meteorological station at Nordegg (52°30
N, 116°03' W, elevation: 1320 m). Local weather variables from
when a cohort was in utero until its first winter were aggregated
by seasons relevant to early development of bighorn sheep:
winter of gestation (December—March before birth), spring
(April-May during gestation), summer (June—15 September;
mean birth date until approximate weaning date), autumn
(mid-September to November) and first winter (December—
March after birth). We calculated average daily temperature
and total precipitation over each of these seasons. We used the
annual mean of the Pacific Decadal Oscillation (PDO; Mantua
et al. [35]) as a global climate index, characterized by shifts
between warm and cool phases over decades. PDO values
were obtained from http://research jisao.washington.edu/pdo/
PDO latest and average by year.

(c) Statistical analyses

(i) Analysis of deviance

We tested for the effects of 12 early-life environment variables:
total precipitation and mean temperature during winter and
spring preceding birth (in utero), total precipitation and mean
temperature during summer, autumn and winter after birth,
annual mean PDO in the year of birth and density at birth.
Variables were standardized (centred to 0 and divided by 1
standard deviation) prior to analyses. We tested the effects of
standardized variables on ewe survival and probability of wean-
ing a lamb with analysis of deviance (ANODEYV) as advocated by
Grosbois et al. [36], because it is more robust than likelihood ratio
tests when the residual temporal variance in the focal model is
high [37]. This approach also allows testing for annual variation
while taking full advantage of individual-based data. The
ANODEYV approach is based on three hierarchical models: a con-
stant null model with no early-life environment covariate (Mcg),
a model including an early-life environment covariate of interest
(M) and a fully time-dependent model where all possible
deviance is captured by adding the year of birth as a discrete
factor (My). We tested the linear effects of early-life environ-
mental variables, their quadratic effects and their interactions
with density by sequentially including them in the M, model.
When considering interactions between weather and density at
birth, density was included in the null model (M) to test for
the added effect of the interaction only. To test for PAR, the
M., model included the additive effect of the environmental
variable of interest both during early life, and in adulthood, as
well as the interaction between the two. Further, the base

model (M) included the environmental variable of interest
experienced as an adult and at birth without the interaction, to
test the interaction between early-life and adult environments
rather than just the addition of current environment. The
ANODEV approach then compares the deviance of the three
previously described models using the following formula:

((DEV(MCSf) - DeV(Mco))/(np (Mco) - np (Mcst)))

Ftestesjco/t = Doy (Mo — Dev(My) (1 (M) — 1p(Meo))

where Dev and n, are the deviance and the number
of parameters of their respective models. Feg/co/t follows a F-
distribution with (1,(Mco) — np(Mes)) and  (np,(My) — 1,(Meo))
degrees of freedom. We also calculated the R?_Dev as described
in Grosbois et al. [36] to measure effect size for early-life envi-
ronment variables. This ANODEV approach was used to test
the significance of the environmental covariate on both the
probability to wean a lamb and survival.

(d) Probability of weaning a lamb

To test for cohort effects on the probability of weaning a lamb,
we built generalized mixed effects models, including three
maternal age classes (prime-aged =2-7 years; old =8-13;
senescent = 14+) as a fixed effect [38]. Current year was added
as a random effect to account for annual variability in survival
and reproduction due to current environment. Ewe identity
was included as a random effect to account for repeated individ-
ual responses. All models were fitted using the Ime4 package
(v. 1.1-10) [39] in R (v. 3.2.3) [40].

To evaluate if the interaction between current and early-life
density on reproduction arose from variation between cohorts,
between individuals or within-individual, we used the within-
subject centring procedure of van de Pol and Wright [32]. This
approach combines centring of explanatory variables within
each subject with mixed effects models to partition ‘between’
from ‘within’ subject effects. We centred density within cohort,
then within individual. In each case, we also applied likelihood
ratio tests for variation in slope among subjects (random
regression model) to determine if the response of weaning success
to density varied between cohorts or between individuals. To test
for the presence of selective disappearance, another mechanism
that could explain variation in response to density, we added long-
evity as an explanatory variable [41]. A positive effect of longevity
would suggest selective disappearance of individuals with low
reproductive output.

(e) Survival

To test for cohort effects on annual survival probability, we first
used mixed models to determine the amount of variance attribu-
table to year of birth then tested each environmental covariate
using ANODEV. Analyses of survival included ewes aged
2 years and older, to quantify only long-term effects and to use
the same individuals included in the analysis of the probability
of weaning a lamb. Given the limited variability in annual
survival, we also looked at effects on longevity using Cox pro-
portional hazard models. This approach also allowed us to
include truncated information on 25 individuals which were
experimentally removed [33]. Age was not included in these
models because it was already accounted for by the baseline
hazard function. When testing for PAR, current environment
was included in the model as a time-dependent covariate along
with the interaction with early environment. Similarly to the
logistic models described previously, the deviance of these pro-
portional hazard models was used according to the ANODEV
approach to test for significant cohort effect. All models were
fitted using the survival library (v. 2.39-4) in R [42]. In our
approach, the many ways to quantify the environment result in
a multitude of tests. Therefore, we corrected p-values for multiple
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testing using the Benjamini and Hochberg method [43] that
controls the false discovery rate without reducing statistical
power as drastically as the Bonferroni method. We used an
a-level of 0.05.

3. Results

We analysed weaning success and survival of 227 ewes from
32 cohorts. Cohort identity explained 34.2% of variation in
weaning success, compared to 64.0% for year and 1.4% for
ewe identity. Very few effects were significant after correcting
for multiple testing (electronic supplementary material,
table S1), but a very strong effect of birth density on weaning
success remained (p = 0.03; table 1). Birth density explained
32.1% of annual variation in weaning success, which was
lower for cohorts born at higher density (slope = —0.525;
CI= —-0.721, —0.329). Adding the interaction between birth
and current density (p < 0.001, table 1) increased the pro-
portion of variance explained to 55.6% (electronic
supplementary material, table S1). Contrary to the PAR
hypothesis, however, harsh birth conditions did not increase
fitness when adult conditions were also harsh (figure 2a).
The weaning success of ewes born at low density increased
slightly with the density they encountered as adults (slope
of current density when born at lowest density = 0.682;
CI=0.372, 0.991). Ewes born at high density, however,
were very sensitive to future environment and suffered a
drastic reduction in weaning success when faced with high
density as adults (slope of current density when born at
lowest density = —1.385, CI = —1.076, —1.695). Models con-
taining only birth or adult density reveal that birth density
had a stronger effect (B= —0.54, p <0.001) than adult
density by itself (B = —0.25, p = 0.05).

Cohort identity explained only 5.7% of variation in adult
annual survival. Precipitation during the first winter as well
as density explained some of the variation in adult survival
between cohorts, but no early environment covariate
remained significant after correcting for multiple testing
(electronic supplementary material, table S2). The effect of
early density on survival was weak and non-significant
(B= —024, CI= —0.46, 0.0009; figure 2b), and it may
simply be too small to be detected given our statistical
power. Density at birth reduced longevity (hazard = 1.412,
CI = 1.196-1.667), suggesting that cumulative small differ-
ences in yearly survival lead to shorter lifespan (electronic
supplementary material, table S3). Density explained 27%
of the variation in longevity between cohorts. Overall, the
results showed no support for PAR.

A mixed model of weaning success as a response variable
using within-subject centring revealed both within and
between-subject effects of current density. When using
within-subject centring by cohort, we found significant
negative between-cohort effects of current density (B-
between = —0.478, s.e. = 0.214, p = 0.025). On average, there
was no within-cohort response to current density (8-
within = —0.221, s.e.=0.350, p=0.530). However, we
detected significant variation in the response to current
density of different cohorts (Var = 1.795; X>=33.897, df.=2,
p > 0.001, electronic supplementary material, figure Sla).
Within-cohort response to current density, however, cannot dis-
tinguish between-individual effects from within-individual
effects. We therefore also used within-subject centring by

Table 1. Parameter estimates of the best model of weaning success for [JEI]

bighorn ewes at Ram Mountain, Canada (1975—2014). Prime-aged ewes
(2—7) were used as reference.

estimate s.e. Z-value p-value
intercept 0.522 0.161 .24 0.001
age dlass —0.014 0.172 —0.083 0.934
(older)
age dlass —1.155 0398  —2902 0.004
(senescent)
current 0000 0141 0062 0.950
density
birth densify —0.268 0.121 —2211 0.027
density —0.642 0.118 —5.419 <0.001
interaction

individual. Within-subject centring revealed significant
between-individual  effects of current density (8-
between = —0.334, s.e. = 0.145, p = 0.021). On average, there
was no within-individual response to current density (8-
within = —0.078, s.e. = 0.151, p = 0.610). Unlike at the cohort
level, we did not detect any significant variation in response
of individuals to current density (x*=0.056,d.f. =2, p=097,
electronic supplementary material, figure S1b). Change within
cohort and no change within individual imply a change in
cohort composition through selective disappearance. Accord-
ingly, we found a significant effect of longevity (8= 0.07, p <
0.001): individuals with low reproduction die at a younger age.

4. Discussion

Strong cohort effects are likely to cause important lag
responses in population dynamics and increase individual
differences in performance. Cohort explained a significant
proportion of the variance in weaning success, which was
only affected by density. None of the weather variables or
the climate variable, PDO, significantly explained differences
between cohorts in the probability of weaning a lamb.
The effect of birth environment on reproduction included a
strong interaction between adult and birth density. This inter-
action, however, was opposite in direction to the predictions
of the PAR hypothesis. The probability of weaning a lamb
was lowest for ewes that lived under matching high-density
birth and adult environments. The effect of density on
annual survival of ewes of different cohorts was weak and
could only be detected through its cumulative effect on long-
evity. Traits with large fitness impact are expected to have
lower variability due to canalization [44]. Canalization of
adult survival is well documented in ungulates [45].
Additionally, selective early disappearance of unfit individ-
ual may reduce the detectability of long-term cohort effects.
Overall, our results show that birth environment can
strongly influence population dynamics over the lifetime of
a cohort, but do not support the PAR hypothesis in this
wild ungulate.

We did not find any strong effects of weather on either
adult ewe survival or the probability of weaning a lamb.
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Figure 2. (a) Weaning success of prime-aged bighorn ewes as a function of current and past density. For illustrative purposes, curves represent the 10th and 90th
percentile of birth density. Points represent the observed data, grey for cohorts born above average density and clear for those born below average density.
(b) Annual survival probability of prime-aged bighorn ewes as a function of birth density. Grey ribbons indicate 95% Cl. Points represent mean (and s.e.) of obser-

vations binned according to birth density (bins of five individuals).

Spring and winter temperature and spring precipitation affect
lamb survival [46]. Spring temperature also affects annual
horn growth of rams [47]. Effects of weather, however,
appear mostly short term. Spring temperature during the
first year of life accounted for <1% of the variation in horn
length of 3-year-old rams [47]. The long-term effects of
spring temperature at birth on the probability of weaning a
lamb were not significant after correction for multiple testing,
suggesting that they are either non-existing or weak. Long-
term effects of early-life conditions on fitness components
may be primarily driven by other extrinsic factors such
as density.

Long-term effects of early density on reproduction were
highly significant. Delayed density-dependence has been
documented in many ungulates [31,48,49] and plays an
important role in their population dynamics. Populations
showing lagged responses tend to be more variable over
time [50]. Our results confirm that cohort effects can be an
important mechanism by which density can have lagged
effects [5,29]. Indeed, the effects of density at birth on repro-
duction were stronger than the effects of density in
adulthood. As a consequence, delayed density dependence,
driven by cohort effects, likely plays an important role in the
regulation of this population. Although most studies test the
effect of current density [51], given the importance of den-
sity at birth on reproduction and its marginal effect on
survival, considering density at birth may be more informa-
tive. Our results underline the complexity of density effects
on population growth. Indeed, the interaction between adult
and birth density was highly significant in the reproduction
models. Reproduction was highest for ewes that spent their
entire life at low density. In addition, good conditions at
birth (low density) seem to partly buffer individuals from
adverse conditions later in life. Individuals born in harsh
conditions (high density) benefited from no such protection
and suffered reduced reproduction when faced with high
density as adults. While a strict definition of silver-spoon
effects implies a fixed advantage of favourable birth
environment, several studies have found similar context-
dependent silver-spoon effects [17,52]. Some have termed
the protective effects that are more evident when adult
conditions are harsh ‘beneficially saturated” conditions
[53]. Overall, our results support this protective silver-

spoon effect rather than PAR [54]. Early nutrition is the
main hypothesized cause of silver-spoon effects [55]. These
differences impact later life due to the correlation in size
from one year to the next or through the cost of increased
growth. However, while high density lowers fitness, ewes
born at high density appeared able to compensate for the
poor start if environmental conditions improved [55].
Adult bighorn ewes show catch-up mass gain [56]. When
density remains high, however, no compensation can
occur and weaning success is reduced. The interaction
between birth and adult environment may mask cohort
effects if it is not specifically accounted for [11]. Surpris-
ingly, when ewes were born at low density, density as an
adult seemed to have a positive impact on weaning success.
This unexpected result may be partly explained by the his-
tory of the population. Most of these ewes were monitored
during the last 15 years of the study when density increased
but remained low (figure 1). Their low weaning probabi-
lity at very low density may indicate a component Allee
effect [57], possibly caused in part by heavy cougar (Puma
concolor) predation [58] in some recent years.

Individual plasticity appears unlikely to explain the nega-
tive effects of density on weaning success, because the
within-individual effect of current density on reproduction
was very small and non-significant. Further, there was no
individual x environment interaction in response to current
density, suggesting that all individuals had a similar
response to current density and that this response was
relatively weak compared to between-individual differences.
These results strongly suggest a silver-spoon effect with a
long-lasting impact of birth environment [54]. Apparently
weak individual plasticity, however, may also be due to a
lack of statistical power, because a large sample size is necess-
ary to evaluate the variance of individual-specific slopes [59]
and an adequate sample size is probably even larger for a
logistic mixed model. Although we detected no individual
plasticity in weaning success, we did find a significant
between-individual effect as well as a within-cohort effect
of current density. A change in the response of a cohort with-
out a corresponding change in the response of its individual
members is likely due to selective disappearance of weaker
individuals [60], as supported by the positive association of
reproduction and longevity.

7720107 ‘$8T g »0s Y oid  biobuiysiigndAianosiedorqdss H


http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on April 20, 2017

The PAR hypothesis was not supported in this popu-
lation, in agreement with another study testing for PAR in
a wild ungulate population in France [25]. Instead, the
response of ewes to birth environment supports a silver-
spoon effect. In a recent meta-analysis, Uller et al. [22]
found only weak support for PAR but their study did not
include any mammals. Wells [26] argued that PAR is unlikely
to evolve in long-lived species because the stochasticity of
environmental variables makes the prediction of adult
environment from maternal cues highly inaccurate. In our
study, the correlation between environment in the year of
birth and in adulthood was weak for all variables tested
(mean = —0.04, s.d. = 0.03) except for density (0.28). These
weak correlations make it unlikely that a PAR strategy
would be adaptive, supporting Wells’ suggestion that PAR
may be a rare strategy in an unpredictable environment.

In conclusion, cohort effects in bighorn sheep ewes
explained 5.7% and 34.2% of the variance in survival and
reproduction, respectively. Effects of such magnitude will
inevitably have important impacts on population growth.

Given the longevity of bighorn sheep, the cohort effect could
produce important lags in population dynamics. Our study
suggests that changes in population growth are affected by
complex interactions between past and present environments.
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