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Abstract

Change in breeding phenology is often a response to environmental forcing, but less
is known of the mechanism underlying such changes and their fitness consequences.
Here, we report on changes in the breeding phenology from a 27-year longitudinal
study (1991-2017) of individually marked, known-aged grey seals (Halichoerus grypus)
on Sable Island, Nova Scotia, Canada. We used generalized linear mixed models and
a 3-step process to develop a model that includes interactions between intrinsic and
extrinsic covariates and to test hypotheses about the influence of fixed factors (ma-
ternal age, parity, previous reproductive success, pup sex, colony density, Atlantic
Multidecal Oscillation (AMO), North Atlantic Oscillation (NAO), and Sea Surface
Temperature) and a random factor (female identity) on parturition dates. We also
examined the consequences of the shift in birthdates on maternal energy allocation
in offspring as measured by pup weaning mass. Birthdates were known for 2,768
pups of 660 known-age females. For 494 females with >2 parturition dates, repeat-
ability as measured by the intraclass correlation was high (mean = 0.66). 87% of the
variation in birthdates was explained by a mixed-effects model that included intrinsic
and extrinsic fixed effects. Most of the explained variation was associated with the
random effect of female identity. Parity was the most important intrinsic fixed ef-
fect, with inexperienced mothers giving birth later in the season than multiparous
females. Over almost 3 decades, mean birthdates advanced by 15 days. The mixed
model with intrinsic effects and population size, the detrended AMO from the previ-
ous year and mean NAO in the previous 3 years explained 80% of the variation with
21% of variation from the fixed effects. Both primiparous and multiparous individuals
responded to the climate forcing, and there was strong evidence for heterogeneity in

the response. Nevertheless, the shift in birthdates did not impact pup weaning mass.
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1 | INTRODUCTION

The timing of births can have important consequences for traits
affecting maternal reproductive success and survival (Charmantier
et al., 2008; Cote & Festa-Bianchet, 2001; Dunn & Winkler, 1999).
Variation in breeding phenology has been found in many taxa and
has generally been interpreted as a common response of individ-
uals to environmental change (Beebee, 1995; Crick, Dudley, Glue,
& Thomson, 1997; Forchhammer, Post, & Stenseth, 1998; Post &
Stenseth, 1999; Thackeray et al., 2010). However, changes in breed-
ing phenology could also be influenced by changes in population
age structure and density, which could serve to either reinforce or
dampen environmental drivers (Lunn, Boyd, & Croxall, 1994; van
de Pol, Osmond, & Cockburn, 2012), and by the physiological state
of individuals, previous reproductive history, and food availabil-
ity (Boyd, 1984; Hamel, Coté, & Festa-Bianchet, 2010; McNamara
& Houston, 1996; Trillmich & Ono, 1991). Despite the number of
studies on breeding phenology, we still have relatively little un-
derstanding of the mechanisms underlying such changes and their
fitness consequences for individuals (Cordes & Thompson, 2013;
Rotella, Paterson, & Garrott, 2016; Stopher, Bento, Clutton-Brock,
Pemberton, & Kruuk, 2014).

Changes in breeding phenology could arise through changes in
the breeding population brought about through recruitment, immi-
gration, genetic changes resulting from selection or drift, or phe-
notypic plasticity (Przybylo, Sheldon, & Merila, 2000). Phenotypic
plasticity could be manifested by all females responding in a similar
way to an environmental driver. On the other hand, newly recruiting
females might give birth earlier or later than experienced females in
response to the same driver, as multiparous females might be bet-
ter able to buffer the effects of such changes on implantation and
fetal growth (Nussey, Clutton-Brock, Albon, Pemberton, & Kruuk,
2005; Nussey, Clutton-brock, Elston, Albon, & Kruuk, 2005; Rotella
et al., 2016). Thus, there may be intra-specific variation in fitness in
response to environmental drivers (Visser et al., 2003) along a con-
tinuum from uniform response of all females to selective response
depending on the ability of a female to buffer change. As both intrin-
sic (individual traits) and extrinsic (environmental conditions) factors
may interact to drive changes in birth phenology, studying these fac-
tors together may provide deeper insight (Coulson, Milner-Gulland,
& Clutton-Brock, 2000; Rotella et al., 2016).

To date, the response of breeding phenology to environ-
mental change has been most thoroughly studied in birds (e.g.,
Crick et al.,, 1997; Forchhammer et al., 1998; Frederiksen, Harris,
Daunt, Rothery, & Wanless, 2004), amphibians (BeeBee, 1995;
Forchhammer et al., 1998), and ungulates (Post & Stenseth, 1999).
In most pinnipeds, the timing of birth is highly synchronized and late
births can result in lower offspring weaning mass and juvenile sur-
vival (Hall, McConnell, & Barker, 2001; Boness, Bowen, & Iverson,
1995; Bowen, den Heyer, McMillan, & lverson, 2015). Large shifts
in the distribution of birthdates have been reported in several pin-

niped species apparently in response to improved foraging during

gestation (Reijnders, Brasseur, & Meesters, 2010) and decreased
population density (Cordes & Thompson, 2013).

As many studies use cross-sectional data, less is known about
how the birth or laying dates of individuals respond to environmen-
tal change. However, a growing number of longitudinal studies are
providing insight on this aspect of breeding phenology (e.g., red
squirrels, Tamiasciurus hudsonicus—Lane et al., 2018, red deer, Cervus
elaphus—Stopher et al., 2014, marmots, Marmota flaviventris—Ozgul
etal., 2010, and Weddell seals, Leptonychotes weddellii—Rotella et al.,
2016).

Grey seal (Halichoerus grypus) females are large, long-lived
(~40 years) marine vertebrates, with an average post-partu-
rient body mass of about 200 kg. They are iteroparous, capital
breeders that begin to reproduce at about age 5 and continue to
reproduce annually over the course of several decades (Bowen,
Iverson, Mcmillan, & Boness, 2006). Pregnant females exhibit a
high degree of fidelity to breeding colonies and give birth to a sin-
gle pup which they nurse for about 18 days (Bowen et al., 2015).
Thus, individual females can be studied for many years. Females
fast during lactation, so that nutrients supplied to offspring in the
form of lipid-rich milk and those required to meet maternal en-
ergy needs are derived entirely from body stores (Iverson, Bowen,
Boness, & Oftedal, 1993). Weaning mass is a good measure of
the energy invested in reproduction by female grey seals (Iverson
et al., 1993), as it is positively correlated with juvenile survival in
this species and is, therefore, a useful proxy of fitness (Hall et al.,
2001; Bowen et al., 2015).

Here, we analyze 27 years of data from a well-studied population
of grey seals to investigate how maternal characteristics (age, parity,
reproductive status in the previous year, and identity), demography
(breeding colony density), and environmental conditions influence
parturition dates and to assess the consequences of birthdate on
offspring body mass at weaning. Our longitudinal data allowed us
to estimate repeatability in parturition dates and assess the degree
of individual plasticity of primiparous and multiparous females in re-
sponse to environmental change.

Over the course of our study, decadal scale changes occurred in
the physical and biological oceanography and in the fish and inverte-
brate communities in the continental shelf ecosystems (e.g., Shackell,
Bundy, Nye, & Link, 2012) which constitute the main foraging areas
of our population (Breed, Bowen, McMillan, & Leonard, 2006). These
changes are thought to be partially driven by trends in several large-
scale climate indices, such as the North Atlantic Oscillation (NAO)
and the Atlantic Multidecadal Oscillation (AMO) (Drinkwater et al.,
2014), as well as from the effects of commercial fisheries (Shackell
et al., 2012). The grey seal population has also increased continu-
ously during our study (Hammill, den Heyer, Bowen, & Lang, 2017).
Thus, we sought to understand the extent to which these large-scale
climate indices and trends in population size might explain the shift
in mean birthdate in our study population and the consequences of
that shift on offspring size at weaning, a good proxy for maternal

energy investment in offspring.



BOWEN ET AL.

Ecology and Evolution . m
9 e~ WILEY

2 | MATERIALS AND METHODS
2.1 | Study area and sampling

Our study was conducted on Sable Island (43°55'N, 60°00'W),
Nova Scotia, Canada, during the December-February breeding sea-
son from 1991 to 2017. Located along the outer edge of the Scotian
Shelf (Figure 1), Sable Island is a crescent shaped, partially vegetated
sand bar approximately 42.5 km in length. Over the course of our
study, the number of pups born annually increased some eightfold to
83,600 in 2016 (den Heyer, Lang, Bowen, & Hammill, 2017).

The known-age adult females we studied are a subset of those
that were marked with unique permanent hot-iron brands shortly
after weaning. A total of 3,387 female pups were uniquely branded
in 1969, 1970, 1973, 1974, 1985-1987, 1989, and 1998-2002. The
presence of a marked adult female in the breeding colony was de-
termined from approximately weekly, whole-island censuses con-
ducted over the course of the breeding season each year (Bowen
et al., 2006). At each observation, the female's geographic position
in the colony, her reproductive status (with or without pup), and
the pelage stage of her pup (an indication of pup age, Kovacs &
Lavigne, 1985) were recorded.

Birthdates used for this study were known to within 24 hr.
Although births were rarely observed, the day of birth could be
determined reliably by the presence of birth fluids, blood, and
placenta at the site, the presence of blood on the female's hind
flippers, and the yellowish pelage of newly born pups. For the
analysis, we transformed birthdate to days since December 1 of
each breeding season (December 1 = day 0). Pups were marked
with a semi-permanent, uniquely numbered tag in the hind flipper
and their sex was recorded. Study females and their pups were
visited daily throughout lactation (but not disturbed) to obtain an
accurate date of weaning, defined as the day a female left the
pup and departed the colony. Pup weaning mass (to the nearest
0.5 kg) was measured on the day following the female's depar-
ture, and pup sex was confirmed.

The first year a female was observed either pregnant or with
a pup was taken as the year of recruitment and used to calculate
age of primiparity. Pregnant females have a clearly extended lower
abdomen, visible bulge along one flank, and move in a characteris-
tic rocking motion. A female's parity was defined as the number of
breeding seasons that she was sighted pregnant or with a pup. As
sighting probability is less than 1.0 (see below), and grey seals do
breed elsewhere, it is possible that we could have missed the first
birth of some females and, therefore, overestimated their age at first
birth. However, about 85% of grey seal females in the Canadian seal
population give birth at our study site (Hammill et al., 2017), so the
impact of females breeding elsewhere on mean age of primiparity
is expected to be small. Despite the objective of sighting all marked
females on the island during the weekly censuses, some females are
not sighted (Bowen et al., 2015). The estimated probability of sight-
ing a female if she was alive on the island ranged from 0.8 to 0.95
between 1992 and 2016 (den Heyer & Bowen, 2017).

Open Access,

To determine reproductive success, females were classified
as successful if they weaned a pup weighing > 35 kg or if the pup
reached pelage stage > 3 (i.e., late lactation) as pups at this stage
have a high probability of survival (Bowen et al., 2015). Females
were scored as unsuccessful if they weaned a pup < 35 kg, were not
sighted, were only sighted pregnant, were only sighted with a pup
early in lactation (before successful independence possible), or were
observed with a dead pup.

2.2 | Environmental data

Several environmental factors might influence birthdates of grey
seals through effects on prey availability and, thus, the condition
of pregnant females. The NAO is a large-scale ocean-atmosphere
oscillation and an important driver of major water masses and cur-
rents in the Atlantic. Positive NAO corresponds to colder than nor-
mal temperatures over the Labrador-Newfoundland Shelf, Gulf of
St. Lawrence and Eastern Scotian Shelf and warmer conditions on
the Central and Western Scotian Shelf and Gulf of Maine (Hebert,
2015). We used the station-based index of the NAO obtained from
Climate and Global Dynamics Laboratory (https://climatedataguide.
ucar.edu/sites/default/files/nao_pc_djf.txt, downloaded on March
7, 2017). We tested the influence of the mean annual NAO index
(Figure 2a) in the preceding year and preceding three years on birth-
dates. We chose a lag of three years to allow time for a change in the
environment to be reflected the abundance of small fish prey that
tend to dominate the diet of grey seals.

The AMO index describes multidecadal atmosphere and sea
variability in the Atlantic (Trenberth & Zhang, 2016) with the warm
phase associated with positive SST anomalies over most of the
North Atlantic. We used the annual mean of AMO unsmoothed from
the Kaplan SST V2 index calculated at NOAA/ESRL/PSD1 (http://
www.esrl.noaa.gov/psd/data/timeseries/AMO/ downloaded from
NOAA on March 12, 2017). The time series was detrended with 10-
year low-pass filtered annual mean area-averaged SST anomalies
over the North Atlantic basin. Again, we tested the influence of the
mean annual index (Figure 2b) in the preceding year and preceding
3 years on birthdates.

Coulson (1981) proposed that mean SST in the 3 months fol-
lowing mating largely determined parturition dates in grey seals
by initiating the period of fetal growth. We obtained SST data on
the Eastern Scotian Shelf (44°12'N to 45°40.2'N, and 60°00'W
to 58°00'W), the main foraging area for adult female grey seals
(Breed et al., 2006), for the months of February, March, and April.
We used Advanced Very High Resolution Radiometer (AVHRR)
Pathfinder Version 5.2 (PFV5.2, Casey, Brandon, Cornillon,
& Evans, 2010) SST from 1985 to 2012 (Bedford Institute of
Oceanography, Dartmouth, Nova Scotia, Canada). For 1998 to
2016, AVRR SST was downloaded from the NOAA and European
Organization for the Exploration of Meteorological Satellites
(EUMETSAT) database. A least-square fit of the Pathfinder and
NOAA temperatures during the 1991 to 2012 time period led to
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FIGURE 1 Map showing the location
of the study colony
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a conversion equation SST(NOAA) = 0.99062*SST(Pathfinder) +
0.16116 with an adjusted r? = 0.867. Using this regression, the
Pathfinder data (1985-1997) were converted to be consistent

with the more recent NOAA series (Figure 2c).

2.3 | Population size

The increase in the size of the grey seal population since the 1960s
could have increased competition for food which, in turn, could neg-
atively impact maternal foraging success, body condition, and fetal
growth and, therefore, birthdate in grey seals. Grey seal population
size was estimated from an age-structured population model fit-
ted to a time series of pup production estimates by adjusting initial
population size, adult mortality rate and carrying capacity (Hammill
et al., 2017). In the model, density-dependent changes in mortality

are assumed to act on first year survival rate.

2.4 | Statistical analysis

We estimated the repeatability of parturition dates of females as
the proportion of the total variation attributed to variation among
individuals compared to variation among measurements within indi-
viduals with ICC package in R based upon the exact confidence limit
equation in Searle (1971), which can be used for unbalanced data
(Wolak, Fairbairn, & Paulsen, 2012).

We used generalized linear mixed models (GLMM) to examine
relationships between pup birthdate and covariates (intrinsic and ex-
trinsic) and the consequences of variation in birthdate on pup body
mass at weaning. Models were fit using the Ime4 package in R (Bates,
Méchler, Bolker, & Walker, 2015), and model selection was based on
Akaike information criterion (AIC), with smallest AAIC, and high-
est AIC weights (w) (Burnham & Anderson, 2002) being preferred
models, using the Multi-Model Inference Package (Barton 2016). We
used the methods of Nakagawa and Schielzeth (2013) to estimate
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factors, and conditional R? (RéLMM(C)), describing the total variance

marginal R? (R )), representing the variance explained by fixed
explained by the models. For model selection, all continuous covari-
ates were standardize to a mean of zero and divided by the stan-
dard deviation. To estimate model coefficients, the preferred models
were run with raw covariates. The error estimates of fixed and ran-
dom effects were reconstructed from the bootstrapped confidence
interval (nsim = 1,000) assuming the interval is normally distributed
(Duursma, 2019) and plotted using produced using visreg package
(Breheny & Burchett, 2017). All statistical analyses were conducted
using R 3.6.1 (R Core Team, 2019).

Maternal traits used as covariates in the model included mater-
nal age, parity, and reproductive success in the previous year. We
modeled the effect of maternal age as a quadratic as our previ-
ous research has shown that other reproductive traits vary in this
way (Bowen et al., 2006). Grey seals begin to reproduce at about
5 years of age and continue for several decades (Bowen et al., 2006).
Therefore, we modeled parity as a factor (1, 2, 3, 4, 5+) to accommo-
date change as females gained reproductive experience, but we ex-
pected little change in females that had given birth 5 or more times.

A female's reproductive success in 1 year can influence her success

1980 1990 2000 2010

Year

in a subsequent year (e.g., Hadley, Rotella, & Garrott, 2007); there-
fore, reproductive success in the previous year was included as a
factor (O = unsuccessful, 1 = successful). Pup sex (factor: 1 = male,
2 = female) affects several offspring traits in grey seals (Bowen
et al., 2006) and other phocid seal species and therefore was also
included in the model. Study year was included as a factor to allow
for nonlinear environmental variation. The above covariates were
treated as fixed effects in the full model of birthdate. Post hoc analy-
sis was used to reduce the number of levels to describe the influence
of parity on birthdate.

We used a 3-step process to develop a model that includes inter-
actions between intrinsic and extrinsic covariates. In the first step,
we develop a mixed model that predicts parturition dates as a func-
tion of intrinsic covariates and environmental variability described
by year as a factor, while addressing the individual heterogeneity
with the random effect. Next, we ask which environmental indices
best describe the mean parturition date each year as estimated from
first model. In the third step, we include in the parturition date model
the intrinsic covariates identified in the first step, the environmental
covariates identified in the second step, as well as interactions be-

tween the environmental covariates and parity.
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Birthdate, Bij (i.e., female i, pup j) was modeled as an independent
random normal variable (s,.j = N(0, 6?). To account for the individual
variation in parturition dates, female identity was included as a ran-

dom effect (Y, = N(O, d?). The full model was as follows:

number of parturition dates for individual females ranged from 1
to 19, and half of the females had >3 pups with known birthdate
(S2). The overall average age of females in the study was 16 years

(SD = 7.9, range 4-41 years). Of the pups studied, sex was not avail-

Bij = Bparity X Parity;; + fse X Malepup;; + B, X previous success,; + fi,,. X maternal age;;

+Page2 X I(maternal agef,.) +Byear XY€QA; + Y 8,

Post hoc tests were used to select the best model among those
with a different number of parity bins.
To identify the best model to predict mean annual birthdate esti-

mated from the previous model (4

}ear i) time-varying environmental

and population covariates (NAO, AMO, SST, and number of pups)
and interactions were included in multiple linear regression. Where

able for 66 pups usually because the female had left the colony (i.e.,
abandoned) before the pup could be sexed and tagged. The propor-
tion of female pups born over the course of the study was 0.51 (95%
Cl =0.48-0.53, n = 1,365) and of males was 0.49 (95% Cl = 0.48-
0.51, n =1,337). Thus, sex ratio did not depart from 1:1.

In the 499 females with more than one parturition date,

Byear i = Bamo X@MO; + Parmoayr X @MOIYT| + f120 X NA0; + fra03yr X NAOIYT| + fssr X SST; + Popsize X POPSIZE; +a + ;.

For NAO and AMO, the previous year and previous 3-year mean
were included in model selection but prohibited from being in the
same model as they were highly correlated. For the same reason, the
AMO 3-year mean and population size were not used in the same
model. The covariates from the preferred model of mean birthdate
were subsequently included in the model with intrinsic effects to

explore interactions between environmental covariates and parity:
Bij = Bparity X Parity,; + fsex X Malepup,; + f,c X previous success;;
+Page Xmaternal age;; + fager X | (maternal agei)
+Bpopsize X POPSIZ€;; + 1o X @MO,; + fy503,r X NAOIYT;
+ﬂpopsize:parity X Popsize,-j X parity,-j +ﬂamo:parity Xamo;;
XParity;; + Pnaosyrparity X NAO3Yr;; X parity;; + Y; +e; ;.

Finally, to examine the consequences of a shift in birthdate on
reproductive performance of females, we fitted GLMM models to
the mass of pups at weaning (Mij) (Gaussian), again with female iden-
tity as random effect (Y, = N(O, d?). All pups regardless of body mass
were used in this analysis. Parity (factor: 1, 2, 3, 4, and 5+), success
in the previous year (factor: 0, 1), pup sex (factor: 1, 2), a quadratic of
maternal age the birthdate anomaly within the breeding season (i.e.,

difference in days from mean birthdate each year), and the mean

birthdate for the breeding season:

M; = Bparity X P2rity;; + Bsex X Malepup,; + fig . X previous success;;
+Bage X Maternal age,; + f g0 X1 (maternal age,.zj )

+Bpdanomaly X bdanomaly;; + freanpg X meanbd,; +Y; +e¢; ;.

3 | RESULTS

Over the course of our 27-year study, we recorded birthdates for
2,768 pups of 660 females from 13 marked cohorts (51). The mean
number of birthdates per year was 102 (range = 24 to 178). Fewer
than 50 birthdates were recorded in only 5 of the 27 years. The

the intraclass correlation (ICC) was 0.66 (95% Cl = 0.63-0.70),
indicating that parturition dates of individual females were highly
repeatable.

3.1 | Factors influencing birthdate

Year had the strongest influence on the mean birthdate of all the
covariates in the preferred model (Table 1, Figure 4e). The fixed
effects in the model with only intrinsic factors explained 8% of the
variance (RéLMM(m) = 0.08, RéLMM(C) = 0.84), while the fixed effects
in the model that included both intrinsic factors and year explained
28% of the variance (RS v = 0-28, R& o = 0-84). Birthdates
advanced by more than 2 weeks over the 27 years of the study,
with the greatest change occurring in the late 1990s (Figure 4e).
Mean birthdate varied from January 12 (day 42) to January 15 (day
45) until about 1995 and then advanced to January 4 (day 34) by
2000. There appeared to have been a brief period of relative stasis
around 2005 and then a further decrease through the end of the
study with mean birthdate between December 24 to 26 in recent
years (day 25 and day 27).

All of the other intrinsic covariates (parity, success in the pre-
vious year, pup sex, and maternal age) were retained in the maxi-
mal model of birthdate (Table 1). Coefficients from the preferred
model are given in S3. Variation in birthdate among females was
the largest source of variation in the model, reflecting the high re-
peatability in birthdates of individual females (Figure 3). Post hoc
analysis of parity indicated that three bins (i.e., primiparous fe-
males, second-time breeders, and experienced breeders with 23
pups) were marginally better than a model with two or four parity
bins (S4). Of the intrinsic fixed effects in the preferred model,
parity had the greatest influence on birthdate. Primiparous grey
seal females gave birth three days later than second-time breed-
ers and four days later than multiparous females with three or
more previous offspring (Figure 4a). Pup sex also influenced

birthdate such that female pups were born about 0.7 days later
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TABLE 1 Model selection for the mixed-effect models of pup birthdate, including female parity (ﬂparity), pupping success in the previous

year (4,0, and maternal age (4,,,
seal identity as a random effect (Y‘j)

Model K

Bpariry X PArity; + B, X Malepup;; + f. x previous 37
2
success;; + f,,. X maternal age;; + 8,0, X | (maternal age;,
) + Pear X YEQAT; + 1

Bpariry X PArity; + f., X Malepup;; + f,., X maternal 36
2
age;; + fgey X l(maternal age?) + B, ., X year; + 7

Brarity X Parity; + B X previous success; + f,., X maternal 36

2
age; + fiyen X | (maternal age?) + f, ., X year; + 1)

Brarity X parityi]. + Page X maternal age; +/

ge2 X |(maternal age? 35
)+ Bear X YEAT; + 1

Poex X Malepupij + Pguc X Previous success; + fi,., X maternal 33

age;; + fogen X | (maternal ageizj) + Pyear X YEA; + 1,

Note: The five models with the lowest AIC are reported. N

seals

+ ﬁage2) which was normalized and included as a quadratic, pup sex (4,,), year as a factor (1991-2017) and

LL AIC, AAIC, w,
-7723.4 15,521.9 0 0.998
-7730.7 15,534.5 12.6 0.002
-7737.2 15,547.5 25.6 <0.001
~7745.4 15,561.8 39.9 <0.001
-7787.0 15,640.8 1189 <0.001

= 654,N,, = 2,702.

Abbreviations: AlCc, Akaike information criterion for small sample sizes; K, number of parameters; LL, Log likelihood; wi, AIC weights; AAICc, relative

change in AlCc.

than male pups (Figure 4b). Females that successfully weaned a
pup in the previous year gave birth 0.6 days earlier than those
that had not (Figure 4c). On average, birthdates predicted from
the model occurred later in the breeding season as females got
older, although there was considerable variability in birthdates
for a given age (Figure 4d).

o

Effect range, days

Mom ID

FIGURE 3 Plot of the simulated random effects of individual
grey seal females (MomID) during a 27-year study (1991-2017)

at Sable Island, Nova Scotia from the mixed-effects model of

pup birthdate. Black dots represent deviation in days from the
model intercept for the 654 individual females. The darker shaded
whiskers (95% confidence regions) are those which do not cross 0O,
the model intercept (red line)

3.2 | Influence of environmental covariates

Although year as a factor explained much of the temporal variability
in mean birthdates (Figure 4e), it provided little information about
the nature of the environmental forcing that may underlie the ob-
served shift in birthdates over time. The predicted mean birthdate
was negatively correlated with the total population size, the AMO in
the previous year, and annual mean SST over the 3 months preced-
ing implantation (February-April), and positively correlated with the
mean NAO in the previous 3 years (Figure 5). The preferred model
to describe mean birthdate included population size, AMO and the
NAO in the 3 years before the breeding season (Table 2).

To explore more specific environmental influences on birth-
dates, we dropped year from the model and added the environmen-
tal time series as a fixed effect with interactions between parity
and the AMO in the previous year and population size (Table 3).
The preferred model included interactions between parity and en-
vironmental covariates, which is evidence for heterogeneity in the
response of females differing in reproductive experience to environ-
mental forcing (Table 3, Figure 6). For example, primiparous female
birthdates exhibited a stronger negative relationship with popula-
tion size than multiparous females (Figure 6a). Again, variation in
birthdate among females was the largest source of variation in the
model, reflecting the high repeatability in individual birthdates (S5).
The preferred model explained 80% of the variance in birthdate
(RéLMM(C) = 0.80), with the fixed effects explaining one-fifth of the

: 2
variance (RGLMM(m) =0.21).

3.3 | Consequences of temporal trend in birthdate
To estimate the consequences of variation in birthdate on offspring

weaning mass, we tested a model which included maternal age, par-

ity, reproductive success in the year previous, pup sex, and birthdate
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anomaly as fixed effects and female identity as a random effect.
Each of these fixed effects has previously been shown to influ-
ence pup weaning mass in this species (Boness et al., 1995; Bowen
et al., 2006; Weitzman, den Heyer, & Bowen, 2017). The preferred
model explained 58% of the variance (RéLMM(C) =0.58), with the fixed
effects explaining roughly half (RéLMM(m) = 0.29). Pup weaning mass
was influenced by pup sex, parity, female age, and birthdate anomaly
(Table 4, Table S6) with females weighing about 2 kg less than males.
Pups born later in the breeding season had lower weaning mass
(Figure 7), but the mean birthdate for a given year did not explain
additional variation in pup weaning mass (Table 4). Thus, we found

no evidence that the change in phenology of the breeding colony

influenced pup weaning mass.

4 DISCUSSION

|
Over the 27 years of our study, mean birthdate of grey seal pups
advanced by 15 days. This represents one of the largest and most
rapid phenological shifts that has been observed in long-term stud-
ies of vertebrates (Parmesan, 2006; Thackeray et al., 2010). The shift

in birthdate was correlated with an increase in population size, the
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FIGURE 5 Predicted mean birthdate
(grey dots) of grey seal pups during a 27-
year study (1991-2017) at Sable Island,
Nova Scotia plotted against the (a) number
of pups produced on Sable Island, (b) the
Atlantic Multidecadal Oscillation (AMQ)

r2=0.82

(b) 7

° I'z =0.51

in the previous year, (c) the North Atlantic @,
Oscillation (NAO) in the previous 3 years, 3 50 150 250 -02 -01 00 01 02 03
and (d) the sea surface temperature (SST) g .
in the previous spring. The shaded areas -g Seals;ihousands A0 previous year
are partial residuals. The correlation i
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TABLE 2 Model selection for the multiple linear regression of mean pup birthdate relative to December 1, including AMO (o), 3-year
mean AMO (ﬂAMosyr)’ NAO (B a03) 3-year mean NAO (ﬁNAO3yr)' SST (fss7), and intercept (a)

Model K LL AlC, AAIC, w;
Bamo X AMO; + B0, X NAO3YT) + 000 X POpSize; + 5 -52.27 117.39 0 0.6032
Pamo X @MO; + B, X NAO; + B, 70 X Popsize; + o 5 -53.20 119.26 1.87 0.2364
Bamo X @MO; + B 05, X NAO3YT | + Psgp X SST; + 00 X POpsize; + a6 -52.27 120.73 3.34 0.1135
Pamo X @MO; + f X NAO; + fgcr X SST, + [ ——— Popsize; + o 6 -53.20 122.61 5.22 0.0444
Bamosyr X @MO3Yry + B 5 X Na03yr, + a 4 -60.03 129.87 12.48 0.0011
Note: The five models with the lowest AIC are reported. N = 27.
K, number of parameters; AlCc, Akaike information criterion for small sample sizes; AAICc, relative change in AlCc; and wi, AIC weights
TABLE 3 Model selection for the mixed-effect models pup birthdate
Environmental covariates K LL AIC, AAIC, w;
HBpopsize X POPSIZE; + B, X aMOy + B 05, X NAOYIy+ Bocie ooty 18 -7927.64 1589154 O 0.9100
X Popsize,.j P parity,.}. + ﬁamo:parity X amoy; X parityi‘. + ﬂnaww:uarity X nao3yr‘.j X parity,.j
+ﬁpopSize X Popsizeij + Bamo X amo;; + ﬁnao3yr X nao3yrii + ﬂpopsize:parity 16 -7932.19 15,896.59 5.0496 0.0729
x Popsize;; X parity; + B, .,3,r-parity X NA03Yr; X parity;
B popsize X POPSIZE; + B X @MOy + B o5 X NAOIYT+ B0 coenarity 16 -7933.99 15,900.18 8.6412 0.0121
X Popsizeij X parity;j + Bamorparity X @MO;; X parityii
X Popsizeu. X parity,j 15 -7935.91 15,902 10.4596 0.0049

Bopsize % POPSIZE;; + B, X amoy +

+ Bomomparity X AMO;; X parity;

Note: The top 4 models included the intrinsic variable: female parity ([}p

which was normalized and included as a quadratic, the sex of the pup sex (4,,), and individual seal as a random effect (

popsize:parity

aﬁtyl

suc

pupping success in the previous year (4, ), and maternal age (5, + f3
Yj). Model selection

age age2)

identified the preferred environmental covariates, total population mean AMO (ﬁAMosyr), 3 year mean NAO (/)’NAOSW), and the interaction between

environmental covariates and parity. The five models with the lowest AIC are reported. N

= 654,N,,, = 2,702.

seals

K, number of parameters; AlCc, Akaike information criterion for small sample sizes; AAICc, relative change in AlCc; and wi, AIC weights

AMO, and to a lesser extent the NAO which was averaged over the
previous 3 years suggesting that a large-scale environment forcing
was largely responsible. Our longitudinal data enabled us to assess
the impact of environmental changes on both first time and experi-

enced breeders. Females generally responded to the environmental

change by advancing parturition dates, but there was evidence for
heterogeneity in the response of individuals. Presumably, because
they were in better condition, multiparous females gave birth earlier
and their birthdates shifted less over time than those of primipa-

rous females. Primiparous females entering the breeding population
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FIGURE 6 Plot of birthdates of grey seal pups during a 27-year study (1991-2017) at Sable Island, Nova Scotia overlaid with the
prediction (solid line) and bootstrapped 95% confidence intervals (colored shaded areas) of birthdate for parity 1 (red), parity 2 (green), and
parity 3+ (blue) females from the mixed model including intrinsic factors and (a) Population size, (b) North Atlantic Oscillation (NAO) in the
previous three years, and (c) Atlantic Multidecadal Oscillation (AMO) in the previous year. Conditional plots are based on a mother which had
produced a successful pup in the previous year (Previous Success = 1), had 2 or more pups previously (Parity = 3+), had a female pup in year
2000, was 20 years old, and the mean of the other continuous fixed effects

in the early 2000s gave birth almost 2 weeks earlier than those in
the 1990s. Despite the large temporal shift to earlier birthdates,
we found no evidence of a change in maternal reproductive per-
formance as measured by the body mass of offspring at weaning (a
good predictor of recruitment to the breeding population, Bowen

et al., 2015) in this capital breeding species.

4.1 | Intrinsic and extrinsic effects on birthdate

Breeding phenology is influenced by both intrinsic and extrinsic fac-
tors and their interactions across diverse taxa (Stopher et al., 2014).
However, few studies have examined the simultaneous influence
of multiple factors on the timing of births. We found that maternal
identity, age, parity, and success in the previous year all influenced
birthdates in grey seals, but maternal identity and parity had the
largest effects. In grey seals, primiparous females gave birth later
in the season than multiparous females (Figure 7). This contrasts
strongly with the earlier parturition date of less-experienced north-
ern elephant seal (Mirounga angustirostris) females, where earlier
breeding may have the advantage of reducing the negative effects
associated with the increased colony density later in the breeding
season (Sydeman, Huber, Emslie, Ribic, & Nur, 1991). Other factors
must underlie the later breeding of less-experienced grey seal fe-
males as later breeding females experience increasing density and
potentially greater disturbance (Boness et al., 1995).

Females that raised offspring in the previous year were predicted
to give birth later than females which did not because they might
have reduced body condition and, therefore, would have fewer re-

sources to allocate to fetal growth. However, success in the previous

year had weak effects on birthdate in grey seals (this study) and
Weddell seals (Rotella et al., 2016). Given the small observed ef-
fect size, it is difficult to assess whether the effect is biologically
significant in these species. Nevertheless, our results are consistent
with findings in red deer (Clutton-Brock, Guinness, & Albon, 1983),
and Bighorn sheep (Orvis canadensis, Feder, Martin, Festa-Bianchet,
Bérubé, & Jorgenson, 2008) suggesting that previous reproductive
performance generally has a modest influence on birth date in many
mammals.

It could be argued that the earlier birth of males compared to fe-

males may be a consequence of the greater role that body size plays

TABLE 4 Parameter estimates from the mixed-effect model of
pup weaning mass, including female parity (Parity), pupping success
in the previous year (Successy-1), maternal age (Age) which was
normalized and included as a quadratic, pup sex (Pup Sex), and the
birthdate anomaly for that pup

t

Coefficients Estimate SE value
(Intercept) 45.4 45.38 0.78
Parity 2 3.9 3.86 0.79
Parity 3+ 8.4 8.37 0.70
Sex (Female) -1.8 -1.79 0.27
Previous success 0.24 0.24 0.29
Age 2.4 2.40 0.26
| (Age)*2 21 -2.11 0.17
Birthdate anomaly 2.2 -2.17 0.22

Note: Parity 2 = second parity females, Parity 3+ = females with 3 or
more pups. N, = 2,135,N = 600.

seals
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in the fitness of males relative to that of females in sexual dimor-
phic species. In Weddell seals, male pups were born about two days
earlier than female pups (Rotella et al., 2016). Although the effect
was not as strong in the present study, we similarly found that male
grey seal pups were born earlier than female pups as previously re-
ported by Coulson and Hickling (1963). There are conflicting results
in other pinnipeds (Boltnev & York, 2001; Bowen, Oftedal, Boness,
& Iverson, 1994) and other mammals (Cote & Festa-Bianchet, 2001)
where males are not born earlier than females suggesting that the

sex of offspring may generally have little influence on birthdate.

Birthdate anomaly, days

Seasonal breeding is widespread among large mammals and is
thought to evolve to allow births to occur at a time when food and
climate are favorable for reproductive success (Bronson, 1989). Year
had the greatest influence on mean birthdate in grey seals, explaining
some 20% of the observed variation. Interannual variation in mean
birthdate at our study site could indicate that annual changes in the
ocean conditions influenced the temporal distribution of births.
Such interannual variation on maternal body condition, mediated
through weather and food supply, is evident in both terrestrial and

other marine species (Bowyer, 1991; Boyd, 1984; Brommer, Rattiste,
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& Wilson, 2008; Keech et al., 2000; Nussey, Clutton-Brock, Albon,
et al., 2005; Nussey, Clutton-brock, Elston, et al., 2005; Przybylo
et al., 2000; Rotella et al., 2016). In female pinnipeds, physiologi-
cal condition and the storage of energy to support reproduction are
unlikely to depend on the direct effects of weather, but rather are
more likely to be manifested through changes in food availability.
Thus, we looked for associations between large-scale climate drivers
that are known to have effects on marine species. We found that
the predicted mean birthdate was negatively correlated with the
mean AMO in the previous year, and weakly positively correlated
to the mean NAO in the previous 3 years (Figure 5). However, the
seal population size was most strongly correlated to the birthdate
timing (Table 2). Since the beginning of our study, the AMO index
has exhibited a warming trend. Alheit et al. (2014) showed that the
dynamics of abundance and migrations of populations of small pe-
lagic clupeoid fishes in the eastern north and central Atlantic vary in
synchrony with the warm and cool phases of the AMO, with increas-
ing abundance during the warm phase of the index. More generally,
Drinkwater et al. (2014) identified biological impacts of the AMO in
the northern North Atlantic to include a general increase in plankton
and fish productivity, as well as expansion of the species distribu-
tions northward, in conjunction with warm periods and the oppo-
site during cold periods. Shackell et al. (2012) examined temporal
changes in ecosystem structure on the Scotian shelf, the main for-
aging grounds of female grey seals (Breed et al., 2006), and the ad-
jacent large ecosystems in which these animals forage. They found
a steady increase starting in the 1980s in the abundance of phyto-
plankton, the biomass of decapods and planktivores, the biomass of
a noncommercial fish, the biomass of medium benthivores, and, to a
lesser extent, the biomass of zoopiscivores. Grey seals are generalist
piscivores known to feed on a variety of small pelagic and demersal
fishes (Bowen & Harrison, 1994). These changes suggest that there
may have been an increase in the abundance of prey available to
greys seals. This is further supported by the monotonic increase in
grey seal population size at our study site during the period of our
study (Hammill et al., 2017). Thus, we interpret the high correlation
between the AMO and mean birthdate as a large-scale causal mech-
anism likely responsible for an increase in prey available to grey seal
females. If our hypothesis is correct, the return to a cool phase of
the AMO should lead to a progressive delay in the mean birthdates
in our study colony.

Coulson (1981) proposed that birthdates in grey seals are deter-
mined by regional SSTs which serve as a signal for the termination
of the period of delayed implantation. We found a weak correlation
between SST in the 3 months immediately after mating and the sub-
sequent birthdate. However, SST was dropped from the model in
favor of the population size, AMO and NAO indices, suggesting lim-
ited support for Coulson's hypothesis. It remains possible that grey
seals have a direct physiological response to SST; however, as noted
by Boyd (1984), there is little evidence that temperature alone can
elicit the type of responses implied in Coulson's hypothesis. More
likely Coulson's hypothesis serves to highlight the importance of the

seasonality of the local environment on reproduction (Boyd, 1991).

The population size at our study colony was strongly correlated
with the AMO index making it difficult to resolve their separate
effects on birthdate. However, as the AMO appears to have been
responsible for favorable environmental conditions throughout
the course of our study, it seems likely that the increase in pop-
ulation size largely reflects favorable foraging conditions for fe-
males, leading to earlier birthdates. This kind of positive response
to climate forcing has been reported in common eiders (Somateria
mollissima) in Iceland where advancing laying date and increasing
population size have been observed (D’Alba, Monaghan, & Nager,
2010).

4.2 | Response of individuals to climate forcing

Within each breeding season, the distribution of grey seal births is
quite synchronous but individual births within a season can occur
over a period of as much as 45 days. Our results demonstrate a high
level of repeatability (ICC = 0.66) within females such that most of
the observed between-seal variance is accounted for by maternal
identity (i.e., traits of individual females). The finding that dates of
parturition for individual females cover a significantly narrower range
than for the population seems to be widespread (pinnipeds—Ellis,
Bowen, Boness, & Iverson, 2000, Cordes & Thompson, 2013, Rotella
et al., 2016, birds—Sydeman & Eddy, 1995, Thorley & Lord, 2015:
ungulates—Plard, Bonenfant, Delorme, & Gaillard, 2012).

Although high repeatability in birthdates suggests a low level of
plasticity for this trait in grey seals, as suggested in roe deer (Plard
et al., 2012), we found evidence of significant individual plasticity
in response to rapid climate forcing. Similarly, using a 47-year study
of the great tit (Parus major), Charmantier et al. (2008) showed that
individual adjustment in behavior enabled the population to track
a rapidly changing environment. Long-term studies of individuals
have revealed heterogeneity in the response to climate variability,
termed IXE (individual-environment interaction, Nussey, Wilson,
& Brommer, 2007), with certain individuals being more plastic in
their phenology than others. The results from our long-term study
of individual grey seal females provide support for both rapid and
heterogeneous response of individuals to climate change, with
inexperienced females being most sensitive and experienced fe-
males being less sensitive but exhibiting more variable responses.
Individual variation in the shape of the reaction norm of laying date
also has been reported in birds (Nussey, Clutton-Brock, Albon, et al.,
2005; Nussey, Clutton-brock, Elston, et al., 2005; Reed et al., 2009).
Both the magnitude and speed with which the change in mean birth-
dates has occurred in grey seals suggest that phenotypic plasticity
is most likely to account for the observed changes. As pedigree in-
formation is not available for this population, we cannot investigate
whether there has been selection on birthdates. In red squirrels, par-
turition date was heritable and under phenotypic selection across
the two decades of study; however, the early advance in birth dates
reversed in the second decade. Selection did not act on the genetic

contribution to variation in parturition date. Rather, as we expect is
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the case in our study, environmental variation and high food pro-
duction in the first decade of the red squirrel study appears to have
caused the shift in dates (Lane et al., 2018).

4.3 | Consequences of changes in phenology

In many species, shifts in breeding phenology can distort the criti-
cal synchrony between young and their food supply (Visser, Both,
& Lambrechts, 2004). Nevertheless, in many cases, it remains diffi-
cult to interpret changes in phenology with respect to fitness con-
sequences (Visser & Both, 2005). The magnitude of the shift in our
study means that grey seal pups will undertake their first foraging
trip some 2 weeks earlier in 2017 than would have been the case
three decades ago. The impact of this change on the fitness of off-
spring is difficult to determine as we know little about the initial
diet of grey seals during this critical transition to nutritional inde-
pendence. However, over the period of our study, juvenile survival
from ages 0-4 years declined from 74% in the early 1990s to 33%
in the early 2000s (den Heyer, Bowen, & McMillan, 2013). There is
circumstantial evidence also from the at-sea distribution of juve-
niles and adult females that adult females may displace juveniles
from preferred foraging areas which could contribute to reduced
juvenile survival (Breed, Bowen, & Leonard, 2013). Nevertheless,
despite this reduced juvenile survival, the population has contin-
ued to increase. Therefore, it becomes problematic to disentan-
gle the effects of shifting phenology on the availability of prey to
young from the potential increased competition for food in a grow-
ing population.

Temporal changes in phenology resulting from climate
change have often been associated with negative effects on re-
productive performance or survival (Forcada & Hoffman, 2014;
Parmesan, 2006). The advance of some 15 days in birthdates in
our increasing population had no discernable effects on offspring
body mass at weaning. In grey seals, survival to recruitment is a
positive function of body mass at weaning (Hall et al., 2001, Bowen
et al., 2015). The lack of change in weaning mass despite advanc-
ing phenology indicates that, to date, the changes in climate may
not have resulted in changes in offspring fitness. Similarly, in red
deer, despite advancing birthdates over a 40-year period, there
was no change in offspring birth mass or juvenile survival (Moyes
et al., 2011; Stopher et al., 2014). This stasis in offspring traits in
the face of changing phenology resulted from the counteracting
effects of weather, population density, and maternal traits on
birthdate, such that changes in climate did not generate changes
in juvenile fitness (Stopher et al., 2014). As with grey seals in our
study, in Common Eiders advancing breeding phenology has been
associated with a growth in population size (D'Alba et al., 2010).
The results from other taxa along with our findings indicate that
the consequences of changes in phenology due to climate change
will depend on how climate effects interact demographic and ma-
ternal traits. Shifts in breeding phenology need not have negative

consequences.

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

ACKNOWLEDGMENTS

We thank C. Abraham, S. Armsworthy, D. Austin, J. Badger, C. Beck,
D. Boness, W. Blanchard, G. Breed, S. Budge, E. Beals, M. Cooper,
B. Farmer, |. Gendron Lemieux, M. Hammill, S. Heaslip, S. Insley,
W. Joyce, H. Koopman, E. Leadon, P. Leblanc, S. McCullough, P.
O'Laughlin, D. Parker, L. Rea, C. McEwan, J. McMillan, B. Nowak,
R. Ronconi, H. Smith, S. Smith, T. Schulz, J. Tremblay, K. Trzcinski, S.
Tucker, D. Tully, M. Wilson, P. Varkey, K. Whoriskey, and S. Wong for
assistance with the field work. We are also grateful for infrastructure
support provided on Sable Island by Environment Canada and Parks

Canada.

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTIONS

William Don Bowen: Conceptualization (lead); formal analysis
(equal); funding acquisition (lead); investigation (equal); methodol-
ogy (lead); writing-original draft (lead); writing-review and editing
(equal). Cornelia E. den Heyer: Data curation (lead); formal analysis
(lead); funding acquisition (supporting); investigation (equal); meth-
odology (equal); writing-review and editing (equal). Shelley Lang:
Investigation (equal); methodology (equal); writing-review and ed-
iting (equal). Damian Lidgard: Investigation (equal); methodology
(equal); writing-review and editing (equal). Sara J. lverson: Funding
acquisition (supporting); investigation (equal); methodology (equal);

writing-review and editing (equal).

ETHICAL APPROVAL

All procedures used on study animals complied with applicable
animal care guidelines of the Canadian Council on Animal Care
and were approved by The Department of Fisheries and Oceans
Animal Care Committee and the Dalhousie University Animal Care

Committee.

DATA AVAILABILITY STATEMENT
Data used in our study are deposited with Dryad and can be ac-
cessed at https://doi.org/10.5061/dryad.j3tx95xbh.

ORCID

William Don Bowen https://orcid.org/0000-0001-8334-5677

REFERENCES

Alheit, J., Licandro, P., Coombs, S., Garcia, A., Girdldez, A., Santamaria, M.
T.G.,... Tsikliras, A. C. (2014). Atlantic Multidecadal Oscillation (AMOQ)
modulates dynamics of small pelagic fishes and ecosystem regime
shifts in the eastern North and Central Atlantic. Journal of Marine
Systems, 131, 21-35. https://doi.org/10.1016/j.jmarsys.2013.11.002

Barton, K. (2016). MuMIn: Multi-Model Inference. R package version,
1(15), 6. https://CRAN.R-project.org/package=MuMIn

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48.

Beebee, T. J. C. (1995). Amphibian breeding and climate. Nature, 374,
219-220. https://doi.org/10.1038/374219a0


https://doi.org/10.5061/dryad.j3tx95xbh
https://orcid.org/0000-0001-8334-5677
https://orcid.org/0000-0001-8334-5677
https://doi.org/10.1016/j.jmarsys.2013.11.002
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1038/374219a0

BOWEN ET AL.

11520 WI LEY_ECObe and Evolution

Open Access,

Boltney, A. I., & York, A. E. (2001). Maternal investment in northern fur
seals (Callorhinus ursinus): Interrelationships among mothers' age,
size, parturition date, offspring size and sex ratios. Journal of Zoology,
254,219-228. https://doi.org/10.1017/50952836901000735

Boness, D. J., Bowen, W. D., & lverson, S. J. (1995). Does male harass-
ment of females contribute to reproductive synchrony in the grey
seal by affecting maternal performance?. Behavioral Ecology and
Sociobiology, 36, 1-10. https://doi.org/10.1007/BF00175722

Bowen, W. D., den Heyer, C. E., McMillan, J. I., & lverson, S. J. (2015).
Offspring size at weaning affects survival to recruitment and repro-
ductive performance of primiparous gray seals. Ecology and Evolution,
5, 1412-1424. https://doi.org/10.1002/ece3.1450

Bowen, W. D., & Harrison, G. D. (1994). Offshore diet of grey seals
Halichoerus grypus near Sable Island, Canada. Marine Ecology Progress
Series, 112, 1-11. https://doi.org/10.3354/meps112001

Bowen, W. D, lverson, S. J., Mcmillan, J. I., & Boness, D. J. (2006).
Reproductive performance in grey seals: Age-related improvement
and senescence in a capital breeder. Journal of Animal Ecology, 75,
1340-1351. https://doi.org/10.1111/j.1365-2656.2006.01157.x

Bowen, W. D., Oftedal, O. T,, Boness, D. J., & lverson, S. J. (1994). The
effect of maternal age and other factors on birth mass in the harbour
seal. Canadian Journal of Zoology, 72, 8-14. https://doi.org/10.1139/
z94-002

Bowyer, R. T. (1991). Timing of parturition and lactation in south-
ern mule deer. Journal of Mammalogy, 72, 138-145. https://doi.
org/10.2307/1381988

Boyd, I. L. (1984). The relationship between body condition and the
timing of implantation in pregnant Grey seals (Halichoerus grypus).
Journal of Zoology, 203, 113-123.

Boyd, I. L. (1991). Environmental and physiological factors controlling the
reproductive cycles of pinnipeds. Journal of Zoology, 69, 1135-1148.
https://doi.org/10.1139/291-162

Breed, G. A., Bowen, W. D., McMillan, J. |., & Leonard, M. L. (2006). Sex
segragation of seasonal foraging habitats in a non-migratory marine
mammal. Proceedings of the Royal Society B: Biological Sciences, 273,
2319-2326.

Breed, G. A., Don Bowen, W., & Leonard, M. L. (2013). Behavioral sig-
nature of intraspecific competition and density dependence in colo-
ny-breeding marine predators. Ecology and Evolution, 3, 3838-3854.
https://doi.org/10.1002/ece3.754

Breheny, P., & Burchett, W. (2017). Visualization of regression models
using visreg. The R Journal, 9, 56-71.

Brommer, J. E., Rattiste, K., & Wilson, A. J. (2008). Exploring plasticity
in the wild: Laying date-temperature reaction norms in the common
gull Larus canus. Proceedings of the Royal Society B: Biological Sciences,
275, 687-693.

Bronson, F. H. (1989). Mammalian reproductive biology, Chicago, IL:
University of Chicago Press.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference. A practical information-theoretic approach, New York, NY:
Springer-Verlag.

Casey, K. S., Brandon, T. B., Cornillon, P., & Evans, R. (2010). The past,
present and future of the AVHRR pathfinder SST program: Revisited
Springer. In V. Barale, et al (Eds.), Oceanography from Space, New
York, NY: Springer.

Charmantier, A., McCleery, R. H., Cole, L. R., Perrins, C., Kruuk, L. E. B.,
& Sheldon, B. C. (2008). Adaptive phenotypic plasticity in response
to climate change in a wild bird population. Science, 320, 800-803.
https://doi.org/10.1126/science.1157174

Clutton-Brock, T. H., Guinness, F. E., & Albon, S. D. (1983). The costs of
reproduction to red deer hinds. Journal of Animal Ecology, 52, 367-
383. https://doi.org/10.2307/4560

Cordes, L. S., & Thompson, P. M. (2013). Variation in breeding phenol-
ogy provides insights into drivers of long-term population change in

harbour seals. Proceedings of the Royal Society B: Biological Sciences,
280, 20130847. https://doi.org/10.1098/rspb.2013.0847

Cote, S. D., & Festa-Bianchet, M. (2001). Birthdate, mass and survival in
mountain goat kids: Effects of maternal characteristics and forage
quality. Oecologia, 127, 230-238.

Coulson, J. C. (1981). A study of the factors influencing the timing of
breeding in the grey seal Halichoerus grypus. Journal of Zoology, 194,
553-571.

Coulson, J. C., & Hickling, G. (1963). The grey seals of the Farne Islands:
Report for the period 1 October 1961 to 30 September 1962.
Transactions of the Natural History Society of Northumbria, 14, 170-183.

Coulson, T., Milner-Gulland, E. J., & Clutton-Brock, T. (2000). The
relative roles of density and climatic variation on population dy-
namics and fecundity rates in three contrasting ungulate species.
Proceedings of the Royal Society of London. Series B: Biological Sciences,
267,1771-1779. https://doi.org/10.1098/rspb.2000.1209

Crick,H.Q.P,, Dudley, C.,Glue,D.E.,& Thomson, D.L.(1997). UK birds are
laying eggs earlier. Nature, 388, 526. https://doi.org/10.1038/41453

D’alba, L., Monaghan, P., & Nager, R. G. (2010). Advances in laying date
and increasing population size suggest positive responses to climate
change in Common Eiders Somateria mollissima in Iceland. Ibis, 152,
19-28. https://doi.org/10.1111/j.1474-919X.2009.00978.x

den Heyer, C., Bowen, W. D., & McMillan, J. I. (2013). Long-term
changes in grey seal vital rates at Sable Island estimated from POPAN
mark-resighting analysis of branded seals. Can. Sci. Advis. Sec. Res.
Doc. 2013/21.

den Heyer, C., Lang, S. L. C., Bowen, W. D., Hammill, M. O. & Canadian
Science Advisory Secretariat (2017). Pup production at Scotian Shelf
Grey Seal (Halichoerus grypus) colonies in 2016. Can. Sci. Advis. Sec.
Res. Doc. 2017/056.

den Heyer, C. E., & Bowen, D. W. (2017). Estimating changes in vital rates
of Sable Island Grey Seals using mark-recapture analysis. Can. Sci. Advis.
Sec. Res. Doc. 2017/054.

Drinkwater, K. F., Miles, M., Medhaug, I., Ottera, O. H., Kristiansen, T,
Sundby, S., & Gao, Y. (2014). The Atlantic Multidecadal Oscillation:
Its manifestations and impacts with special emphasis on the
Atlantic region north of 60 degrees. Journal of Marine Systems, 133,
117-130.

Dunn, P. O., & Winkler, D. W. (1999). Climate change has affected
the breeding date of tree swallows throughout North America.
Proceedings of the Royal Society of London. Series B: Biological Sciences,
266, 2487-2490. https://doi.org/10.1098/rspb.1999.0950

Duursma, R. (2019). bootpredictime4: Predict Method For Ime4 With
Bootstrap. R package version 0.1.

Ellis, S. L., Don Bowen, W., Boness, D. J.,, & Iverson, S. J. (2000). Maternal
effects on offspring mass and stage of development at birth in the
harbor seal, Phoca vitulina. Journal of Mammalogy, 81, 1143-1156.

Feder, C., Martin, J. G. A, Festa-Bianchet, M., Bérubé, C., & Jorgenson,
J. (2008). Never too late? Consequences of late birthdate for mass
and survival of bighorn lambs. Oecologia, 156, 773-781. https://doi.
org/10.1007/s00442-008-1035-9

Forcada, J., & Hoffman, J. I. (2014). Climate change selects for hetero-
zygosity in a declining fur seal population. Nature, 511, 462-. https://
doi.org/10.1038/nature13542

Forchhammer, M. C., Post, E., & Stenseth, N. C. (1998). Breeding phenol-
ogy and climate. Nature, 391, 29-30.

Frederiksen, M., Harris, M. P, Daunt, F., Rothery, P., & Wanless, S. (2004).
Scale-dependent climate signals drive breeding phenology of three
seabird species. Global Change Biology, 10, 1214-1221. https://doi.
org/10.1111/j.1529-8817.2003.00794.x

Hadley, G. L., Rotella, J. J., & Garrott, R. A. (2007). Evaluation of repro-
ductive costs for weddell seals in Erebus Bay, Antarctica. Journal
of Animal Ecology, 76, 448-458. https://doi.org/10.1111/j.1365-
2656.2007.01219.x


https://doi.org/10.1017/S0952836901000735
https://doi.org/10.1007/BF00175722
https://doi.org/10.1002/ece3.1450
https://doi.org/10.3354/meps112001
https://doi.org/10.1111/j.1365-2656.2006.01157.x
https://doi.org/10.1139/z94-002
https://doi.org/10.1139/z94-002
https://doi.org/10.2307/1381988
https://doi.org/10.2307/1381988
https://doi.org/10.1139/z91-162
https://doi.org/10.1002/ece3.754
https://doi.org/10.1126/science.1157174
https://doi.org/10.2307/4560
https://doi.org/10.1098/rspb.2013.0847
https://doi.org/10.1098/rspb.2000.1209
https://doi.org/10.1038/41453
https://doi.org/10.1111/j.1474-919X.2009.00978.x
https://doi.org/10.1098/rspb.1999.0950
https://doi.org/10.1007/s00442-008-1035-9
https://doi.org/10.1007/s00442-008-1035-9
https://doi.org/10.1038/nature13542
https://doi.org/10.1038/nature13542
https://doi.org/10.1111/j.1529-8817.2003.00794.x
https://doi.org/10.1111/j.1529-8817.2003.00794.x
https://doi.org/10.1111/j.1365-2656.2007.01219.x
https://doi.org/10.1111/j.1365-2656.2007.01219.x

BOWEN ET AL.

Hall, A. J, McConnell, B., & Barker, R. (2001). Factors affecting first-
year survival in grey seals and their implications for life history
strategy. Journal of Animal Ecology, 70, 138-149. https://doi.
org/10.1046/j.1365-2656.2001.00468.x

Hamel, S., Coté, S. D., & Festa-Bianchet, M. (2010). Maternal char-
acteristics and environment affect the costs of reproduction
in female mountain goats. Ecology, 91, 2034-2043. https://doi.
org/10.1890/09-1311.1

Hammill, M. O., den Heyer, C. E., Bowen, W. D., & Lang, S. L. C. (2017).
Grey seal population trends in Canadian waters, 1960-2016 and harvest
advice. Can. Sci. Advis. Sec. Res. Doc. 2017/052.

Hebert, D., Pettipas, R., Brickman, D., & Dever, M. (2015). Meteorological,
Sea Ice and Physical Oceanographic Conditions on the Scotian Shelf and in
the Gulf of Maine during 2014. Can. Sci. Advis. Sec. Res. Doc. 2015/040.

Iverson, S. J., Bowen, W. D., Boness, D. J., & Oftedal, O. T. (1993). The
effect of maternal size and milk energy output on pup growth in grey
seals (Halichoerus grypus). Physiological Zoology, 66, 61-88. https://
doi.org/10.1086/physz00l.66.1.30158287

Keech, M. A., Bowyer, R. T., Hoef, J. M. V,, Boertje, R. D., Dale, B. W.,
& Stephenson, T. R. (2000). Life-history consequences of maternal
condition in Alaskan moose. Journal of Wildlife Management, 64, 450-
462. https://doi.org/10.2307/3803243

Kovacs, K. M., & Lavigne, D. M. (1985). Neonatal growth and organ allom-
etry of Northwest Atlantic harp seals (Phoca groenlandica). Canadian
Journal of Zoology, 63, 2793-2799.

Lane, J. E.,, McAdam, A. G., McFarlane, S. E., Williams, C. T., Humpbhries,
M. M., Coltman, D. W,, ... Boutin, S. (2018). Phenological shifts in
North American red squirrels: Disentangling the roles of phenotypic
plasticity and microevolution. Journal of Evolutionary Biology, 31,
810-821. https://doi.org/10.1111/jeb.13263

Lunn, N. J,, Boyd, I. L., & Croxall, J. P. (1994). Reproductive performance
of female Antarctic fur seals: The influence of age, breeding expe-
rience, environmental variation and individual quality. Journal of
Animal Ecology, 63, 827-840.

McNamara, J. M., & Houston, A. 1. (1996). State-dependent life histories.
Nature, 380, 215-221. https://doi.org/10.1038/380215a0

Moyes, K., Nussey, D. H., Clements, M. N., Guinness, F. E., Morris, A,
Morris, S., ... Clutton-brock, T. H. (2011). Advancing breeding phe-
nology in response to environmental change in a wild red deer
population. Global Change Biology, 17, 2455-2469. https://doi.
org/10.1111/j.1365-2486.2010.02382.x

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Methods
in Ecology and Evolution, 4, 133-142.

Nussey, D. H., Clutton-Brock, T. H., Albon, S. D., Pemberton, J., & Kruuk,
L. E. B. (2005). Constraints on plastic responses to climate variation
in red deer. Biology Letters, 1, 457-460. https://doi.org/10.1098/
rsbl.2005.0352

Nussey, D. H., Clutton-brock, T. H., Elston, D. A., Albon, S. D., &
Kruuk, L. E. B. (2005). Phenotypic plasticity in a maternal trait
in red deer. Journal of Animal Ecology, 74, 387-396. https://doi.
org/10.1111/j.1365-2656.2005.00941.x

Nussey, D. H., Wilson, A. J., & Brommer, J. E. (2007). The evolution-
ary ecology of individual phenotypic plasticity in wild popula-
tions. Journal of Evolutionary Biology, 20, 831-844. https://doi.
org/10.1111/j.1420-9101.2007.01300.x

Ozgul, A., Childs, D. Z., Oli, M. K., Armitage, K. B., Blumstein, D. T., Olson,
L. E., ... Coulson, T. (2010). Coupled dynamics of body mass and pop-
ulation growth in response to environmental change. Nature, 466,
482-U485. https://doi.org/10.1038/nature09210

Parmesan, C. (2006). Ecological and evolutionary responses to re-
cent climate change. Annual Review of Ecology, Evolution, and
Systematics, 37, 637-669. https://doi.org/10.1146/annurev.ecols
ys.37.091305.110100

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Plard, F., Bonenfant, C., Delorme, D., & Gaillard, J. M. (2012). Modeling
reproductive trajectories of roe deer females: Fixed or dynamic het-
erogeneity?. Theoretical Population Biology, 82, 317-328. https://doi.
org/10.1016/j.tpb.2012.03.006

Post, E., & Stenseth, N. C. (1999). Climatic variability, plant phenology,
and northern ungulates. Ecology, 80, 1322-1339.

Przybylo, R., Sheldon, B. N. C., & Merila, J. A. (2000). Climatic ef-
fects on breeding and morphology: Evidence for phenotypic
plasticity. Journal of Animal Ecology, 69, 395-403. https://doi.
org/10.1046/j.1365-2656.2000.00401.x

R Core Team (2019). R: A language and environment for statistical comput-
ing. Vienna, AustriaR Foundation for Statistical Computing. Retrieved
from https://www.R-project.org

Reed, T. E., Warzybok, P., Wilson, A. J., Bradley, R. W., Wanless, S., &
Sydeman, W. J. (2009). Timing is everything: Flexible phenology and
shifting selection in a colonial seabird. Journal of Animal Ecology, 78,
376-387. https://doi.org/10.1111/j.1365-2656.2008.01503.x

Reijnders, P. J. H., Brasseur, S. M., & Meesters, E. H. (2010). Earlier
pupping in harbour seals, Phoca vitulina. Biology Letters. https://doi.
org/10.1098/rsbl.2010.0468

Rotella, J. J., Paterson, J. T., & Garrott, R. A. (2016). Birth dates vary with
fixed and dynamic maternal features, offspring sex, and extreme cli-
matic events in a high-latitude marine mammal. Ecology and Evolution,
6,1930-1941.

Searle, S. R. (1971). Linear models. New York, NYWiley. Retrieved from
http://onlinelibrary.wiley.com/book/10.1002/9781118491782

Shackell, N. L., Bundy, A., Nye, J. A., & Link, J. S. (2012). Common large-
scale responses to climate and fishing across Northwest Atlantic
ecosystems. ICES Journal of Marine Science, 69, 151-162. https://doi.
org/10.1093/icesjms/fsr195

Stopher, K. V., Bento, A. I, Clutton-Brock, T. H., Pemberton, J. M., &
Kruuk, L. E. B. (2014). Multiple pathways mediate the effects of cli-
mate change on maternal reproductive traits in a red deer popula-
tion. Ecology, 95, 3124-3138. https://doi.org/10.1890/13-0967.1

Sydeman, W. J., & Eddy, J. O. (1995). Repeatability in lying date and its
relationship to individual quality for Common Murres. The Condor,
97,1048-1052.

Sydeman, W. J., Huber, H. R., Emslie, S. D., Ribic, C. A., & Nur, N. (1991).
Age-specific weaning success of northern elephant seals in relation
to previous breeding experience. Ecology, 72, 2204-2217. https://
doi.org/10.2307/1941571

Thackeray, S. J., Sparks, T. H., Frederiksen, M., Burthe, S., Bacon, P. J,,
Bell, J. R,, ... Clutton-Brock, T. I. M. (2010). Trophic level asynchrony
in rates of phenological change for marine, freshwater and terrestrial
environments. Global Change Biology, 16, 3304-3313.

Thorley, J. B., & Lord, A. M. (2015). Laying date is a plastic and repeat-
able trait in a population of Blue Tits Cyanistes caeruleus. Ardea, 103,
69-78.

Trenberth, K., & Zhang, R. & National Center for Atmospheric Research
Staff (Eds). (2016). The Climate Data Guide: Atlantic Multi-decadal
Oscillation (AMO). Retrieved from https://climatedataguide.ucar.edu/
climate-data/atlantic-multi-decadal-oscillation-amo. Last modified
19 Apr 2016.

Trillmich, F., & Ono, K. A. (1991). Pinnipeds and El Nifio: Responses to
Environmental Stress, Heidelberg, DE: Springer-Verlag.

van de Pol, M., Osmond, H. L., & Cockburn, A. (2012). Fluctuations in
population composition dampen the impact of phenotypic plasticity
on trait dynamics in superb fairy-wrens. Journal of Animal Ecology, 81,
411-422. https://doi.org/10.1111/j.1365-2656.2011.01919.x

Visser, M. E., Adriaensen, F., Van Balen, J. H., Blondel, J., Dhondt, A. A.,
Van Dongen, S, ... Matthysen, E. (2003). Variable responses to large-
scale climate change in European Parus populations. Proceedings
of the Royal Society of London. Series B: Biological Sciences, 270,
367-372.


https://doi.org/10.1046/j.1365-2656.2001.00468.x
https://doi.org/10.1046/j.1365-2656.2001.00468.x
https://doi.org/10.1890/09-1311.1
https://doi.org/10.1890/09-1311.1
https://doi.org/10.1086/physzool.66.1.30158287
https://doi.org/10.1086/physzool.66.1.30158287
https://doi.org/10.2307/3803243
https://doi.org/10.1111/jeb.13263
https://doi.org/10.1038/380215a0
https://doi.org/10.1111/j.1365-2486.2010.02382.x
https://doi.org/10.1111/j.1365-2486.2010.02382.x
https://doi.org/10.1098/rsbl.2005.0352
https://doi.org/10.1098/rsbl.2005.0352
https://doi.org/10.1111/j.1365-2656.2005.00941.x
https://doi.org/10.1111/j.1365-2656.2005.00941.x
https://doi.org/10.1111/j.1420-9101.2007.01300.x
https://doi.org/10.1111/j.1420-9101.2007.01300.x
https://doi.org/10.1038/nature09210
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1016/j.tpb.2012.03.006
https://doi.org/10.1016/j.tpb.2012.03.006
https://doi.org/10.1046/j.1365-2656.2000.00401.x
https://doi.org/10.1046/j.1365-2656.2000.00401.x
https://www.R-project.org
https://doi.org/10.1111/j.1365-2656.2008.01503.x
https://doi.org/10.1098/rsbl.2010.0468
https://doi.org/10.1098/rsbl.2010.0468
http://onlinelibrary.wiley.com/book/10.1002/9781118491782
https://doi.org/10.1093/icesjms/fsr195
https://doi.org/10.1093/icesjms/fsr195
https://doi.org/10.1890/13-0967.1
https://doi.org/10.2307/1941571
https://doi.org/10.2307/1941571
https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo
https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo
https://doi.org/10.1111/j.1365-2656.2011.01919.x

BOWEN ET AL.

11522 WI LEY_ECObe and Evolution

Open Access,

Visser, M. E., & Both, C. (2005). Shifts in phenology due to global climate
change: The need for a yardstick. Proceedings of the Royal Society
B: Biological Sciences, 272, 2561-2569. https://doi.org/10.1098/
rspb.2005.3356

Visser, M. E., Both, C., & Lambrechts, M. M. (2004). Global climate change
leads to mistimed avian reproduction. In A. P. Moller et al (Eds.), Birds
and Climate Change (pp. 89-110).

Weitzman, J., den Heyer, C., & Bowen, D. W. (2017). Factors influenc-
ing and consequences of breeding dispersal and habitat choice in
female grey seals (Halichoerus grypus) on Sable Island, Nova Scotia.
Oecologia, 183, 367-378.

Wolak, M. E., Fairbairn, D. J., & Paulsen, Y. R. (2012). Guidelines for es-
timating repeatability. Methods in Ecology and Evolution, 3, 129-137.
https://doi.org/10.1111/j.2041-210X.2011.00125.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Bowen WD, den Heyer CE, Lang SLC,
Lidgard D, Iverson SJ. Exploring causal components of
plasticity in grey seal birthdates: Effects of intrinsic traits,
demography, and climate. Ecol Evol. 2020;10:11507-11522.
https://doi.org/10.1002/ece3.6787



https://doi.org/10.1098/rspb.2005.3356
https://doi.org/10.1098/rspb.2005.3356
https://doi.org/10.1111/j.2041-210X.2011.00125.x
https://doi.org/10.1002/ece3.6787

