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Abstract
Fitness variation among individuals is a key tenet of eco-evolutionary theory, as natural selec

tion acts upon this variation to bring about evolutionary change. Our understanding of individ
ual heterogeneity and its evolutionary consequences in wild populations is limited, particularly

for long-lived animals which are difficult to observe on a biologically relevant scales. This
dissertation explores the dynamics of reproductive heterogeneity in a long-lived, iteroparous

animal stemming from individual variation, energetic trade-offs, and ecological conditions us
ing over 35 years of longitudinal data on a large sample of marked female grey seals (Halichoerus grypus) breeding on Sable Island, Nova Scotia. Using mixed-effects regression and

novel mark- recapture techniques, I investigate three topics. First, I evaluated the evidence
for and structure of individual heterogeneity in reproductive performance and determined how
this heterogeneity interacts with increasing population size. In particular, I assessed whether
population density affects individual-level reproduction, and may alter or amplify differences
among individuals. Next, I investigated the relative contributions of individual heterogeneity

and energetic trade-offs as drivers of life history variation by exploring the relationship be

tween age-specific reproductive performance and survival. Finally, I determined how physical
characteristics in early ontogeny may be a source for individual variation in reproductive suc
cess. Overall, I showed that individual heterogeneity is a prevalent and important feature of

the Sable Island breeding population that interacts with ecological conditions. Variation among

individuals in reproductive ability appears to be a main driver of variation in life history trajec
tories, and this variation may in part stem from physical characteristics and conditions during

early ontogeny. These results have important implications for future demographic and eco

logical analyses on this population as it reveals that individual variation cannot be ignored to
accurately estimate vital rates and underlying individual trade-offs. This work is one of few on

long-lived marine mammals and may provide insights into drivers of life history variation of
other systems of long-lived, iteroparous animals that are not so well observed.
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Chapter 1: Introduction of Dissertation

Variation is a central feature of life that is prevalent at all levels of organization, from
genes to ecosystems. Among taxa, eco-evolutionary theories postulate that interspecies diver

sity stems from trade-offs in allocating limited resources toward many competing functions,

such as reproduction, immune function, and growth. Varying strategies to mitigate these trade
offs evolving in different environments has radiated a great diversity of morphological, behav

ioral, and physiological forms and commensurately diverse population dynamics and life spans
across plant and animal taxa (Hamilton 1966, Stearns 2000, Roff 2002).

To maximize fitness individuals must optimize allocation of resources among growth, sur

vival, and reproduction (Stearns 1992). This principle of allocation predicts negative correla

tions among life history traits involved in physiological trade-offs|investment into a particular
fitness component (i.e. survival, reproduction) may require reduced investment in others, or
come at a cost to future allocation (Cody 1966). For example, a large body of theoretical and

empirical work has demonstrated that increasing reproductive effort is predicted to negatively
impact future survival and/or reproduction, a result termed the “costs of reproduction" (Cody

1966, Williams 1966, Stearns 1992). While it is generally accepted that such tradeoffs exist,

manifestations of reproductive costs are complex and can vary owing to a variety of intrinsic
and extrinsic factors in natural populations, such as individual differences and environmental
variation.
Natural populations are, to differing degrees, composed of genetically and phenotypically

diverse individuals that inevitably vary in their survival and reproductive abilities (Bolnick et al.

2011). Variation provides the raw materials for natural selection, and where heritable, will
result in evolutionary change. Thus, variation among individuals is a key focus in evolutionary
ecology. However, population studies have long implicity assumed all individuals of a given

stratum are identical; these strata may be fixed individual features or groups (e.g. sex, Steiner
et al. 2010), features that change deterministically throughout life (e.g. with age, Sæther et al.

2013) or stochastically such as life history states (breeding vs. nonbreeding, Cam et al. 1998).
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These classifications have been demonstrated to be insufficient in explaining the observed

distribution of individual life history trajectories in many taxa.

Two sources of variation in the distribution of life histories are evident: first, there exist con
sistent differences in fitness traits among individuals in a population; and second, there exists

trade-offs among fitness components. The relative magnitude and interaction of these sources
have important consequences for population dynamics and evolutionary patterns. Optimality

theories regarding trade-offs, first introduced to explain variation in life histories (summarized
in Roff 1992 and Stearns 1992), often fail to fully explain variation among individuals when
empirically tested within populations (van Noordwijk and de Jong 1986, Cam et al. 2002, Bol-

nick et al. 2003, De Loof 2011). The extent to which individual differences contribute to the
variation of life histories in populations remains poorly understood. When considered at the

individual level, positive, zero, or negative correlations may arise between two traits that are
involved in a classical physiological trade-off. As an example, if individuals vary in their ability

to acquire resources then we would expect more capable individuals to allocate more to all func

tions (van Noordwijk and de Jong 1986, Reznick et al. 2000), resulting in positive associations
among fitness traits. Though energetic trade-offs may be physiologically unavoidable, certain

individuals that acquire more resources, and/or are better able to use available resources, can

allocate more to both survival and reproduction and thereby apparently “override" trade offs
(Clutton-Brock 1984, Berube et al. 1999, Weladji et al. 2008). In these situations, any fit
ness costs of reproduction arising from a physiological trade off may be masked by individual
differences in quality or only become apparent during adverse ecological conditions.

Mechanisms generating individual variation in vital rates include genetic characteristics
(Foerster et al. 2003; Hunt et al. 2004), as well as innate and acquired phenotypic traits,

such as physical features (e.g., Andersson 1989, Zuk et al. 1990 Festa-Bianchet et al. 1997,

Berube et al. 1999, Vanpe et al. 2007), physiology (Burton et al. 2011, Pryke et al. 2012),
and behavior (Dall et al. 2004, Smith and Blumstein 2008). Individual heterogeneity may also

be explained by variations in conditions and resources during early development (Lindstrom
1999, Festa-Bianchet et al. 2000, Hamel et al. 2009), in environmental conditions throughout
life (Chambert et al. 2013), in parental care, and other maternal effects (Mousseau and Fox
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1998). Consistent differences in habitats may also contribute to differences in performance
(Araujo et al. 2011, Kendall et al. 2011). These conditions can result in individual variation in

foraging abilities, digestive efficiency, maternal effects, and other intrinsic factors that can alter

vital rates (Chambert et al. 2013).
Heterogeneity in vital rates can change the magnitude of demographic stochasticity thus af
fecting population dynamics and persistence (Lomnicki 1978, Conner and White 1999, Bolnick
et al. 2003, Vindenes et al. 2008, Kendall et al. 2011, Bolnick et al. 2011). Population extinction

risk and viability depend on the magnitude and structure of individual heterogeneity in survival
and reproduction (Stover et al. 2012), so individual variation in these parameters then drives

population plasticity and evolution in response to environmental change. Without considering
heterogeneity in fitness, population-level analyses may be incomplete or lead to incorrect in

ference about ecological and evolutionary patterns and processes. How variation is expressed
in species can differ, and in some populations, individual differences may only be expressed in
resource limiting or other stressful situations (Stopher et al. 2008, Chambert et al. 2013). For

example, some individuals may have greater probability of survival and reproductive success
than others across a range of environmental conditions. Alternatively, all individuals in a pop
ulation could survive and reproduce similarly well in ideal conditions, but respond differently

to challenging environments. Realized heterogeneity among individuals can then be defined as

a fixed quality of an individual or as a variable that interacts with ecological conditions.
Although the number of studies addressing individual differences is growing, the literature

is taxonomically and systematically biased (semi-domesticated animals: Tavecchia et al. 2005,
Weladji et al. 2008; short-lived species: Rubenstein 1981, Vanpe et al. 2007, Steiner et al. 2010;
birds: Cam et al. 1998, Blackmer et al. 2005, Lewis et al. 2006). Collecting data on lifetime re

productive traits requires systems with consistently observable animal behaviors, and can take

decades for long-lived species. Consequently, many such investigations are either centered
on short-lived taxa that likely experience very different selective pressures than longer-lived

species, or are incomplete, observing only partial life histories and unable to observe poten

tial confounding trade-offs. Long-lived, multiparous species must allocate energy over many
reproductive attempts, and so strategies to maximize fitness likely exhibit greater diversity.

3

This dissertation explores the dynamics of reproductive heterogeneity in a long-lived, iteroparous

animal stemming from individual variation, strategies to mitigate energetic trade-offs, and eco
logical conditions using over 35 years of longitudinal data on a large sample of marked female
grey seals (Halichoerus grypus) breeding on Sable Island, Nova Scotia.
Though previous investigations have laid a solid base for understanding life history varia
tion in the Sable Island colony of grey seals, we do not presently understand the role of individ
ual heterogeneity in this population and how it interacts with ecological conditions. Grey seals
are long-lived (~ 40 yrs) iteroparous capital breeders, in which females accumulate required
body reserves prior to parturition and attend offspring continuously through lactation, without

feeding, until weaning. Females invest heavily into the survival of a single offspring over the
course of a relatively short lactation period lasting 16-18 days (Boness and James 1979, Iver

son et al. 1993). During the nursing period, mothers lose a third of their body mass on average
(4.1 kg per day, Mellish et al. 1999) relying only on fat reserves to produce milk and maintain

metabolism, while their pups typically more than triple their birth mass (2.8 kg per day, Bowen
et al. 1992) with concomitant increases in body fat from 4-5% near birth to 38-54% at weaning

(Noren et al. 2008). This blubber layer is essential for pup survival and has a direct impact
on female fitness. Grey seal pups remain on the island for roughly 2-3 weeks (21 days ± 1.1

days, Noren et al. 2008) in a post-weaning fast, during which the blubber layer serves as both

the primary thermal barrier and the major energy reserve (Noren et al. 2008). Body mass and

condition at weaning is a substantial factor in both first year survival (Hall et al. 2001) and
along with body length, apparent survival to reproductive recruitment (Bowen et al. 2015). So,

maternal fitness is dependent on provisioning adequate resources to offspring because pups that
have a larger body size at weaning are more likely to survive and enter the breeding population

(Bowen et al. 2015). At the end of lactation, females abruptly end care, mate, and return to the
sea, which conveniently allows female reproductive expenditure to be accurately measured by
the energy allocated to offspring (Bowen et al. 2007).
For iteroparous animals, key traits determining lifetime reproductive success include the

rate at which they produce offspring, the quality ofthe offspring they create, and their reproduc
tive lifespans. Grey seals have an annual breeding cycle, but at present it is unclear how often
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females forego reproduction, and the extent of individual heterogeneity in breeding frequency

has never been estimated. Previous analyses into offspring quality have shown repeatable dif
ferences among individuals in pup weaning mass (r = 0.48, Lang et al. 2009), suggesting that

individuals consistently wean pups with higher or lower survival probabilities. Classical op
timality theories regarding trade-offs predict these reproductive traits will negatively covary,
however, this is at present untested in grey seals.

Figure 1.1: Trend in grey seal pup production on Sable Island, 1962 to 2016. Error bars are
SE. Red line represents an exponential curve fit to the 1976 to 1997 estimates, the blue a linear
regression fit to the 1997 to 2016 estimates. Figure from den Heyer et al. 2017

The Northwest Atlantic grey seal population was decimated due to harbor seal cull (Bowen

and Lidgard 2013), but since the 1960s, the Sable Island colony of grey seals has experienced

rapid growth, with pups produced on the island growing from a few hundred in 1962 to over
87,000 estimated in 2016 (den Heyer et al. 2021, Figure 1.1). From the onset of monitoring

efforts until the late 1990s, pup production on the island grew exponentially at a rate of 13%

per year, but since 2004 is slowing with a reduced growth rate of 5-7% per year as the popula

tion is presumed to be approaching carrying capacity. Because grey seal life history constrains
females to only have one pup each year (twins are exceedingly rare), we can reasonably as
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sume substantial growth in the breeding population as well (Bowen et al. 2007, den Heyer et al.
2021). Associated with increases in population density, juvenile apparent survival to recruit

ment dropped from an average of 0.74 in cohorts born 1985-1989 (born during exponential

population growth) to 0.33 in cohorts born 1998-2002 (born during slowing population growth,
den Heyer et al. 2013). In addition to this reduced recruitment into the breeding colony, at some
point, a variation in female fecundity is expected as the population may become increasingly

resource limited (Eberhardt and Siniff 1977).
The Sable Island population of grey seals has been extensively monitored since the 1960s,

including nearly complete or partial records of reproductive performance of several thousand

uniquely marked individuals. So, this system provides an ideal platform to investigate sources

of variation in reproductive success and their relative impact on life history evolution in a nat

ural population of long-lived, iteroparous animals. This dissertation focuses on three topics.
First, I evaluate the evidence for and structure of individual heterogeneity in reproductive per

formance and how this heterogeneity interacts with increasing population size (Chapter 2). In
particular, I assess whether population density affects individual-level reproduction, and may
alter or amplify differences among individuals. Next, I investigate the relative contributions

of individual heterogeneity and energetic trade-offs to life history variation by exploring the
relationship between age-specific reproductive performance and survival (Chapter 3). Finally,

I determine how physical characteristics in early ontogeny may be a source for individual vari

ation in reproductive success (Chapter 4).
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Chapter 2: Variation in individual reproductive performance amplified with population size in
a long-lived carnivore

2.1

Abstract

Individual variation in reproductive ability is a key component of natural selection within pop

ulations, driving the evolution of life histories and population responses to changing environ

mental conditions. Evidence that population density affects individual-level fitness in wild
populations is limited, particularly for long-lived animals which are difficult to observe on a bi

ologically relevant scales. We tested for individual heterogeneity in reproductive performance

in female grey seals (Halichoerus grypus) using 35 years of mark-resighting data at Sable
Island, Canada (43.93N 59.91W). We used Bayesian generalized linear mixed-effect models
and multi-state open robust design mark-resight models to investigate whether population size

negatively influences individual reproductive performance. We measured reproductive perfor

mance in two ways: reproductive frequency (the probability of returning to the island to breed)
and annual provisioning performance (the probability of successfully weaning a pup given a
female bred). Sighting histories of 1655 known-aged females with a total of 22961 pupping

events were used for analysis. After accounting for effects of female age, parity, and ran

dom year effects, we found that both provisioning performance and reproductive frequency

demonstrated a strong, positive correlation with population size. Among-individual variance
in reproductive traits and responses to population size indicated considerable heterogeneity in

overall reproductive performance. As population size grew, “robust" females increased their
reproductive performance more than their more “frail" conspecifics in both reproductive traits,

resulting in an amplification of differences among individuals. Consequently, simulations from

posterior distributions revealed a large fitness consequence of heterogeneity in this population,

with “frail" individuals having 47.1% fewer successful pups than more “robust" females (mean
reproductive output ± SD: 9.12 ± 3.77 pups for frail individuals, 16.97 ± 2.94 for robust in
Published: Badger JJ, Bowen WD, den Heyer CE, Breed GA. 2020. Variation in individual reproductive
performance amplified with population size in a long-lived carnivore. Ecology e03024.
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dividuals). Repeatability of overall reproductive performance across environments indicates
individual quality may be more influential to lifetime reproductive success than costs associ

ated with reproductive investment. This quantification of relative fitness and its dynamics is
crucial to understanding broad evolutionary processes in natural populations.
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2.2 Introduction
Natural selection acts upon variation in the survival and reproductive probabilities among indi

viduals potentially resulting in evolutionary change. Variation in these fitness components can
create a ranked population structure, in which some individuals are consistently more success
ful than others, or are more robust to changes in their environment. Heterogeneity in vital rates

can change the magnitude of demographic stochasticity thus affecting population dynamics
and persistence (Lomnicki 1978, Conner and White 1999, Bolnick et al. 2003,Vindenes etal.
2008, Kendall etal. 2011, Bolnick etal. 2011). Both population extinction risk and viability
depend on the magnitude and structure of individual heterogeneity in survival and reproduction

(Stover et al. 2012), so individual variation in these parameters then drives population plasticity

and evolution in response to environmental change.
Three hypotheses have been advanced to describe the variation among individuals in fitness
components: (1) the dynamic heterogeneity or individual stochasticity hypothesis (Tuljapurkar

etal. 2009, Caswell 2009, Steiner et al. 20 1 0, Orzack et al. 2011), (2) the fixed heterogeneity hy-

pothesis(Cametal. 2002, Bergeron et al. 201 1), and (3) the variable heterogeneity hypothesis

(Chambert et al. 2013). Dynamic heterogeneity describes variation in survival and reproductive

rates of individuals resulting from chance alone, while the other hypotheses hold that individu
als vary due to selection on some latent individual characteristics. The dynamic heterogeneity
hypothesis can thus serve as a null hypothesis with respect to how individual heterogeneity acts

on traits. The fixed heterogeneity hypothesis predicts that individuals will vary in a consistent

manner across all conditions (e.g. abiotic disturbances, Chambert et al. 2013). In contrast, the
variable heterogeneity hypothesis recognizes that the hierarchical structure in a population may
change in response to environmental variability, such that in different environments, different
phenotypes have the highest fitness. Alternatively, changing environmental conditions may not

change the individual hierarchy but amplify differences among individuals, a situation we label

as (4) the correlated variable heterogeneity hypothesis.

Intraspecific competition and density dependence influence individual fitness, and may en
hance the variation among individuals in a population (Lomnicki 1978, Bolnick et al. 2003, Sto-

pher et al. 2008, Hamel et al. 2009). At low population densities, resources may not be limiting
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so all individuals perform similarly well. In high-density populations, individuals with higher
fitness phenotypes may survive and reproduce better than poorer phenotypes (MacArthur and

Wilson 1967, Pianka 1970). Individual variation then creates a hierarchical population structure

in which some individuals reproduce more consistently than others. If survival and reproduc
tive performance are correlated, the proportion of high performing individuals in a population
may increase as resources become limited. If density dependence is expressed at the juvenile

stage, this situation may be exacerbated, as poorer competitors are also less likely to recruit to
the breeding population. Exactly how increasing population densities affect individual fitness
remains unclear and likely differs across species and across populations within species.

The magnitude of individual variation in fitness and the nature of its expression in many
systems is poorly understood. Many ecological models address heterogeneity among individ
uals in terms of sex, stage, or age, but then average responses across individuals within these

groupings, assuming that these traits represent the sole (or only important) sources of variation
in the data (Albon et al. 2000, Caswell 2001, Hadley et al. 2007). Without considering individ
ual heterogeneity in fitness, population-level analyses may be incomplete or lead to incorrect

inference aboutecological patterns and processes (Vaupel and Yashin 1985, Service 2000, Cam
et al. 2002, Nussey et al. 2008, Weladji et al. 2008, Plard et al. 2014, Paterson et al. 2018). For

example, detection of reproductive trade-offs and senescence patterns are masked in natural
populations when there are consistent differences among individuals that are not accounted for

in demographic studies (Cam et al. 2002, Weladji et al. 2008, Paterson et al. 2018).
Although the number of studies addressing individual differences is growing, the literature

is taxonomically and systematically biased (semi-domesticated animals: Tavecchia et al. 2005,
Weladji et al. 2008; short-lived species: Rubenstein 1981, Vanpe et al. 2007, Steiner et al.
2010; birds: Cam et al. 1998, Blackmer et al. 2005, Lewis et al. 2006). Collecting data on

lifetime reproductive traits requires systems with consistently observable animal behaviors,
and can take decades for long-lived species. These logistical constraints drive bias against such

investigations in long-lived animals.

The population of grey seals (Halichoerus grypus) that breed on Sable Island, Nova Scotia
provides an ideal platform for investigating interindividual reproductive heterogeneity, espe
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cially with respect to changing population dynamics. Grey seals are relatively long-lived (~ 45

years) capital breeders in which females pup annually, invest heavily in the survival of their off
spring, and rely only on their fat reserves during a short, intense lactation period of 2-3 weeks
(Boness and James 1979, Iverson et al. 1993). Female grey seals become sexually mature at 4

years of age and reproduce into their 30s or even early 40s (Bowen et al. 2006). Pups more than

triple their birth mass while nursing on energy-rich milk composed of 40-60% milk fat, most
of which represents a direct maternal investment in offspring (Mellish et al. 1999). Females
abruptly end maternal care by abandoning their pup and returning to sea, so female reproduc

tive expenditure can be accurately measured by the energy allocated to offspring in that time

(Bowen et al. 2007). After weaning, pups undertake a 2-3 week fast before departing on their
first foraging trip, so the mass gained through lactation is crucial for their survival to recruit
ment (Noren et al. 2008). Grey seals typically produce one pup annually but some individuals
may forgo reproduction, termed “reproductive skipping", similar to other long-lived mammals

(Weladji et al. 2008, Chambert et al. 2013, Emery Thompson et al. 2016).
On Sable Island grey seal pup production (a proxy for population size) has increased dra

matically over the past half century with near maximum population growth of 13% per year

between the 1960s and late 1990s (Bowen 2011) and a reduced rate of increase of 4% from
1997 to 2016 (den Heyer et al. 2017). Associated with declines in population growth, juvenile

apparent survival to reproductive recruitment has decreased by more than half from an average

of 74% in cohorts born 1985-1989 to 33% in cohorts born 1998-2002 (den Heyer et al. 2013).
In addition to this reduced recruitment into the breeding colony, at some point, a decrease in

female fecundity is expected as the population becomes increasingly resource limited (Eber
hardt and Siniff 1977). Therefore, female reproductive output is likely to show changes and
increasing variation as the Sable Island colony numbers continues to increase.

Here, we analyzed 35 years of mark-recapture data from the Sable Island colony using

Bayesian generalized linear mixed-effects models and multi-state, open-robust design mark

recapture models to investigate the evidence for and structure of individual heterogeneity in
the reproductive success of grey seals in response to demographic change. We hypothesized
that population size would have a negative effect on individual-level reproduction. We assessed
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individual variability in terms of two indices of reproductive performance. To investigate these
questions, we evaluated support for the four competing hypotheses describing the structure of

individual variation in reproductive success: (1) dynamic heterogeneity, (2) fixed heterogene

ity, (3) variable heterogeneity, and (4) correlated variable heterogeneity. We then simulated
reproductive output from posterior distributions to understand the consequences of individual

heterogeneity on variation in lifetime reproductive success.

2.3 Methods
Our study was conducted on Sable Island, Canada (43.93N 59.91W), a partially vegetated

sandbar located on the Scotian Shelf approximately 160 km off the east coast of Nova Scotia,

Canada that supports the largest grey seal breeding colony in the world (Bowen et al. 2007). At

this colony, females pup from early December to early February, with 97% of pups being born
by the middle of January (Bowen et al. 2007, den Heyer et al. 2017). Females give birth both
on sand beaches and in the interior of the island, which features vegetated and non-vegetated

sand dunes rising 3-20 m in elevation and several freshwater ponds.

2.3.1

Data Collection

To investigate the expression of reproductive heterogeneity and how it is influenced by popu

lation density, we analyzed a 35 year resighting dataset (1983-2018) of known-aged grey seal
females. Pups were marked shortly after weaning with unique permanent hot-iron brands in
1962, 1969, 1970, 1973, 1974, 1985-87, 1989, and 1998-2002. Permanent brands allowed reli

able identification of individuals over the course of their life. Each breeding season since 1983,
branded adult females were observed at roughly weekly censuses during the breeding season
(December through early February). In a typical breeding season, between 5 and 7 brand cen

suses were completed by seven to ten researchers systematically searching the entire island on
all-terrain vehicles. Dependent pups associated with any observed branded female were staged

based on their developmental morphology (0-5: 0 is pregnant, stages 1-3 are progressively
more developed during nursing, and stages 4 and 5 are partially or completely molted stages
near the end or after weaning, Kovacs and Lavigne 1986, Bowen et al. 2003).
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Female sighting data and associated pup staging were used to estimate each female's reproduc
tive success.
The probability of observing an individual during any given year includes both the probabil
ity the female is present and the probability that she is detected given presence at the breeding

colony. Females not seen in any of the weekly brand-resighting censuses in a given year could

arise via one of three events: 1) the female died, 2) the female was not present at the breed
ing colony due to temporary emigration (“reproductive skipping") or they quickly abandoned

their pup, or 3) was present in the breeding colony, gave birth and lactated normally, but was
not detected during weekly censuses either because of her position on the island or unread

able brand markings. For individuals branded from 1998-2002, 3.7% or 170 of4569 sightings
(from breeding seasons 2002 to 2012) were not readable either because ofa poor-quality brand

or poor conditions (Bowen et al. 2015). Low sighting probability associated with poor brands
would obscure female quality, so we removed individuals whose brands were sighted as un

readable for more than 25% of their total sightings. Because grey seals exhibit a high degree of

site fidelity, it is unlikely a breeding adult that recruited to the Sable Island colony on her first
breeding attempt would leave and pup elsewhere in subsequent years (though this does occur
on rare occasions, W. Stobo, unpublished data, Bowen et al. 2015). We removed sightings of

pregnant females from this analysis because pregnant females generally arrive at the breeding
colony five days before parturition and can travel large distances before settling to give birth

(median: 2.4 km, Weitzman et al. 2017). The distance moved by nursing females from one day
to the next averages about 5 m (Boness and James 1979, Weitzman et al. 2017), so movement

by females during lactation is not a source ofsighting error. Nursing typically lasts 2-3 weeks,
so females are usually available to be resighted during two or more of the weekly re-sighting
censuses in a given year.

For females branded in 1985 or later, individual sighting histories were collected from age

at first reproduction (first sighting in breeding colony) until death (or the most recent breeding

season for animals still living). Sighting histories of individuals were scored as a 0 (notsighted)

or 1 (sighted) during each weekly census within a year. Because systematic resighting censuses
did not begin until 1983, sighting records for females branded before 1985 (cohorts in 1960s
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and 1970s) are left-truncated. Females sighted at fewer than 2 breeding seasons were omitted

from this analysis to ensure recruitment to the Sable Island breeding population.
In pinnipeds, pup production estimates can be used as an index of population size, partic

ularly in increasing populations (Coulson and Hickling 1964, Bowen et al. 2007). Therefore,

we used annual estimates ofpup production from an age-structured population model fit to the
time series of pup production estimates to test the effect of population size on individual-level
reproductive success (pup production was not estimated in every year, Hammill et al. 2012).
Researchers have used a combination of incomplete tagging (1962-5, 1967-1974), complete
tagging (1976-1990), and aerial surveys (1989, 1990, 1994, 1997, 2004, 2007, 2010, 2012) to

estimate pup production on the island (Bowen 2011). As of 2016, the Sable Island breeding

colony accounted for 80% of the total pup production of all breeding colonies in the NW At
lantic (den Heyer et al. in prep). As such, the pup production trajectory forSable can effectively

index the NW Atlantic population density, and reflects conditions in the NW Atlantic waters.
We used annual estimates of pup production from an age-structured population model fit

to the time series of pup production estimates (pup production was not surveyed in every year,

Hammill et al. 2017) to test the effect of population size on individual-level reproductive suc

cess. Researchers have used a combination of incomplete tagging (1962-5, 1967-1974), com

plete tagging (1976-1990), and aerial surveys (1989, 1990, 1994, 1997, 2004, 2007, 2010,
2012, 2016) to estimate pup production on the island (den Heyer et al. 2017, Appendix A:
Figure A1). As of 2016, the Sable Island breeding colony accounted for 80% of the total pup

production of all breeding colonies in the NW Atlantic (den Heyer et al. 2017). As such, the
pup production trajectory for Sable can effectively index the NW Atlantic population density,

and reflects conditions in the NW Atlantic waters.

2.3.2

Statistical Analysis

Inthis analysis, reproductive performance was measuredtwo ways: annual provisioning perfor

mance and an individual reproductive frequency (both described below). We used generalized
mixed-effect linear models to determine the pattern of individual heterogeneity in these traits,
and accounted for imperfect detection in reproductive rate using a multi-state open robust de
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sign in a Bayesian framework (MSORD; Kendall et al. 1995, Kendall et al. 1997, Schwarz and
Stobo 1997, Kendall and Bjorkland 2001, Kendall and Nichols 2002). Provisioning perfor

mance and reproductive frequency were modeled simultaneously in order to estimate covari

ance among individual effects (Appendix: Fig. A2).
Defining individual annual provisioning performance
Apparent survival offemale pups to breeding recruitment to the colony (Bowen etal. 2015) and

first-year survival of male and female pups (Hall et al. 2001) increases with increasing body
mass at weaning. Thus, a female's reproductive attempt in a given yearwas judged as “success

ful" if the last observation of the female-pup pair was assessed to be stage 3 (where the pup's

midsection girth is larger than its shoulder girth so the pup appears fat, indicating substantial

deposition of fat essential for survival). No pup weaned prior to stage 3 has been known to

survive, while pups that reach this stage have enough energy reserves to survive independently.

Yearly reproductive success is defined as a Bernoulli trial with probability of success gi, in
which female i is successful in yeart (Yi,t = 1) ifshe was last seen with a stage 3 pup or greater

in year t, and unsuccessful (Yi,t = 0) if she abandoned her pup before stage 3 or the pup died.
Thus the estimated parameter gi is the probability defining each individual's chance of weaning

a viable pup in any given year, which we term annual provisioning performance. Provisioning
performance is essentially a measure of how well a pup is cared for; it integrates quality and
quantity ofmilk, behavioral defense ofpups, and use ofsafer habitats for nursing.
Defining individual reproductive frequency

Between an individual's first and last sightings on the island during our period of study, we

model its sighting history as a Markov chain in which a female transitions among reproductive

states: initially a first time breeder F, then switching between a breeder state B, or non-breeder
state N. Reproductive frequency is then defined here as the probability of transition ψkB into a

breeding state B from any reproductive state k. The complementary transition rates into state N
correspond to probabilities of skipping reproduction (1- ψkB). An individual's state transition

from year t to t + 1 is modeled as a categorical trial with probabilities of transition ψks from
state k to state s.
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In estimating probabilities of transitions into the non-breeding state N, we include esti
mates of temporary emigration of females to an unobserved state. Temporary emigration is

inherently confounded with detection error in mark-recapture modeling, as an individual could

be not sighted because she was unavailable for capture (reproductive skipping) or despite the
fact she was available for capture, she remained undetected in all surveys of the island in a

given year. The multistate robust design modeling framework (MSRD; Pollock 1982, Kendall
et al. 1995, Kendall et al. 1997, Kendall and Bjorkland 2001, Kendall and Nichols 2002) incor

porates multiple capture occasions (secondary samples) per period of interest to exploit withinand between- period information simultaneously to obtain more robust estimates of survival,

temporary emigration, detection, and abundance. Schwarz and Stobo (1997) modified this ap

proach to relax assumptions of closed populations, termed the multi-state open robust design
(MSORD).

Here we use the MSORD to account for imperfect detection in reproductive rate in our
system that violates traditional MSRD model assumptions. In our study, each year is a primary
period, and each weekly census within each year is a secondary sample. Breeding females in
our study are on the island for any consecutive 2-3 secondary samples over the course of our

yearly 6-week primary period, so individuals will be unavailable for capture for some of the

weekly censuses, and thus the breeding colony must be modeled as an open population. In
total, this project surveyed 35 primary periods and 216 secondary samples, with 3-7 secondary
samples per primary sample.

Primary periods (years) are governed by the multi-state process of individuals switching

between breeding states, as described above. As we only model individuals from their first to
last year sighted, survival is known and is not estimated in this analysis. Individuals may be

observed when they are a first time breeder or a more experienced breeder, but are necessarily
unobserved while skip-breeding. We assume the primary period probability of detection pt
may vary among years, but probability of detection for secondary samples pts is constant over

the course of a primary period and across individuals. The probability individuals are detected

given they are in an observable state is estimated from the secondary samples. Secondary
samples within a primary period are modeled using a multistate formulation of the full-capture
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open population Jolly-Seber model (Jolly 1965, Seber 1965). Individuals may be in three states:

not yet arrived on the island, on the island, and departed from the island. Individuals may only

be observed while on the island, and are assumed to have equal observability given residence
on the island. We placed an informative prior on the probability of remaining on the island

φi,t, such that individuals should stay on the island for 2-3 weeks, but allowed residence time
to vary with individuals and female parity. Then, the probability that an individual is observed
S
in at least one secondary sample s in a primary period t is estimated by pt = 1 — ∏s=1 (1 — pts)
where St is the total number of secondary samples the individual was present in a given period

t.
Modeling individual variation in reproductive frequency and provisioning performance
We used generalized linear mixed effects regression to model annual provisioning perfor

mance and transition rates among the k states (first-time breeder, breeder, non-breeder) for
individual i in year t as functions of female age (Ai,t), parity (Pi,t), the response from the pre

vious year (a Markovian first-order process, Yi,t—1), and the estimated Sable Island population

size (Nt) while accounting for random year-to-year variation. Theseanalysesarenotfocusedon
the effects of age, parity, or previous reproductive attempts on reproductive success, and these

variables are included to account for potential confounding effects when considering individual

heterogeneity. Based on previous analyses and knowledge of this population of seals (Bowen
et al. 2006), we modeled the age effect as a quadratic relationship with our response variables.

Parity is defined as the number of offspring the mother had previously produced, and is

included to account for female experience in estimations of individual heterogeneity. Because
systematic sighting censuses did not begin until 1983, reproductive datais incomplete forfemales that recruited to the breeding colony before 1983 (females in the 1969-1974 cohorts),
and thus parity could not be calculated. We estimated the number of pups born to those individualspriorto1983usingarandomdrawofaPoisson( λ)distributionwithparameterλ asthe

age-specific mean parity from cohorts with complete reproductive data. Parity is known to have

a non-linear relationship with reproductive investment, where the incremental effect of female
experience is important at 1-3 parities, but essentially flat afterward (Weitzman et al. 2017). So,

we estimated effects of the 1st, 2nd, and 3rd parities separately from 4+ parities. Parity(Pi,t)is
23

then included in our models as an indicator variable for the parity state m of individual i in year
t where m ∈ (1,2, 3, 4).

We tested hierarchical models to determine the type of heterogeneity expressed in this pop

ulation. Model 0 is our “null" model, with no effect of population size or individual effects on
mean rates; Model 1 incorporates population size but tests the dynamic heterogeneity hypoth
esis by assuming homogeneity of individuals, Model 2 tests the fixed heterogeneity hypothesis

with individual intercepts, Model 3 tests the variable heterogeneity hypothesis with indepen

dent individual intercepts and slopes with population size, and Model 4 tests the correlated
variable heterogeneity hypothesis with dependent individual intercepts and slopes.

Here, μ ∣Yi,t-1 represents a theoretical mean rate (on the logit scale) μ given a Markovian firstorder process of their previous performance or reproductive state Yi,t-1, η is the estimated
slope associated with population density, γ1 and γ2 define the quadratic age effect, κm shifts the

intercept μ with female experience (parity) where m ∈ (1,2,3,4), εt isa random year effect, and

αi,βi are the individual intercept and slope terms, respectively. All parameters are estimated
separately for reproductive frequency and provisioning performance. Parameters associated

with each response variable, provisioning performance and reproductive frequency, are denoted

by a subscript “p" or “f", respectively (e.g. μp, αf) and bold-face characters denote parameters
from both models, such that μ = (μp,μf). These parameters are summarized in Table 2.1.
Model structure and priordistributions are detailed further under Statistical software and model
fitting.
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Assessing the impact of individual heterogeneity on lifetime reproductive success

To investigate the potential biological consequences of the estimated level of individual het
erogeneity, we predicted the expected number of viable offspring (total reproductive output)

by using simulations of individual reproductive trajectories for three hypothetical types of in
dividuals: (i) a “frail" individual (ii) an “average" and (iii) a “robust" individual (adapted from

Chambert et al. 2013). In each individual trajectory, a female started as a 6-year-old breeder

(the mean age at first reproduction is estimated as 5.6 for females born in the 1980s and 6.5

for females born in 1998-2000, den Heyer et al. 2013) and lived an additional 25 years, which
represents an expected reproductive life span before the onset of senescence (Bowen et al.

2006). The projection consisted of simulating the stochastic sequence of reproductive states
(breeder or non-breeder) and provisioning performance (if breeder) over this fixed time frame.

The three individuals (frail, average, robust) have separate reproductive frequencies, provision
ing performance rates, and slopes with population size for each trait. These correspond to the
mean rate and mean slope with population size (pulled from the posterior distribution of the

population-level estimates of intercepts μ and slopes η) added to individual effects that were
simulated as follows. For each iteration, we drew 2.5th,50th, and 97.5th percentiles ofthe pos

terior distribution of intercepts for reproductive frequency (αf ) in the supported model, then
predicted the other three individual effects (βf ,αp, and βp) for each type of individual using
a multivariate analysis that accounts for correlation among effects. Random year effects were
drawn (εt ~ N (0, σε)) at each time step and applied to the three types of individuals such that

they were exposed to the same conditions.
For example, a “frail" female as defined by this simulation would have a reproductive fre
quency in the 2.5th percentile α f,0.025 and the other three individual effects predicted from

that value (βf,predf , αp,predf , and βp,predf ). She would breed in year t if she was in state k in
year t - 1 based on the outcome of a Bernoulli trial with parameter ψtkB where logit(ψtkB) =

μf + αf ,0.025 + (ηf + βf ,predf) · Nt + εt. If she breeds, that female will adequately provision

for her pup based on the outcome of a Bernoulli trial with parameter gt where logit(gt) =

μp + αp,predf + (np + βp,predf ) ’ Nt + εt∙
The number of successful pups was summed for 5000 trajectories for each type of indi
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vidual, repeated for 10 sets of draws for values of μ and η from their respective posterior

distributions.

Statistical software and model fitting
A Bayesian approach was used for inference and implemented in the software program JAGS

4.2.0 (Plummer 2003) using the R interface rjags (Plummer 2018). For both reproductive traits,

priors for μ were specified as uniform U(0,1) distributions on the mean rate on the logit scale.

The population size parameters η, Markovian first-order process parameters δ, parity parame
ters κ, and the age-effect parameters γ1 and γ2 were assigned diffuse normal prior distributions
N(0,1000). Random year terms ϵ were each specified hierarchically following a normal distri
bution, ϵt ~ N (0, σε).

Standard deviations σα and σβ are measures of the magnitude of interindividual variabil
ity in these reproductive success measures and the effect of population size, respectively, and

are thus of primary interest to our question. We also modeled the correlation between indi

vidual effects α, β within and among the two reproductive traits. Individual effect parameters
αp,αf ,βp, and βf were modeled hierarchically following a multivariate normal distribution,
N4(0, Σ). For Model 3 with independent individual effects, the variance-covariance matrix Σ

was specified as diag(σαp,σαf,σβp,σβf) with Uniform(0,100) priors for variance parameters
σαp,σαf ,σβp, and σβf . In Model 4 with correlated individual effects, the variance-covariance

matrix Σ was assigned hierarchically as an Inverse Wishart prior with parameters (I4,ν), where

I4 is the identity matrix of size 4 and ν=5.
Markov chain Monte Carlo (MCMC) methods were used to sample the posterior distribu

tions of the parameters of interest. For each of the four competing models, we ran three chains

in parallel using package dclone (Solymos 2010) with different sets of initial values. The first
10,000 MCMC samples were discarded, known as the burn-in period, after having checked
that convergence was satisfactory. Convergence was visually assessed using sample path plots

in conjunction with the Brooks-Gelman-Rubin diagnostic ^ (Brooks and Gelman 1998), with
values close to 1.00 indicating adequate convergence. Posterior distributions of auxilliary pa

rameter estimates (γ1, γ2,κ) were checked for agreement among models. Chains then ran for

100,000 iterations after burn-in, and a total of 10,000 MCMC samples were used for infer
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ence. Evidence in favor of competing models was evaluated by comparing estimated pointwise
out-of-sample predictive accuracy measured by Pareto-smoothed importance sampling (PSISLOO, Vehtari et al. 2016) transformed onto the deviance scale, with smaller LOOIC values

indicating a better fit.

2.4

Results

We analyzed 1,655 sighting histories offemales that gave birth to atotal of22,961 pups. 15,075

of these pups ( ~ 66% of total) were nursed to a stage 3 or greater. Of the total 1,655 females,
322 were born in 1969-1973, 1006 females were part of the 1985-1989 cohorts, and 327 fe

males recruited from the 1998-2002 cohorts, with ages ranging from 4 to 49 and a median age

of 19. Number of pups produced per female over the course of the study ranged from 2 to 38,

with an average of13.5 pups per female and a standard deviation of6.42.

2.4.1

Individual heterogeneity in reproductive traits

We found strong evidence for individual heterogeneity in provisioning performance and repro

ductive frequency, as well as the response of these two reproductive traits to increasing pop
ulation size. The best supported model provided evidence in favor of the correlated variable

heterogeneity hypothesis, including a random effects structure with individual intercepts and

slopes, where these individual effects are correlated for both traits (Table 2.2). There is sub

stantial heterogeneity in provisioning performance and reproductive frequency, with amongindividual variances in these traits being distinctly different from zero (Table 3.1, Appendix

A: Fig. A3 panels A & C). Individuals vary more in reproductive frequency than provisioning
performance. Population density has a strong positive effect on both traits (Table 3.1) which

was unexpected. This relationship varied among females, with few females displaying reduced
reproductive performance in either trait with increasing population size (mean range for pro
visioning performance ηp +βi,p = [0.122, 0.610], reproductive frequency ηf +βi,f = [0.297,

1.124], Table 3.1, Appendix A: Fig. A3 panels B & D).
Females with high reproductive performance in one trait also demonstrated high perfor

mance in the other, and responded with a stronger increase in performance with growing pop
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ulation size (Figure 2.1). Correlations between the intercept and slope individual parameters

for each trait were estimated to be positive and distinct from zero (Table 3.1, Appendix A:
Fig. A4 panels C & D), where females that had more positive intercepts also had steeper posi
tive slopes, and females with smaller intercepts had shallower slopes. Notably, the correlation

between slopes and intercepts was stronger in reproductive frequency than in provisioning per
formance. Models estimated a large, positive correlation among the intercepts and slopes in
both measures of reproductive performance, indicating females that are performing well in one

trait were also more likely to excel in the other trait (Table 3.1, Figure 2.2, Appendix A: Fig.
A4 panel A).

Reproductive frequencies were higher for individuals that bred the previous year, even if

they were first-time breeders in the previous year (Table 3.1, Appendix A: Fig. A5 panels A
C). We did not detect a consistent impact of provisioning success in the previous yearon current
provisioning success (Appendix A: Fig. A5 panels D & E). The mean annual provisioning per

formance was greater for individuals that successfully provisioned a pup in the previous year,
but the mode displayed the opposite pattern (Table 3.1). However, the posterior distribution of
the difference between g|Yi,t = 1 and g|Yi,t = 0 symmetrically spans zero, indicating that there

is no meaningful effect of previous performance on future provisioning (Appendix A: Fig. A6).

2.4.2 Simulation of individual heterogeneity fitness consequences

Estimated expected reproductive output (± SD) of “frail", “average", and “robust" females was

9.12 ± 3.77, 13.13 ± 3.65, and 16.97 ± 2.94, respectively (Figure 3.3). “Robust" individuals
were then estimated to reproduce almost twice (1.83) as many successful pups as “frail" fe
males in an average reproductive lifetime. Average reproductive output including all types of
individuals was 13.20 ± 4.98.

2.5

Discussion

We investigated four competing hypotheses concerned with the existence and expression of

individual heterogeneity in overall reproductive performance of females in a long-lived, free-

living mammal, measured by two traits: reproductive frequency and an annual provisioning
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performance. Our results provide strong support for the presence of individual heterogeneity in
reproduction. Further, the expression ofthis heterogeneity interacted with demographic condi

tions, following the correlated variable heterogeneity hypothesis. At high population sizes, the
differences between individuals were amplified, such that robust individuals were more likely
to breed and had better provisioning performance than more frail individuals (Figure 2.1). We

detected fairly tight, positive correlations between individual effects within and among repro
ductive traits, where individuals are consistently high or low performers. This consistency

provides evidence that individual quality drives variation in reproductive success.

2.5.1

Strong evidence for presence of expressed variation among individuals

Overall, we found conclusive evidence for individual heterogeneity in provisioning perfor

mance and reproductive frequency. The model assuming homogeneity of individuals was a
distinctly poorer fit (Table 2.2), and the estimated magnitude of variability among individuals

in these reproductive traits were distinct from zero (Table 3.1). Thus, the residual variation

among individuals, after accounting for multiple confounding variables, cannot be fully ex
plained by chance.
Sources of individual variation in overall reproductive performance remain unclear, but a
common theory is that individuals vary in their abilities to acquire, store, and efficiently use

energy sources (Bolnick et al. 2011, Araújo et al. 2011). In grey seals, differences in resource

acquisition may be directly linked to physical, physiological, or behavioral attributes that de
termine diving and foraging characteristics (Thompson and Fedak 1993, Williams et al. 2000).
For example, different individuals may adopt different strategies for the timing, duration, and

location of foraging bouts (Austin et al. 2004, Breed et al. 2009). There is likely substantial

spatial and temporal variability in both food availability and competitor density on the Scotian
shelf (the primary foraging area), so these different strategies could have a strong influence
on the foraging efficiency of individuals. In mammals, females also vary in their capacity to

effectively transfer milk energy to offspring. Mobilization of nutrients and blubber, milk con

tent, lactation duration, and lactation efficiency are known to vary among individuals and have
important impacts on reproductive performance (Mellish et al. 1999, Lang et al. 2006, Lang
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et al. 2009, Crocker et al. 2014). Though there are many other factors that can influence fecun

dity, grey seals are capital breeders that rely heavily on fat reserves, so attributes affecting the

acquisition and conservation of energy resources likely drive variation in reproductive success.
We note that our models estimated greater variation among individuals in reproductive fre

quency than provisioning performance (Table 3.1, Appendix A: Fig. A3 panels A&C). This

is likely due to the possibility that, when faced with limited resources, females may be more
likely to forego reproduction altogether rather than support gestation and birth only to provide

insufficient care during lactation. Thus, females who do carry a fetus to parturition likely have
the resources available for the pup to develop adequate fat stores. Provisioning performance

would then be high and less variable than reproductive frequency, which is consistent with our
estimates.
Our simulations of reproductive output found that “robust" females were expected to pro
duce more than 1.83 times as many pups than “frail" females. Average reproductive output
including all individuals was 13.20 ± 4.89, which is less than the average output of our sample

of females with full reproductive histories over the course of our study (individuals born from
1985-87 and 1989, 17.4 ±5.88 pups). As our simulations assume equal proportions offrail,

average, and robust individuals, the discrepancy could be due to a higher proportion of high
quality individuals than low quality individuals in our sample. These simulations also assume
equal lifespans among individuals of different breeding qualities, which could influence our

results if there is substantial individual heterogeneity in survival that is correlated to our quality

groups. Long-lived, iteroparous species such as grey seals have high survival rates likely be

cause they are able to vary reproductive effort in response to environmental conditions (Bull and

Shine 1979). Individuals may vary in this ability and those assumed to be poor performers may
in fact live longer and then produce more offspring over their lifetime, which would cause our
simulations to overestimate differences among individuals. Alternatively, if individual quality

is a multifaceted trait and our “robust" individuals also survive longer, these simulation results
would underestimate heterogeneity in reproductive output. Future investigations into the rela
tionship between survival and reproductive performance are needed to understand the evolution

of life history tactics within this population.
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The estimated magnitude of interindividual variability reported here is a conservative esti
mate of individual heterogeneity present in this population. Our sampling scheme and analysis
biased observations toward higher performing individuals. Firstly, as we observe individuals

roughly once per week, we likely missed individuals that abandon pups very early, have still

births, or quickly flee due to disturbance. Additionally, we excluded females observed in fewer
than 2 breeding seasons over the course of the study to ensure all females in the analysis have

recruited to the breeding population. Consequently, poor performers are much less likely to be
observed in our sample than other females. As we have not fully sampled the weaker side of
the reproductive distribution, we consider our analysis to only provide a conservative estimate

of reproductive heterogeneity in the Sable Island breeding population.

2.5.2 Population size correlated with amplified differences among individuals
We found support for the correlated variable heterogeneity hypothesis, where there were vari

able female responses with increasing population size (proxied by pup production) for both
provisioning performance and reproductive frequency, andthese responses were well correlated

with individual intercepts. High-performing individuals (those with relatively large intercepts)

increased their reproductive success more with growing population size and poor-performing
individuals (those with relatively small intercepts) had only marginal changes in reproductive

traits with population density. This result suggests the hierarchy of individuals, in terms ofrobustness, is maintained but the differences between individuals is magnified at high population

sizes.
While we would expect population-level reproduction to be positively correlated with in

creases in our proxy for population size, pup production, we hypothesized individual-level

reproduction to remain flat or decrease with increasing population size in response to per capita

resource scarcity (Eberhardt and Siniff 1977, McLoughlin et al. 2006, Zachar and Neiman

2013). Instead, our models estimated a surprising strong positive slope with population size
that varied among females. An increase in reproductive effort with population size has been

reported elsewhere (Rubenstein 1981, Stopher et al. 2008), and could be a mechanism to coun
teract effects on lifetime fitness that arise from being born at high population densities.
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It is possible we estimate an increase in individual-level reproductive performance with

population size because the parameter is capturing variation from an unmeasured variable. Pup
production is monotonically increasing over the course of our study (and over the course of
an individual's life) and could be highly correlated to other variables with the same trajectory,

such as female body mass. Larger females experience higher reproductive success, so the
individual increase in reproductive performance may be in response to individual increases in

maternal mass. However, because maternal mass can be reasonably proxied by age due to their
indeterminate growth (Bowen et al. 2015), much ofthe variation due to mass is accounted for in

our model. It is unlikely the estimated strong positive effect ofpopulation density is explained
entirely by individual increases in maternal mass.
However, a more plausible explanation for the positive increases in individual-level repro
ductive performance over the course of our study could stem from growing food availability.
After the collapse ofthe cod fishery in the early 1990s, there was an increase in the pelagic for
age fish on the Scotian Shelf (Frank etal. 2005). Since the mid-2000s, silver hake (DFO 2018c)
and redfish (DFO 2018a) are among grey seal prey that are at high or increasing abundance,

while other prey such as herring (DFO 2017) and cod (DFO 2018b) remain at low levels. In the

context of our results, this increase in prey base may have increased variation in performance
in a growing population; high quality individuals may be able to secure ideal foraging habitats
to capitalize on the food increase that may then be relatively unavailable to poorer competitors

(van Noordwijk and de Jong 1986, Plard et al. 2014). This situation will be exacerbated as the

Sable Island population grows and competition intensifies.
Pup production remains an appropriate index for population size unless (1) population-level

fecundity is temporally variable and the proportion of females breeding changes unpredictably,
or (2) the phenology of pupping shifts unexpectedly, affecting our survey efforts. There is no
evidence that population-level dynamics of female fecundity has shifted with increasing popu

lation size and slowing growth rates; population-level reproductive rate has remained relatively
constant over the course of this study (den Heyer and Bowen 2017). Secondly, as the research
team is present at the colony for the entirety ofthe breeding season, any shifts in phenology are

32

well documented and incorporated into survey designs. Thus, we can be relatively confident
that our proxy for population size is well grounded.

2.5.3 Trade-offs and consistency in individual reproductive performance

Our models suggest that females are consistent in their performance across reproductive traits,

with strongly positive estimated correlations among individual effect parameters αp and αf ,
providing no evidence of a reproductive trade-off(Table 3.1, Figure 2.2). Theory predicts trade
offs between current and future reproduction and the number and size ofoffspring (Lack 1947,

Smith and Fretwell 1974, Begon and Parker 1986, Stearns 1989, Doughty and Shine 1997,
Paterson et al. 2018), and these trade-offs may be exacerbated in capital breeding species where

current and future reproduction are linked through body reserves and variation in foraging

efficiency. However, females in our study were more likely to breed if they bred the previous
year, and those that consistently returned to the island to breed were also more likely to rear

pups to an adequate size.

This consistency in performance is documented elsewhere (birds: Cam et al. 1998, Con

verse et al. 2009, Hernández-Matías et al. 2011, Blomberg et al. 2013 Stoelting et al. 2015;
ungulates: Clutton-Brock et al. 1989, Hamel et al. 2009, Moyes et al. 2011), and may indicate
an ability of high quality individuals in the population to gather adequate resources to support
both survival and reproduction despite energetic trade-offs (van Noordwijk and de Jong 1986).
Breed et al. (2013) documented that as the population increases juvenile grey seals may be ex

cluded from key foraging grounds near Sable Island by adult females, potentially contributing
to the stark decline in juvenile apparent survival to recruitment in the 1998-2002 cohorts (den

1eyer et al. 2013). This exclusion may extend to adults that are poorer competitors, and would
result in these individuals acquiring less energy from less than ideal foraging grounds or ex

pending more energy traveling on foraging bouts that could be allocated toward reproduction,

putting them at a disadvantage supporting pregnancy and lactation while maintaining survival.

1owever, the Sable Island grey seal population is still increasing at a rate of 4% per year, and
as the Scotian shelf becomes more saturated with seals, high quality individuals may then also
experience declines in reproductive performance.
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2.5.4 Consequences of heterogeneity on fitness

The expression of individual heterogeneity has important implications for how populations
respond to variable environments. The reproductive hierarchy of female grey seals in the Sable
Island breeding population is expanding, with a portion of females with possibly higher relative
fitness reproducing better at high population density conditions than at low-density conditions.

Though not all variables associated with individual variation in reproductive performance

could be measured, the amount of heterogeneity in annual provisioning performance and re
productive frequency translate to substantial differences in lifetime reproductive success, an
important measure of individual fitness. According to our simulation results, “frail" individu

als will produce 47.1% fewer viable pups than “robust" individuals. Because we are observing
a magnifying effect of individual heterogeneity with population size, this disparity could be
come even more extreme as the Sable Island breeding population continues to increase, then

collapse when all individuals are unable to gather adequate resources to support reproduction.
Lifetime reproductive success is arguably one of the most important of several components of
true fitness, so this result suggests that fitness varies substantially among individuals in this
population. Investigation into the differences in the survival and reproductive success of off
spring among females is needed to obtain a more thorough measure of individual heterogeneity

in fitness.
Results from this study have clear relevance in understanding life histories of many other
long-lived species that cannot be so conveniently observed. Long-lived animals are likely to
face many different environments over the course of their lives, so natural selection has likely

favored phenotypes that are robust to changes in food resources or other environmental vari
ables (Hirshfield and Tinkle 1975). Evaluating how individuals variably respond to fluctuating

environments, thus determining population plasticity, has important implications for effective
management in the advance of climate change.
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Tables

Table 2.1: Variable and parameter definitions.
Variable
Ai,t
A2t

Pi,t
Yit-1
Nt
Parameter
Pt

Pts
ϕi,t

μ
ηt
Y1
y2

κm

εt
αi
βi

Definition
Age of individual i in year t, standardized.
Squared age of individual i in year t, standardized.
Number of offspring the mother i has produced previous to year t,
discretized to 1-3 and 4+ parities.
The reproductive response of the year previous to year t.
Estimated pup production on Sable Island in year t to proxy population density.
Definition
Probability of sighting an individual given they are present at the
breeding colony in year t.
Probability of sighting an individual in each secondary sample s in year t.
Probability that individual i remains on the island in year t.
Mean rate (pupping success rate or reproductive rate) on the logit scale.
Slope parameter for the effect of population density on mean rate.
Slope parameter for the effect of age on mean rate.
Slope parameter for the effect of squared age on mean rate.
Shiftsthe intercept μ with female parity Pi,t,m ∈ (1,2,3,4).
Random year effect
Shifts intercept μ with individual i
Shifts the slope parameter ηt with individual i
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Table 2.2: LOOIC estimates for competing models.
Model Name
No heterogeneity
Fixed heterogeneity
Variable heterogeneity
Correlated variable heterogeneity
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LOOIC
839.8
716.9
742.1
701.1

∆ LOOIC
138.7
15.8
41.0
0

Table 2.3: Parameter estimates for favored model, correlated variable heterogeneity, including
means, modes, standard deviation (SD), 95% credible interval (CRI) and 95% highest poste
rior density (HPD). ψk,2 represents reproductive rate (probability of being in state 2, breeding)
with the first superscript defining their reproductive state k in year t-1 (1=first-time breeder,
2=breeder, 3=non-breeder); g is the estimated probability of adequately provisioning for a pup
given the individual's performance in the previous year Yi,t-1; σ is the variance of the distri
bution describing the random effect specified in the subscript; and ρ estimates the correlation
of the random effects listed in the parentheses. A subscript f denotes parameters estimated in
the reproductive frequency model, while the subscript p denotes parameters estimated in the
provisioning performance model.
Parameter
ψ 1,2
ψ2,2
ψ3,2
g ∖(Yi,t-1 = 0)
g ∖(Yi,t-1 = 1)

σαp
σαf
σβp
σβf
P (αf, αp)
ρ (βΙ'' βp)
ρ (αp βp)
P (αf, βf)

,

ηf
ηp

Mean
0.837
0.917
0.788
0.888
0.909
0.314
0.625
0.159
0.243
0.868
0.383
0.187
0.762
0.678
0.590

Mode
0.820
0.932
0.811
0.997
0.978
0.255
0.618
0.136
0.137
0.850
0.384
0.109
0.768
0.732
0.600

SD
0.101
0.063
0.079
0.092
0.071
0.097
0.107
0.099
0.070
0.073
0.127
0.081
0.068
0.094
0.089
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CRI
[0.704, 0.912]
[0.817,0.966]
[0.617, 0.845]
[0.660, 0.990]
[0.738, 0.996]
[0.244, 0.547]
[0.428, 0.838]
[0.035, 0.425]
[0.110, 0.407]
[0.678, 0.963]
[0.180, 0.682]
[0.073,0.381]
[0.626, 0.892]
[0.480, 0.853]
[0.425, 0.778]

HPD
[0.642, 0.995]
[0.840, 0.972]
[0.634, 0.931]
[0.706, 0.999]
[0.765, 0.999]
[0.141,0.506]
[0.430, 0.893]
[0.007, 0.332]
[0.109, 0.375]
[0.729, 0.976]
[0.149, 0.624]
[0.059, 0.338]
[0.623, 0.888]
[0.493, 0.863]
[0.408, 0.755]

Figures

Figure 2.1: Estimated reproductive frequency (on the logit scale) over increasing population
densities. Each line is an estimated linear trajectory for individual i calculated from the poste
rior means of αi,f, βi,f, ηf, and μf.
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Figure 2.2: Catepillar plot of each individual's estimated individual effect on reproductive fre
quency (αi, f ). Points are posterior means and bars span the 95% highest posterior density
interval. Bars are colored according to the individual's estimated effect on pupping success
rate (αi, p), indicating the probability of adequately provisioning for a pup given the individual
breeds. Units are probability in logit space.
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Figure 2.3: Density plot of expected reproductive output (number of viable pups) for simulated
frail (yellow), average (orange), and robust (blue) individuals. Results are based on 5000 sim
ulated trajectories for 10 different samples from the posterior distribution of mean rates μ, η
for a total of 50000 simulated trajectories for each type of individual.
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Chapter 3: Consistent differences among individuals more influential than energetic trade-offs

in life history variation in grey seals

3.1

Abstract
Life history variation is thought to be mainly a result of energetic trade-offs among fitness

components; however, detecting these trade-offs in natural populations has yielded mixed re

sults. Individual quality and environmental variation may mask expected relationships among
fitness components because some higher quality individuals may be able to acquire more re

sources and invest more in all functions. Thus, life history variation may be more affected

by variation in individual quality than varying strategies to resolve energetic trade-offs, e.g.
costs of reproduction. Here, we investigated whether variation in female quality or costs of

reproduction is a larger factor in shaping differences in life history trajectories by assessing
the relationship between survival and individual reproductive performance using a 32-year

longitudinal data set of repeated reproductive measurements from 273 individually marked,
known-aged female grey seals (Halichoerus grypus) from the Sable Island breeding colony.
We defined individual reproductive performance using two traits: reproductive frequency (a

female's probability of breeding) and provisioning performance (provisions given to young

measured by offspring mass), computed using mixed effects models separately for (1) all re
productive events, and (2) an age-class specific reproductive investment. Individual differences
contributed a large portion of the variance in reproductive traits, with individuals displaying

a range in individual reproductive frequencies from 0.45 to 0.94, and a range of average pup

weaning masses from 34.9 kg to 61.8 kg across their lifetime. We used a Cormack-Jolly-Seber

open-population model to estimate the effect of these reproductive performance traits on adult
survival probability. Our approach estimated a positive relationship between reproductive per

formance and survival, where individuals that consistently invest well in their offspring survive
longer. The best supported model estimated survival as a function of age-class specific pro
visioning performance, where late-life performance was quite variable and had the greatest
Badger JJ, Bowen WD, den Heyer CE, Breed GA. Under revision at American Naturalist.
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impact on survival, possibly indicating individual variation in senescence. There was no evi
dence to support a trade-off in reproductive performance and survival at the individual level.
These results suggest that in grey seals, individual quality is a stronger driver in life history

variation than varying strategies to mitigate trade-offs among fitness components.
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3.2 Introduction
Inherent trade-offs among fitness components have been shown to influence diverse biolog

ical phenomena ranging from population structure and behavior to the evolution of senescence
(Hamilton 1966, Stearns 2000, Roff 2002). With limited resources to allocate, investment into

a particular fitness component may result in reduced investment in others, or may come at the
cost of future allocation (Cody 1966). For example, a considerable body of early theoretical

work predicted the high energetic demand of reproduction should result in reduced future re
production and/or longevity through such trade-offs (Fisher 1958, Cody 1966, Williams 1966,

Partridge and Harvey 1988, Stearns 1989).
Previous research reports these trade-offs via negative associations among life history traits,

e.g. lifespan and fecundity, when comparisons are made across taxonomic groups (Gaillard
et al. 1989, Jones et al. 2008, Hamel et al. 2010, De Loof 2011, Lemaître et al. 2015, Salguero-

Gómez et al. 2016). A wide range of species, particularly invertebrates, has evolved to maxi

mize reproductive output over short life spans (Stearns 1992). For example, female burrowing
mayflies Hexagenia limbata lay up to 8,000 eggs in their two-day adult life span (Hunt 1951).
Though number of offspring and overall investment is large, there is minimal investment into

each egg and very few survive (Hunt 1951). Longer-lived, iteroparous species may forego

large quantities of offspring to invest heavily in a few offspring over longer lives (Lack 1947,
Clutton-Brock et al. 1989). The longest-living mammal, the bowhead whale (Balaena mystice-

tus), is a quintessential example of this strategy (George et al. 2020). Bowhead whales do not

become sexually mature until 25 years of age, and subsequently produce only one calf every
3-4 years across lifespans that can exceed ~200 years (George et al. 1999). Contrasting life
history characteristics can arise from sources such as variable predation risks (Reznick 1982)

and environmental predictability (Reed et al. 2010) that influence population-level mortality

patterns and resource allocation to shape natural selection (Partridge and Harvey 1988, George
et al. 2020).

These optimality theories regarding trade-offs (summarized in Roff1992 and Stearns 1992)
assume homogeneity of individuals and often fail to explain life history variation among indi

viduals when empirically tested within populations (van Noordwijk and de Jong 1986, Cam
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et al. 2002, Bolnick et al. 2003, De Loof 2011). Positive, zero, or negative correlations may

arise between two traits that are involved in a classical physiological trade-off when measure
ments are analyzed on the individual scale. As an example, if individuals vary in their ability to

acquire resources then we would expect those able to collect more resources to allocate more
to all functions (van Noordwijk and de Jong 1986, Reznick et al. 2000), resulting in positive

associations among fitness traits. Certain individuals in a population may be of higher qual

ity, or “better", than others, as an emergent property of endogenous (e.g. genetic differences,
ontogenetic development, phenotypic traits, physiology, behavior) and exogenous (e.g. habi
tat, diet quality) factors or interactions among them (Reznick et al. 2000, Bolnick et al. 2003,
Araújo et al. 2011, Bolnick et al. 2011). Though energetic trade-offs may be physiologically

unavoidable, higher quality individuals that acquire more resources, and/or are better able to

use available resources, can allocate more to both survival and reproduction and thereby appear
to “override" costs of breeding (Clutton-Brock 1984, Berube et al. 1999, Weladji et al. 2008).

In iteroparous species, positive relationships between breeding success and survival on an
individual level are well documented (Gimenez et al. 2017). However, many ofthese investiga

tions involve only the trade-offbetween current reproduction and survival to the following year
(e.g. Beauplet et al. 2006, Weladji et al. 2008, Cox and Calsbeek 2010, Blomberg et al. 2013,

Stoelting et al. 2015) and are likely to underestimate the total costs of breeding (Clutton-Brock

1984). The relationship between investment and survival may be more complicated, especially
forlong-lived species that must carefully optimize allocationofenergy to maximize fitness over
many reproductive attempts (Hamilton 1966, Bell 1980, Begon and Parker 1986, Partridge and

Harvey 1988, Festa-Bianchet and Jorgenson 1998). The costs associated with multiparity may

accumulate over time, resulting in accelerated senescence rather than reduced survival directly
following a year of high allocation of resources to reproduction (Williams 1966, Blomquist

2009). Nevertheless, trade-offs may still govern how individuals allocate resources to differ
ent essential functions over time (Clutton-Brock 1984), and an individual's investment strategy
may skew the relationship between reproductive investment and longevity. For example, heavy

energy allocation into reproduction early in life may stunt growth and limit longevity indepen

dent of overall reproductive investment (Stearns 1989, Reed et al. 2008, Aubry et al. 2009,
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Blomquist 2009). Physiological decline associated with senescence (Williams 1957, Kirk
wood and Austad 2000) may make increased reproductive investment late in life unprofitable

(Hamilton 1966, Kirkwood 1977). However, regardless of total reproductive performance, this

physiological decline may be delayed if early-life reproduction is also slower (Charmantier
et al. 2006). In order to determine if observed positive relationships are an indication of dif

ferences in individual quality or an artifact of insufficient data to elucidate trade-offs, analysis

of long time series of individual investment is needed to demonstrate costs of reproduction in
long-lived animals.

The extensively studied colony ofgreyseals (Halichoerus grypus) breeding on Sable Island,
Nova Scotia provide an excellent opportunity to investigate life history variation. Grey seals are
long-lived (~ 40 years), iteroparous capital breeders in which females invest heavily into the

survival ofa single offspring over the course ofa relatively short lactation period lasting 16-18
days (Boness and James 1979, Iverson et al. 1993). During the nursing period, mothers lose

a third of their body mass on average (4.1 kg per day, Mellish et al. 1999) relying only on fat
reserves to produce milk and maintain metabolism, while their pups typically more than triple

their birth mass (2.8 kg per day, Bowen et al. 1992). This energy transfer has a direct impact on
female fitness - pups that have a higher mass at weaning are more likely to survive to recruit

to the breeding population (Bowen et al. 2015). At the end of lactation, females abruptly end
care, mate, and return to the sea, which conveniently allows female reproductive expenditure

to be accurately measured by the energy allocated to offspring (Bowen et al. 2007). Here, we

use a longitudinal data set of repeated reproductive measurements from individually marked,
known-aged female grey seals to investigate whether variation in female quality or costs of

reproduction are more influential in differences among individual life history trajectories.
Recent analyses indicate that typical demographic stratification such as age and sex do not
adequately explain the distribution of survival rates and reproductive capabilities in a wide

range of long-lived species (Bolnick et al. 2003, Cam et al. 2002, Chambert et al. 2013,
Gimenez et al. 2017). This is also the case for the vital rates of adult grey seals (Bowen
et al. 2007, den Heyer and Bowen 2017, Badger et al. 2020). Individuals vary substantially in

reproductive success, where some females consistently outperform others on multiple metrics
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(Badger et al. 2020). Females that have larger pups on average tend to reproduce more often

throughout their lives, and individuals that breed in a given year are more likely to breed in
future years. Though female survival is high and relatively constant (0.989±0.001 for females

aged 4-24, 0.901±0.004 for females aged 25+, den Heyer and Bowen 2017), life history the
ory predicts individual reproductive history and allocation of energy would explain some of
the variation in mortality. If variation in individual quality drives differences in life history

trajectories in this population, then individuals with greater reproductive success would also be
those that survive longer (e.g. such as in the good genes hypothesis, Curio 1983). Alternatively,

if varying strategies to mitigate reproductive costs shapes variation in life histories, individu

als may invest less in each reproductive event to live longer and produce a greater number of
offspring. Thus our long-term data set allows us to test the relative strength of the two most

prominent sources predicting inter-individual variation in reproductive performance: individual
quality (Cam et al. 2002, Bolnick et al. 2003, Bergeron et al. 2011), and reproductive trade-off,

which is now best articulated in the pace-of-life syndrome hypothesis (POLS; Roff2002, Jones
et al. 2008)

To test these hypotheses for drivers of life history variation in the Sable Island breeding
colony, we analyzed 32 years of mark-recapture data and reproductive allocation data to as

sess the relationship between survival and individual reproductive performance. We explored

this relationship for both lifetime reproductive investment and age-class-dependent investment
strategies. If high individual performance is associated with decreased survival (negative re
lationship), we consider that support for a costs of reProduction hypothesis (consistent with

POLS), while a positive relationship between individual performance and survival would indi
cate support for an individual quality hypothesis.

3.3 Methods
This study was conducted on Sable Island, Canada (43.93oN, 59.91oW), a partially vegetated

sandbar on the Scotian Shelf roughly 160 km off the coast of Nova Scotia, Canada, during the

1989-2020 breeding seasons. The breeding season atthis colony spans early December through

early February, with 97% of pups born by mid-January (Bowen et al. 2007, den Heyer et al.
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2017). Sable Island supports the largest breeding colony of grey seals in the world with an
estimated 83,600 pups born on the island in 2016 (den Heyer et al. 2017).

3.3.1

Data Collection

We used a32-yearmark-resighting dataset(1989-2020) ofknown-aged grey seal females to

determine how lifetime reproductive performance influences survival. Individuals were marked
as pups shortly after weaning with unique alpha-numeric hot-iron brands in 1985, 1986, 1987,
and 1989. These permanent brands allowed reliable identification of individuals overthe course

of their lives. Females can recruit to the breeding population as early as 4 years old, but this is
uncommon, and the average age of first reproduction is 5.6 ± 0.12 SE years for these cohorts
(den Heyer et al. 2013). Each breeding season since 1989, teams ofresearchers conducted 5-7
roughly weekly censuses of branded females returning to the island to give birth and mate.

Once sighted, branded individuals with dependent pups were visited daily from a roughly 30m

distance. Prior to weaning, pups were sexed and marked with semipermanent, uniquely num

bered tags in the hind flipper to ensure accurate identification after the marked female ended
lactation and returned to sea, leaving her pup in the colony. Females attend their pups continu

ously throughout lactation. Therefore, once a pup was sighted alone, it was considered weaned
and weighed to the nearest 0.5-kg.

The probability of observing a marked female during any given year includes both the
probability the female is present, and the probability that she is detected given presence at the
breeding colony. Females not seen in any of the weekly brand-resighting censuses in a given
year could arise via one of three events: 1) the female died, 2) the female was not present

at the breeding colony due to temporary emigration (“reproductive skipping") or they quickly
abandoned their pup, or 3) was present in the breeding colony, gave birth and lactated normally,

but was not detected during weekly censuses either because of her position on the island or
unreadable brand markings. For individuals branded from 1998-2002, 3.7% or 170 of 4569

sightings (from breeding seasons 2002 to 2012) were not readable either because of a poor
quality brand or poor conditions (Bowen et al. 2015). Low sighting probability associated

with poor brands would obscure female quality, so we removed individuals whose brands were
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sighted as unreadable for more than 25% of their total sightings. Of the remaining brands, a
recent CMR analysis of this population indicated that, if a female rears a pup on the island,

there is less than a 5% chance researchers will fail to detect herin at least one resighting census
(Badger et al. 2020). Grey seals are highly site philopatric, and once recruited to a breeding

colony, will very rarely pup elsewhere (Bowen et al. 2015). Thus, we are able to reliably

follow the reproductive history of individuals, and do not expect permanent emigration to other
colonies to be a significant source of sighting error. We removed sightings of females without
pups from this analysis. Individuals that are not rearing pups can be skittish and may flee to

the water, resulting in a lower sighting probability than females nursing and defending young.

Pregnant females generally arrive at the breeding colony five days before parturition and can
travel large distances before settling to give birth (median: 2.4 km, Weitzman et al. 2017). The

distance moved by nursing females from one day to the next averages about 5 m (Boness and
James 1979, Weitzman et al. 2017), so movement by females during lactation is not a source

of sighting error. Nursing typically lasts 2-3 weeks, so females are usually available to be
resighted during two or more of the weekly re-sighting censuses in a given year.
Individual sighting histories were collected from age at first reproduction (first sighting in

breeding colony) until death (or 2020 for animals still living). Sighting histories of individuals
were scored as a 0 (not sighted) or 1 (sighted) for each year from 1989 to 2020. Females

sighted in only one breeding season were omitted from this analysis to ensure that they had in

fact recruited to the Sable Island breeding population and we have adequate data to estimate
lifetime reproductive performance.

3.3.2

Statistical Analysis

In this analysis, individual sighting histories and associated repeated measures ofpup wean
ing mass were used to determine how reproductive energy allocation influences survival. Re

productive energy allocation here is defined by two traits, detailed below: (1) the energy de
livered to young integrated over reproductive events, termed provisioning performance (PP),

and (2) how often a female breeds, termed reproductive frequency (RF). After controlling for
known effects on these variables, we estimated both reproductive traits over all reproductive
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events, denoted life and over three age-classes operationally defined as early (recruitment to
age 14), peak (aged 15-24) and late (aged 25+) per previous work on age-related reproduc

tive ecology of this species (Bowen et al. 2006, Lang et al. 2011, Bowen et al. 2015). We

modeled survival as a function of reproductive investment metrics with a Cormack-Jolly-Seber

open-population model. Provisioning performance, reproductive frequency, and survival were
modeled simultaneously. This overall modeling framework is conceptually outlined in Figure

3.1, and all parameter and variable definitions are listed in Table 3.1 for reference.
Defining lifetime and age class-specific provisioning performance (PP)

During lactation, grey seal pups consume only milk provided by the female, and as capital

breeders, females fast for the entire lactation period. Therefore, in our study, the body mass of
a pup at weaning is a reasonable estimate of the energy (i.e. nutrients) transferred to young.
While provisioning performance or maternal investment may be better measured by quantifying
the change in offspring mass and/or the change in maternal mass from birth to weaning, such
an endeavor is logistically limited for a longitudinal study of this scale. By using pup weaning
mass as a proxy for maternal investment, we are assuming that the bulk of the variation in pup

weaning masses stems from nursing and maternal behavior, and that the variation from other
sources is comparatively negligible. PP was estimated as the average of the weaning masses

of all her pups during the course of our study after accounting for confounding effects of age,
experience, and offspring sex. We included age at first reproduction as a covariate as it is an

important life history trait that may influence maternal investment strategies. We modeled the

weaning mass of pup j born to of female i in year t (massj,t) as a linear mixed-effects model
with female experience (parity, i.e. par, because this effect tends to plateau, it was discretized

into 1, 2, 3 and 4+ parities, Bowen et al. 2006), pup sex, a quadratic effect of standardized
female age (Bowen et al. 2006), and age at first reproduction as covariates along with random

individual and year intercepts:

massj,t = π1 · ageif + π2 · age2t + π3,m + π4 · I(sexi,t = female} + π5 ·APi + PPi + η + Uj,t

Where parameters π = {π1,π2,π3, π4,π5} reflect the quadratic age effect, effect of fe

male experience, pup sex, and age at first reproduction, respectively, where I signifies an
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indicator variable, and m denotes the parity group (1, 2, 3, or 4+) of female i in year t so
m ∈ {1,2,3,4}, and parameters π3,m sum to zero. PPi is the random effect of individual such

that PPi ~ N(0, σpp), ηt reflects the random year effect, where ηt ~ N(0, σ,2), and υj∙,t is the

error term where υj∙,t ~ N(0, σ2). Fitted estimates of the random effect of each female (i.e. in
dividual intercepts PPi) provide an estimate of that individual i's performance relative to other
females in the study after accounting for fixed effects. For example, a positive fitted intercept
PPi indicates that individual i on average produces larger pups at weaning than the population

mean. We fit this model to the weaning masses of pups produced over the course of the fe
male's lives and also separately to the pups produced in the three discretized periods of the

female's lives, yielding performance metrics PPlife, PPearly, PPpeak, and PPlate, respectively.
We standardized these metrics for easier interpretation of results, where the standardized met

ric for each of the individuals i = 1,...,n is defined as PPi = ppσμ where μ = 1 ∑?PPi and

σ = ∖/∑(PPi-μ). Models were validated using diagnostic plots of normalized residuals.
Defining lifetime and age-class specific reproductive frequency (RF)
The second reproductive trait, reproductive frequency, is defined as the probability an indi

vidual will return to the island to breed in any given year. We estimated a female's reproductive
frequency by modeling her reproductive history as a Markov chain in a multi-state open robust
design capture recapture modeling framework (MSORD, following Badger et al. 2020) to ac

count for imperfect detection in reproductive rate. Between her first and last sightings on the

island during our study, a female transitions among three reproductive states: initially a first
time breeder F, then switching between a breeder state B, or non-breeder state NB. Reproduc

tive frequency is then defined as the probability of transition ψkB into a breeding state B from
any reproductive state k. An individual's state transition from yeart to t+1 is modeled as a cat

egorical trial with probabilities of transition ψks from any state k to any state s, k,s∈{F,B,NB}.
We used mixed-effects logistic regressionembedded inthe MSORD to account for standardized
female age, female experience, previous breeding state, age at first reproduction, and random

individual and year effects in probability of breeding (ψkB) to estimate individual intercepts:
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Where parameters λ = {λ1,λ2, λ3,λ4, λ5} represent the quadratic age effect, effect of fe

male experience, the effect of the previous state k, and age at first reproduction, respectively,

where m denotes the parity group (1, 2, 3, or4+) offemale i in yeart so m∈{1,2,3,4}, parame

ters λ4,k sum to zero. RFi is the random effect of individual such that RFi ~ N(0, σR2F ), θt reflects
the random year effect, where θt ~ N(0, σθ), and ωit is the error term where ωi,t ~ N(0, σ2).
As for provisioning performance, the fitted estimate RFi provides an estimate of individual i's

reproductive frequency relative to other females in the study. So, ifa female i's fitted intercept

RFi is negative, she reproduces less frequently than the population average after accounting for
all fixed effects. We fit this model with capture histories over the course of the females' lives
and for the three age-classes separately, yielding performance metrics RFlife, RFearly, RFpeak,
and RFlate, respectively. We standardized these metrics for easier interpretation of results simi
larly to above.

Survival model
We determined whether PP and RF influenced survival using a state-space formulation of

the Cormack-Jolly-Seberopen-population model fitto female sighting histories (Gimenez et al.

2007, Royle 2008, Kery and Schaub 2012). Our capture history matrix y has dimension IxT,

where I is the total number of marked and recruited individuals and T is the number of years in

this study. We condition on first capture (defined for individuals in vector f), so entrance into
the breeding population and age at first reproduction is not estimated here. We define the latent
state variable z which takes the value 1 if individual i is alive at time t (t = 1, . . . ,T ) and value
0 if the individual is dead, thus z defines the true state of individual i at time t. The individual

is necessarily alive at its first sighting (fi), but states of subsequent occasions are modeled as
Bernoulli trials. Conditional on being alive at occasion t, individual i may survive to occasion
t+1 with probability φi,t (t = 1, . . . , T-1). The Bernoulli success parameter is the product of
the survival probability φi,t and the state ofthe individual i in time t, ensuring dead individuals

(zi,t = 0) remain dead.

However, in this and many field studies our observation of this state process is imperfect.
If individual i is alive at occasion t, they may be recaptured with probability pt (t = 2, . . . ,T ).
So, our observations y are modeled as Bernoulli trials dependent on the state process z, where,
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similarly to above, the Bernoulli success parameter includes the latent state variable z to ensure

dead individuals cannot be observed and are no longer included in the analysis. So, the state

space formulation of the CJS mark-recapture model can be defined as:

We applied a logistic regression embedded in the CJS model on survival probability φi,t

to test our hypotheses about the effect of reproductive investment on survival. Survival prob
ability was modeled as a function of a combination of covariates including lifetime and age

class (early, peak, late) performance for both traits, standardized age, and a random year ef

fect. Model 0 is our null model, with no effect of reproductive performance on survival. Model
1 includes the effect of lifetime provisioning performance PPli f e, Model 2 instead uses the age

class effect of provisioning performance PPearly , PPpeak and PPlate, Model 3 includes the ef
fect of lifetime reproductive frequency RFli fe, and Model 4 instead uses the age class effect of

reproductive frequency RFearly, RFpeak and RFlate.

A is a vector of indicator variables defining the age-class of individual i in time t (I(agei,t <

15), I(agei,t ≥ 15 & agei,t < 25), I(agei,t ≥ 25)) and γ is a vector (γ1, γ2,γ3) corresponding to
mean survival rates in each age class, per previous work on grey seal survival estimates (den
Heyer and Bowen 2017). τt is a random year effect such that τt ~ N(0, σ2), and εi,t is an
error term such that εi,t ~ N(0, σ2). Parameters α = {αlife, αearly, αpeak, αlate} describe the
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effect of lifetime, early, peak, and late provisioning performance, respectively, and parameters

β = {βlife,βearly,βpeak,βlate}, respectively describe the effect of lifetime, early, peak, and late
age class reproductive frequency.
Model specification, fitting, and software

A Bayesian framework was used for model fitting, selection, and inference using the soft
ware JAGS 4.2.0 through the R interface rjags (Plummer 2003, R Core Team 2020, Plummer

2018). For the survival model, diffuse normal priors N(0,1000) were assigned to parameters

describing the effects of age γ and components of reproductive performance α and β. An un
informative Uniform(0,1) was used as a prior for probabilities of sighting pt. Year-effects were

drawn from N(0,στ2) where Uniform(0,10) priors were assigned forthe standard deviation in

year-effects (στ2). The reproductive frequency MSORD was specified following Badger et al.

2020. In the provisioning performance and reproductive frequency regression models, covariate
parameters π and λ were assigned diffuse normal prior distributions N(0, 1000). Random year

terms η and θ were specified hierarchically following a normal distribution, ηt ~ N(0, σ2)
and θt ~ N(0, σθ), and individual terms RFi were pulled from a N(0, σR2F ) . We specified a

Unif(0,10) prior for random effect variance terms ση , σθ , σPP and σRF .
Markov chain Monte Carlo (MCMC) methods were used to sample the posterior distribu

tions of the parameters of interest. For each of the five competing models, we ran three chains

in parallel using package dclone (Solymos 2010) with different sets of initial values. Thefirst
10,000 MCMC samples were discarded, known as the burn-in period, after having checked that

convergence was satisfactory. Convergence of chains to stationary distributions was visually
evaluated using sample path plots in conjunction with the Brooks-Gelman-Rubin diagnostic ^
(Brooks and Gelman 1998), with values close to 1.00 indicating adequate convergence. Chains
then ran for 20,000 iterations after burn-in, and a total of 2,000 MCMC samples were used for

inference. We determined that a covariate had an effect ifa 95% credible interval (CRI) ofthe
posterior distribution of that parameter did not include 0. We assessed support for inclusion of
reproductive performance using a measure of out-of-sample predictive ability of each model,

the Widely Applicable Information Criterion (WAIC, Watanabe 2010), where a model with a

smaller WAIC is judged a better fit.
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3.4

Results
We analyzed sighting histories of 273 females born in the 1985-1989 cohorts, ages 4-35,

of which 16.8% (46/273) were seen at the most recent breeding season (2020), and 58.9%

(161/273) and 82.1% (224/273) were seen in the last 5 and 10 years, respectively. All individ
uals included in this analysis were seen in all three age-classes. So, our data are right-censored

with some individuals still alive and breeding. Individuals varied substantially in lifetime pro
visioning performance with differences among individuals explaining 45.8% of the total vari

ation in pup weaning mass after accounting for fixed effects, resulting in a range of average
pup weaning masses from 34.5 kg to 64.1 kg (individual intercepts ranging from -17.6 to 11.9
before standardizing, PP variance σPP = 4.87). Similarly, individuals varied in lifetime repro

ductive frequency, resulting in a range of lifetime reproductive frequencies from 0.45 to 0.94
(individual intercepts ranging from -1.34to 1.28 before standardizing, RF variance σRF = 0.31)
Differences among individuals accounted for 45.2% of the variation in pup weaning mass

in early reproduction (PPearly variance σPPearly = 4.40), 56.6% of the variation in pup weaning
mass in peak reproduction (PPpeak variance σPPpeak = 5.13), and 52.3% of the variation in late

reproduction (PPlate variance σPPlate = 5.33). Average pup weaning masses ranged from 31.9

kg to 56.3 kg in early years, 28.4 kg to 65.1 kg in peak years, and 33.7 kg to 57.6 kg in
later years. Variability among individuals in reproductive frequency was greatest in older ages
(RFlate variance σRFlate = 1.85), followed by peak years (RFpeak variance σRFpeak= 0.43) and

lowest in early reproduction (RFearly variance σRFearly = 0.10). Mean reproductive frequency

ranged from 0.66 to 0.79 for females in early years, 0.40 to 0.97 in peak years, and 0.11 to 0.80
later in life. Correlation among age-specific individual effects in provisioning performance

were positive and quite high (Figure 3.2), suggesting individuals provision similarly throughout
life. Correlations among individual effects in reproductive frequency were also positive, but of

much lower magnitude (Figure 3.2).

For both traits, all models agreed that individual reproductive investment has a positive ef
fect on survival (Table 3.3, Table 3.4), supporting the hypothesis that individual quality is more

influential to life history variation than reproductive costs. Adult survival is particularly high
and nearly invariant (den Heyer and Bowen 2017); therefore, we did not anticipate a large effect
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size or dramatic change in explanatory power with the inclusion of reproductive performance
when modeling survival. The best supported model described survival as a function of an age

class-specific provisioning performance (Table 3.2). While early and peak performance had
negligible effects, females performing well late in life (relative to others) were more likely to

survive longer. Differences in late life reproductive investment resulted in estimated survival

probabilities at older ages ranging from 0.64 for the smallest PPlate to 0.97 forthe largest PPlate
(Figure 3.3). Reproductive frequency for all three age classes and lifetime performance were

estimated to have positive or neutral effects on survival (Table 3.4 & Figure 3.4). For both
reproductive frequency and provisioning performance, late life investment had the greatest im

pact on survival, with higher investments associated with higher survival (Table 3.3, Table 3.4).

3.5

Discussion
Here we demonstrate a clear, positive covariation between survival and both lifetime and

age class-specific reproductive performance using over three decades of longitudinal data on

a large sample of female grey seals. This is consistent with among-individual variation in
life history traits being largely explained by differences in individual quality. Females that

invested more resources to offspring and gave birth more frequently, while accounting for age,
offspring sex, and environmental conditions (year effects), survived longer than females that

invested less. Further, the pattern holds true across age classes, such that increased investment,
particularly in later years, is associated with similar or higher survival rates. Previous work on

this population has shown individual consistency in performance in multiple reproductive traits
across demographic conditions (Badger et al. 2020). Taken together, these results suggest that

individual quality, rather than energetic trade-offs among fitness components, is the main driver
in life history variation in this population.

Positive relationships between PP and RF and subsequent survival or reproductive perfor

mance do not indicate that breeding has no reproductive costs, rather individual quality may
be a more important factor in the distribution of life history phenotypes within this population

which has been increasing in abundance throughout the time period ofthis study. Because grey
seals are capital breeders that rely heavily on fat reserves, these results are likely explained by
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individual variation in the ability to acquire, store, and efficiently use energy sources (Bolnick
et al. 2011, Araújo et al. 2011). Differences in resource acquisition may be directly linked to

physical, physiological, or behavioral attributes that determine diving and foraging characteris
tics (Thompson and Fedak 1993, Williams et al. 2000). In this population, different individuals

adopt different strategies for the timing, duration, and location of foraging bouts (Austin et al.
2004, Breed et al. 2009, Lidgard et al. 2020) which influences the foraging efficiency and ef

fective resource availability experienced by the individuals. Positive covariances among vital
rates may then derive from individuals that forage in poorer areas having both lower survival
and lower reproductive success than those in better habitats.

In mammals, females also vary in their capacity to effectively transfer milk energy to off

spring. Mobilization of nutrients and blubber, milk content, lactation duration, and lactation

efficiency are known to vary among individuals and have important impacts on reproductive
performance (Mellish et al. 1999, Lang et al. 2006, Lang et al. 2009, Crocker et al. 2014) and

implications for resource allocation. Heavier mothers have more resources to allocate to milk
production leading to heavier offspring at weaning (Iverson et al. 1993, Mellish et al. 1999,

Macdonald et al. 2020). Maternal mass has been shown to be a dominant axis of individual
quality in large mammals (Hamel et al. 2009, Plard et al. 2014), and an important determinant

in yearly reproductive success in phocids (Arnbom et al. 1997, Mellish et al. 1999, Macdonald
et al. 2020). Inclusion offemale mass as a covariate in these analyses could lend evidence as to

whether maternal energy stores help predict the variation in life histories; however, these data
are difficult to standardize given high intra-annual variation in individual mass. Importantly,

previous analyses have noted that pup fitness may be only asymptotically related to weaning
mass, with survival to reproductive recruitment rising until the observed average mass of 51.5
kg (Bowen et al. 2006), and even slightly decreasing at the highest weaning masses (Bowen

etal. 2015). So, assessment offemale quality should notrely solely on offspring weaning mass.
After the collapse ofthe cod fishery in the early 1990s, there was an increase in the pelagic

forage fish on the Scotian Shelf (Frank et al. 2005). Since the mid-2000s, silver hake (DFO
2018c) and redfish (DFO 2018a) are among grey seal prey that are at high or increasing abun

dance, while other prey such as herring (DFO 2017) and cod (DFO2018b) remain atlow levels.
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Inthe context of our results, high performance in laterage-class maybe subsidized bythis surge

offorage during later years. While most individuals had lower reproductive performance at late
ages, the increase in prey base may partially explain the magnified variation in performance;
high quality individuals may have been able to secure ideal foraging habitats to capitalize on

the food increase that may then be relatively unavailable to poorer competitors (van Noordwijk
and de Jong 1986, Plard et al. 2014).

With its roots in r- vs. K-selection (MacArthur and Wilson 1967, Pianka 1970), pace-of-life

syndrome has suggested much of life-history variation falls on a slow-fast continuum, with low
reproductive rate, slow development and long life span at one end and rapid development, short

lifespans, and high reproductive rates at the other end. While this has been well established

among a variety of taxa (Wikelski et al. 2003, Wiersmaetal. 2007, Hamel etal. 2010), we found
no support for POLS among individuals within the increasing Sable Island breeding population

of grey seals. Because grey seals are top predators and experience virtually no predation,
especially as adults, extrinsic mortality associated with prolonged foraging is likely nearly
zero. Providing digestion and energy storage and subsequent mobilization of resources during

lactation incurs relatively minimal somatic wear (Zhang and Hood 2016), allowing individuals
to invest heavily in each reproductive attempt such that predictions from POLS may not be

applicable (Reznick 1982). Ofcourse, the POLS hypothesis is notonly concerned with the pace
of reproduction, but also a suite of physiological (e.g. metabolic, hormonal, immunological)
and behavioral traits that have coevolved with life histories and constrain individual responses

to environmental stresses and perceived risks (Ricklefs and Wikelski 2002, Reale et al. 2010).

3.5.1

Effect ofage class reproductive performance on survival

Likely, the positive association of lifetime reproductive investment with survival rates is
largely driven by late life investment, as other age classes have more modest effects across

model fits (Table 3.3, Table 3.4). In both reproductive frequency and provisioning performance,

late life reproductive investment was most strongly correlated with survival (Table 3.3, Table
3.4), and this age class also had the greatest variation among individuals across traits. The
predominant hypotheses concerning the evolution of senescence hinge upon the declining force
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of selection with age (Williams 1957, Kirkwood 1977), such that individual fitness is most
sensitive to changes in early reproduction (Forslund and Part 1995, Nussey et al. 2013). Thus,
individual reproductive variation could be smaller during early reproduction, when the force of

selection is strongest.

Individual quality as a driving force in life history evolution has been demonstrated in previ
ous analyses as positive associations between early reproductive traits (age and success at first
reproduction) and future breeding/longevity (Weladji et al. 2008, Bonenfant et al. 2009, Hamel
et al. 2009, Aubry et al. 2011, Fay et al. 2016). Many of these studies did not include late-life

reproductive traits, and results vary among the few that did. In short-tailed shearwaters, for ex

ample, early reproductive performance was positively associated with longer lifespans, but late
life performance increased mortality risk (Wooller et al. 1990). Aubry et al. (2011) found that,

in black-legged kittiwakes, there is an immediate survival cost to reproduction (attempting to

breed at time t increased mortality risk to timet +1), but early reproducers and individuals with
more breeding experience lived longer. By integrating lifetime and age class specific reproduc
tive performance to explore relationships between reproductive investment and longevity, we

find that in our system early reproductive traits do not have notable impacts on future sur
vival or breeding success. Instead, our results point to late life reproductive achievement as
an indicator of female quality. We found that late life reproductive performance was strongly

correlated with previous performance and was also the primary driver of the positive associa

tion between reproductive success and survival. These results could be the result of individual
variation in senescence and selective disappearance of poor-quality mothers (such as in Cam
et al. 2002, Mauck et al. 2004), so further investigation into age-related reproductive variation

among individuals may yield interesting insights into the evolution of reproductive tactics and
their impacts on population dynamics (Hamel et al. 2018).
Interestingly, the two reproductive traits differed in how consistently individuals performed

relative to other females across age classes. Our models estimated a striking consistency in
individual provisioning performance across age classes relative to other females, and substan

tially weaker correlation among age classes in reproductive frequency (Figure 3.2). Previous

analyses noted that there is also greater variation among individuals in reproductive frequency
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(Badger et al. 2020), which may be explained bythe nature ofthe data (discrete and more prone

to observation error), but also perhaps reproductive frequency is a more plastic trait than pro

visioning performance. Long-lived, iteroparous species such as grey seals have high survival

rates likely because they are able to vary reproductive effort in response to environmental con
ditions (Bull and Shine 1979). With limited resources, females may be more likely to forego

reproduction altogether than support gestation and birth only to provide insufficient or highly

variable care to dependent offspring. Due to innate physiological differences among individ
uals, females may consistently deliver a higher or lower amount of provisions to young than
others, retaining their ranking across age classes (Lang et al. 2009). Consequently, although

there are age-related changes in provisioning (Bowen et al. 2006), the hierarchy of individuals
in provisioning performance is generally maintained as cohorts age. This result supports the

conclusion that individual quality drives differences among individuals in reproductive perfor

mance of female grey seals.

3.5.2 The structure of heterogeneity and consequences for population dynamics

Individual variation in reproductive performance and survival probability affect both de
terministic and stochastic properties of population processes, driving population plasticity and

evolution in response to environmental change (Vindenes et al. 2008, Paterson et al. 2018).
Heterogeneity can alter the magnitude of demographic stochasticity thus affecting population
dynamics and persistence (Lomnicki 1978, Conner and White 1999, Stover et al. 2012). When

vital rates are positively correlated at an individual level, as in our study, demographic stochasticity may have an even larger impact particularly at small population sizes, because individuals
are not homogeneous: the loss of a “high quality" female would have more profound effects
on population recovery, as she would survive to reproduce more offspring than a “poor qual

ity" female (Conner and White 1999, Badger et al. 2020). Positive associations of survival
and reproductive abilities also mean that phenotypic selection within birth cohorts will lead

to a decrease in the proportion of individuals with lower survival and correspondingly lower
reproductive performance, which can mask senescence (Vaupel and Yashin 1985, Forslund and

Part 1995, Cam et al. 2002). Such masking could be exacerbated by increased intraspecific
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competition,suchasaconsequenceofincreasedpopulationdensity. These effects are often not
included in population dynamics models or projections, and even when they are, there is often
no data to constrain model parameters (Vindenes et al. 2008).
Individual heterogeneity is ubiquitous in natural populations, but the extent to which inter

individual variation structures life history patterns versus energetic trade-offs has become a

lively debate in ecology (Bergeron et al. 2011, Cam et al. 2016, Gimenez et al. 2017). Never
theless, few studies have simultaneously examined these hypotheses, and some of those arbi

trarily defined individual quality as single traits such as laying date (reviewed in Moyes et al.

2009). In many other large iteroparous mammals, studies have shown support for trade-offs
as a dominating force in life history variation. For example, Moyes et al. (2009) found that,
though there are consistent individual differences, a high proportion of variance in longevity
and various reproductive measures (high calfbirth weight and survival, earlier primiparity, etc.)

is not explained by individual quality, and instead trade-offs may explain observed life history
tactics in red deer. van Noordwijk and de Jong (1986) suggest that the governing force of life
history variation may be a result of the interaction between resource acquisition and alloca

tion. If individuals vary more in their ability to acquire resources than how they allocate those
resources to competing functions, individual quality may be more important to the observed

distribution of life histories because some individuals can invest more in all functions. Al
ternatively, if all individuals obtain similar resources, then their strategy to allocate resources

(i.e. through trade-offs) may contribute more to observed life history variation. Consistent
individual differences in fitness traits (i.e. quality) and trade-offs among fitness components

simply constitute two sources of variation in the distribution of life histories, and the relative

magnitude and interaction of these sources will determine important processes in population
dynamics and evolutionary patterns.

3.5.3 Conclusions & Implications

Our results revealed that individuals in the Sable Island breeding colony that reproduce
more often invest more in offspring and survive longer. During much of our study females'
reproductive lives, this population has been experiencing slowing growth as the population pre
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sumably is reaching carrying capacity (Bowen 2011, den Heyer et al. 2017). Evidence of the
effects of negative density dependence thus far include a drop in juvenile apparent survival

to reproductive recruitment thought to stem from increased competition with adults for high
quality foraging habitat (den Heyer et al. 2013, Breed et al. 2013). Previous work showed that

the increasing density ofseals on the Scotian shelf is associated with an increase in differences

among individuals in reproductive performance (Badger et al. 2020), we show here that in
dividual reproductive performance is also positively correlated with survival. As population

size increases and competition intensifies, we could expect differences in reproductive abili
ties and survival to become more pronounced, potentially resulting in the proportion of high
quality individuals to grow and the population-level vital rates to increase as individuals with

lower reproductive capabilities and correspondingly lower survival disappearfrom the breeding

colony.
We note that our sampling scheme and modeling framework may yield only a conserva

tive estimate of the relationship between survival and reproductive performance, as we only

included individuals that (1) had been observed on the island on at least 2 occasions and (2)
nursed their pup long enough to be recorded by our research teams. These qualifications result

in a sample that only explores part of the spectrum of reproductive investment and survivabil

ity. Compared to previous robust survival analyses using a larger subset of these data, our
survival estimates are biased slightly high for younger females (aged 4-24, 0.993 ± 0.002 here

vs. 0.989±0.001 in den Heyer and Bowen 2017). Inexperienced or low quality mothers may

frequently flee or abandon pups when disturbed and these reproductive attempts would not be
recorded in our observations, though this is not a source of serious bias (Hammill et al. 2017).

Pups of skittish females that are found alone may be deemed weaned, and if these females

returned to nurse and remained undetected from research teams, her provisioning performance
would be underrepresented. Additionally, individuals that do not recruit to the breeding pop
ulation or die early in life would not be sampled. For these reasons, low quality individuals

and poor performers are much less likely to be observed, resulting in a larger proportion of
high quality females in our sample than present in the Sable Island breeding population. Sex

specific adult grey seal survival has been estimated for the population assessment model (den
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Heyer et al. 2013, den Heyer and Bowen 2017), so our goal was not to estimate survival here,
only to understand the relationship between survival and reproductive allocation.
Individual quality is a multidimensional axis of among-individual variation that is thought

to be positively correlated with overall fitness (Wilson and Nussey 2009). Quality will evolve
basedonits heritability and relationship with environmental variation andpopulation dynamics,

and to understand how individual heterogeneity shapes life history evolution, we must further
explore heritability and the cascading effects of quality variation.
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Tables

Table 3.1: Parameter and variable definitions.
Variable
pplf
PPearly
PPpeak
PPlate
RFlife
rf'early

RFpeak
RFlate

mαssι t
agei,t
pαri,t
sexi t
stαtβi t
yι,t

fi,t
zi,t
Ai,,

Definition
Fitted individual effect on lifetime provisioning performance (PP)
Fittedindividual effect on early-years PP
Fitted individual effect on peak-years PP
Fitted individual effect on late-years PP
Fitted individual effect on lifetime reproductive frequency (RF)
Fittedindividual effect on early-years RF
Fitted individual effect on peak-years RF
Fitted individual effect on late-years RF
The mass of individual i's pup in year t
Age of individual i in year t
The number of pups individual i has birthed prior to year t
Sex of individual i's pup in year t
Breeding state (k) of individual i in year t
Capture histories matrix
First capture occasion for individual i
True state (alive or dead) of individual i in year t
Age-class of individual i in year t

Parameter
π

η
υ
συ
σPP

ση
ψk
μ
λ

θ
ω

σω
σRF

σθ

ψi,t
Pt
γ

τ
ε
αlife
αearly
αpeak
αlate
βlife

βearly
βpeak
βlate

στ
σε
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Definition
Effects of age, parity, and sex on pup weaning mass
Year-effect on pup weaning mass
Error term for pup weaning mass regression
Residual variance in pup weaning mass
Variance in individual random effect on pup weaning mass
Variance in pup weaning mass year-effects
Transition rate into the breeding state (breeding rate)
Mean breeding rate
Effects of age, parity, and previous state on breeding rate
Breeding rate year-effects
Error term for breeding rate regression
Residual variance in breeding rate
Variance in individual random effect on breeding rate
Variance in breeding rate year-effects
Survival of individual i in year t
Detection probability in year t
Effect of age-class on survival
Year-effects in survival
Error term for survival regression
Effect of lifetime PP on survival
Effect of early PP on survival
Effect of peak PP on survival
Effect of late PP on survival
Effect of lifetime RF on survival
Effect of early RF on survival
Effect of peak RF on survival
Effect of late RF on survival
Variance in survival year-effects
Residual variance in survival

Table 3.2: WAIC estimates for 5 competing models. Model 0 is our null model, with no effect
of reproductive performance on survival. Model 1 describes survival as a function of lifetime
provisioning performance, Model 2 instead uses the age class effect of provisioning perfor
mance, Model 3 models survival as a function of lifetime reproductive frequency, and Model
4 describes the effect of reproductive frequency on survival as age class-specific. Estimated
parameter posterior distributions from best supported model (Model 2) are found in Table 3.3,
and distribution estimates from other models found in Table 3.4.

Model
Model 2
Model 1
Model 4
Model 3
Model 0

Effect of Reproductive Performance
Age-class provisioning performance
Lifetime provisioning performance
Age-class reproductive frequency
Lifetime reproductive frequency
None

WAIC
2446.8
2449.0
2457.7
2474.1
2495.6

∆ WAIC
0
2.2
10.9
27.3
48.8

Table 3.3: Parameter estimates from the best supported model, with survival as a function
of age and individual life-age class-specific provisioning performance (Table 3.2). γ1, γ2, and
γ3 are the age-specific survival probabilities (ages < 15, ≥ 15 to 24, and ≥ 25, respectively)
and αearly, αpeak, and αlate are parameters describing the effect of early, peak, and late life
provisioning performance on survival.

Parameter

^

Posterior Mean

SD

2.5%

50%

97.5%

γ1
γ2

1.002
1.002
1.002
1.000
1.000
1.000

4.862
4.830
2.279
0.146
-0.051
0.407

0.157
0.176
0.438
0.216
0.213
0.193

4.459
4.366
1.366
-0.205
-0.401
0.093

4.908
4.883
2.260
0.142
-0.052
0.406

4.997
4.996
3.207
0.502
0.304
0.719

γ3

αearly
αpeak
αlate
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Table 3.4: Estimated parameter mean and 95% credible intervals in candidate models.
Parameter

Mean

γ1
γ2
γ3
αlife
βlife
βearly
βpeak
βlate

4.879
3.804
2.163

Model 0
95% CRI

[4.440, 4.978]
[3.418, 4.238]
[1.811, 2.601]

Mean
4.865
4.829
2.282
0.429

Model 1
95% CRI

[4.497, 4.997]
[4.363, 4.995]
[1.470, 3.202]
[0.203, 0.664]
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Mean

Model 3
95% CRI

4.919
3.830
2.193

[4.716, 4.998]
[3.452, 4.231]
[2.008, 2.641]

0.363

[0.142, 0.582]

Mean

Model 4
95% CRI

4.924
3.948
2.208

[4.732, 4.998]
[3.541, 4.373]
[2.008, 2.663]

0.244
0.162
0.316

[-0.044, 0.527]
[-0.127, 0.445]
[0.097, 0.539]

Figures

Figure 3.1: Modeling framework. Repeated measurements of pup weaning masses are dis
cretized into full histories (life) and early (<15), peak (15-24) and late (25+) years then fit
separately to linear mixed effects models with a quadratic age effect, pup sex, and female ex
perience as fixed effects and individual and year as random intercepts, yielding PPlif e, PPearly,
PPpeak , PPlate as predicted estimates of individual intercepts from all four models. Similarly,
individual sighting histories are discretized into age-class and full histories, then separately
fit to a multistate open robust design mark-recapture model (MSORD) to estimate transitions
into a breeding state, with a quadratic age effect, previous state, and female experience as
fixed effects, and individual and year as random effects, yielding RFli f e, RFearly, RFpeak, RFlate
as predicted estimates of individual intercepts effects from all four models. These individual
effects are then used as covariates in a Cormack-Jolly-Seber open population model to esti
mate the effect of individual reproductive performance on survival, with parameter estimates
α = {αli f e, αearly, αpeak, αlate} for lifetime, early, peak, and late effects of provisioning perfor
mance, respectively, and β = {βlife,βearly,βpeak,βlate} for lifetime, early, peak, and late effects
of reproductive frequency, respectively.
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Figure 3.2: Correlation among individual effects in provisioning performance (PP) reproduc
tive frequency (RF), where variables denoted life, early, peak, and late indicate lifetime, early,
peak, and late performance, respectively. Blank squares indicate no correlation.
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Figure 3.3: Estimated relationship between provisioning performance and late life survival
(> 25 yrs old). Provisioning performance is standardized so that 0 represents the population
mean. Solid blue line is relationship between survival and lifetime reproductive provisioning
performance, dashed lines are age-class specific provisioning performance: green dashed line is
the effect of early life investment (aged < 15 yrs), dashed black line is the effect of investment
during peak years (aged 15-24 yrs), and dashed grey line is the effect of late life investment
(aged 25+ yrs). Shaded regions are 95% credible intervals.
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Figure 3.4: Estimated relationship between reproductive frequency and late life survival (> 25
yrs old). Reproductive frequency is standardized so that 0 represents the population mean.
Solid blue line is relationship between survival and lifetime reproductive reproductive fre
quency, dashed lines are age-class specific reproductive frequency: green dashed line is the
effect of early life investment (aged < 15 yrs), dashed black line is the effect of investment
during peak years (aged 15-24 yrs), and dashed grey line is the effect of late life investment
(aged 25+ yrs). Shaded regions are 95% credible intervals.
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Chapter 4: Reproductive success is influenced by early development: the covariation ofnatal

body size and reproductive performance in grey seals

4.1

Abstract
An individual's size in early stages of life may be an important source of individual varia

tion in lifetime reproductive performance, as size effects on ontogenetic development can have

cascading physiological and behavioral consequences throughout life. Here, we explored how
natal size influences subsequent reproductive performance in grey seals (Halichoerus grypus)
using mark-recapture and repeated measures reproductive data on a marked sample of 363 fe
males that were measured for standard length at roughly 4 weeks of age and eventually recruited
to the Sable Island breeding colony. Two reproductive traits were considered: provisioning per

formance (mass of weaned offspring), modeled using linear mixed effects models; and repro
ductive frequency (the rate at which a female returns to breed), modeled using mixed-effects

multistate mark-recapture models. After accounting for female age, experience, and offspring
sex, we found a positive association between natal length and our measures of reproductive

performance. Mothers with the longest natal lengths produced pups nearly 8 kg heavier and

were 20% more likely to breed in a given year than mothers with the shortest natal lengths. Be
cause correlation in individual body length between natal and adult life stages is weak (animals
that were longer than average as pups do not always grow to be longer than average adults), the

covariation between natal length and future reproductive performance reported here may act

more as a carry-over effect from the size advantages afforded in the juvenile stage that allow

for greater adult performance, rather than a physical trait that is maintained throughout life.

4.2

Introduction

Life history theory predicts that maternal fitness is maximized by the reproductive strat
egy which results in the greatest number of offspring surviving to maturity, and subsequently

producing large numbers of viable offspring themselves (Stearns 1992, Roff 1992). Variation
Badger JJ, Bowen WD, den Heyer CE, Breed GA. Pending journal submission.
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in offspring quality may be influenced by parents through a myriad of pathways including the
selection of safe and nutritious oviposition or birth sites, incubation behavior, food provision
ing, defense ofyoung, and investment in offspring size (Mousseau and Fox 1998, Krist 2011).
These behaviors are costly, and reproductive strategies in long-lived species will be driven by

the relationship between offspring traits and environmental conditions that determines fitness

(Smith and Fretwell 1974, Mousseau and Fox 1998, Allen et al. 2008).
Offspring size is one of the most important and well-studied of these traits in evolutionary

ecology, as natural selection on body size and size-related traits is ubiquitous in nature (re
viewed in Sogard 1997, Krist 2011, Pettersen et al. 2015). Within species, larger offspring

typically outperform their smaller conspecifics, with higher survival rates to sexual maturity
(e.g. plants: Stanton 1984, marine invertebrates: Moran and Emlet 2001, Marshall et al. 2006,

grey seals: Bowen et al. 2015, lizards: Sinervo 1990), enhanced resistance to starvation, en

vironmental extremes, and predation (Sogard 1997), increased metabolic efficiency (Pettersen
et al. 2015), and higher reproductive performance found in some species (arthropods: Fox

and Czesak 2000, birds: reviewed in Krist 2011, marine invertebrates: Marshall and Keough

2008). Mothers may confer this advantage on their young either through a heritable genetic
predisposition (possibly by choosing larger mates) or maternal effects such as nutrient transfer
and protective behavior toward young (Bernardo 1996, Mousseau and Fox 1998).

The advantages of natal size are often pronounced in early stages of ontogeny, but may
persist throughout life affecting reproduction and even the performance of the subsequent gen
eration (Lindstrom 1999, Marshall et al. 2003, Dias and Marshall 2010). While many studies

have confirmed the relationship between offspring size and survival, less is known about how
the effects of natal size are subsequently manifested in adults recruited to the breeding popu
lation. Even in mammals and birds where offspring are relatively large and individuals may
be tracked, estimates of the effect of an individual's sizer when young on subsequent perfor

mance are available for only a few taxa (Clutton-Brock 1991, Festa-Bianchet et al. 2000, Fox
and Czesak 2000, Crawley et al. 2017) and fewer still for natural populations. This knowl

edge gap is particularly apparent in long-lived iteroparous animals, where it is difficult to track
individual's reproductive performance and survival throughout adulthood. Offspring size ef
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fects on fitness would then be inaccurately estimated because key components offitness are not

measured at sufficient temporal scales (Marshall et al. 2003).
Reproductive and early life-history traits can be considered aspects of either offspring or

maternal phenotype, and their evolution will therefore depend on selection operating through
both offspring and maternal components of fitness (Mousseau and Fox 1998). Selection acts

to maximize parental fitness, but offspring size also simultaneously influences offspring fit

ness. An individual's size when young may be an important source of individual variation in
lifetime reproductive performance (individual quality), as size effects on ontogenetic devel

opment can have cascading physiological and behavioral consequences throughout life (Lind
strom 1999). Size may mediate the expected trade-off between growth, self-maintenance, and

mortality in early stages by increasing survival probabilities (avoiding starvation, predator es
capement) and/or increasing foraging efficiency, allowing individuals to mature more quickly

or invest in costly physiological functions to have greater lifetime reproductive output. This
variation in individual quality is a key driver in natural selection and an important link between

evolutionary and ecological processes (Lomnicki 1978, Cam et al. 2002, Bolnick et al. 2003,

Vindenes et al. 2008, Bolnick et al. 2011, Stover et al. 2012, Gimenez et al. 2017).
The extensively studied colony of grey seals (Halichoerus grypus) breeding on Sable Is

land, Nova Scotia provides an excellent opportunity to explore the link between natal size and

subsequent performance as adults. Grey seals are long-lived (~ 40 years), iteroparous capital
breeders in which females invest heavily into the survival of a single offspring over the course

ofa relatively short lactation period lasting 16-18 days (Boness and James 1979, Iverson et al.
1993). During the nursing period, mothers lose a third of their body mass on average (4.1 kg per
day, Mellish et al. 1999) relying only on fat reserves to produce milk and maintain metabolism,

while their pups typically more than triple their birth mass (2.8 kg per day, Bowen et al. 1992).

At the end of lactation, females abruptly end care and return to the sea, which conveniently
allows female reproductive expenditure to be accurately measured by the energy allocated to
offspring (Bowen et al. 2007). In this system, offspring size is more variable than offspring

number (twins are exceedingly rare), and so size is more subject to selection for maternal fit
ness.
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On Sable Island, grey seal pup production (a proxy for population size) has increased dra

matically over the past half century with near maximum population growth of 13% per year be

tween the 1960s and late 1990s (Bowen 2011) and a reduced rate of increase of 5-7% per year
since 2004 (den Heyer et al. 2017, den Heyer et al. 2021). Associated with declines in popula

tion growth, juvenile apparent survival to reproductive recruitment has decreased by more than
halffrom an average of74% in cohorts born 1985-1989 to 33% in cohorts born 1998-2002 (den

Heyer et al. 2013). This decline appears to be size-selective, with recent investigations finding
that heavier and longer pups more likely to recruit (Bowen et al. 2015). Apparent survival to

recruitment increased asymptotically with mass at weaning, but monotonically with length at

weaning (Bowen et al. 2015), indicating a directional selection on skeletal size. The survival
advantage of larger skeletal size may be due to increased swimming speed and agility allowing

greater foraging ability and predator escapement (Sogard 1997, Hindell et al. 1999), though

other physiological mechanisms cannot be ruled out. This size selection may be intensifying
under density dependence, as young of the year grey seals now must make longer foraging trips
and forage farther from haul-out sites than older animals which occupy foraging areas closer to

rookeries (Breed et al. 2011, Breed et al. 2013), so larger-bodied animals that can swim more

efficiently may experience increased survival compared to shorter conspecifics.
Here, we use a 19-year longitudinal data set of repeated reproductive measurements from

individually marked, known-aged female grey seals that were measured at roughly 4 weeks of
age to evaluate the influence of offspring size on reproductive success. As length is a better

indicator than mass of overall skeletal size that may confer a more enduring advantage, we
investigate whether variation in natal length is associated with increased reproductive perfor

mance as adults, measured using two traits: reproductive rate and offspring size at weaning. If
natal length is positively associated with reproductive performance, we consider that support

for a “bigger is better" hypothesis, in which maternal fitness is benefitted from bearing longer
offspring that will subsequently have higher reproductive success.
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4.3

Methods
This study was conducted on Sable Island, Canada (43.93oN, 59.91oW), a partially veg

etated sandbar on the Scotian Shelf roughly 160 km off the coast of Nova Scotia, Canada,
during the 1989-2020 breeding seasons. The breeding season at this colony spans early De
cember through early February, with 91.2% of pups born by mid-January (Bowen et al. 2007,

den Heyer et al. 2021). Sable Island supports the largest breeding colony of grey seals in the
world with an estimated 87,500 pups (SE = 15,100) born on the island in 2016, comprising
80% ofthe total grey seal pup production in the Northwest Atlantic (den Heyer et al. 2021).

4.3.1

Data Collection

Our 19-year study (2002-2020) was conducted on a subset of female grey seals born on

Sable Island from 1998-2002 that survived to recruit to the breeding colony, as part ofa larger
program led by the Department of Fisheries and Oceans, Canada (DFO). Individuals were
marked at roughly 4 weeks old, shortly after weaning, with unique alpha-numeric hot-iron

brands in each year 1998-2002. Prior to marking, researchers recorded standard dorsal body

length (to the nearest cm) of these individuals while they were sedated with diazepam (~ 0.4
mg∕kg body mass, Sandoz Canada, Boucherville, Quebec, Canada) to allow for accurate mea

surement (Bowen et al. 2015). These permanent brands allowed reliable identification of indi
viduals over the course of their lives. Females can recruit to the breeding population as early

as 4 years old, but this is uncommon, and the average age of first reproduction is 6.5 ± 0.21

SE years for these cohorts (den Heyer et al. 2013) with 87% of females recruited at or before
age 7 (Bowen et al. 2015). Each breeding season since 2002, teams of researchers conducted

5-7 roughly weekly censuses of branded females returning to the island to give birth and mate.
Once sighted, branded individuals with dependent pups were visited daily but generally not

disturbed. Prior to weaning, pups were sexed and marked with semipermanent, uniquely num
bered tags in the hind flipper to ensure accurate identification after the marked female ended
lactation and returned to sea, leaving her pup in the colony. Females attend their pups continu

ously throughout lactation. Therefore, once a pup was sighted alone, it was considered weaned
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and weighed to the nearest 0.5-kg.

The probability of observing a marked female during any given year includes both the
probability the female is present, and the probability that she is detected given presence at the
breeding colony. A recent analysis of this population indicated that, if a female rears a pup
on the island, there is less than a 5% chance researchers will fail to detect her in at least one

resighting census (Badger et al. 2020). Individuals that are not rearing pups can be skittish

and may flee to the water, resulting in a lower sighting probability than females nursing and

defending young. Grey seals are highly site philopatric, and once recruited to a breeding colony,

will very rarely pup elsewhere (Bowen et al. 2015). Thus, we are able to reliably follow the
reproductive history of individuals, and do not expect permanent emigration to other colonies

to be significant source of sighting error.

Individual sighting histories were collected from age at first reproduction (first sighting
in breeding colony) until the most recent year of our study, 2020. Sighting histories of indi
viduals were scored as a 0 (not sighted) or 1 (sighted) for each year 2002 to 2020. Females

sighted in only one breeding season were omitted from this analysis to ensure that they had in

fact recruited to the Sable Island breeding population and we have adequate data to estimate
reproductive performance.

4.3.2 Statistical Analysis

In this analysis, we were interested in understanding how a female's size during early life stages
influences subsequent reproductive success once she has matured. To do this, we analyzed the
effect of natal length (LM , after weaning, but prior to independent foraging) on her reproduc

tive performance, measured two ways: annual provisioning performance and reproductive fre
quency (both described below). We used generalized mixed-effect additive and linear models

to determine the effect of maternal natal length LM on these traits, and accounted for imper
fect detection in reproductive rate using a multi-state capture-recapture model in a Bayesian
framework (Gimenez et al. 2007, Lebreton et al. 2009, Kery and Schaub 2012).

Modeling annual provisioning performance
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During lactation, grey seal pups consume only milk provided by the female, and as capital

breeders, females fast for the entire lactation period and provision pups exclusively from energy

stores. Therefore, in our study, the body mass of a pup at weaning is a reasonable estimate of
the energy (i.e. nutrients) transferred to young, and is of critical importance for pup survival

(Hall et al. 2001, Bowen et al. 2015). We modeled the weaning mass of pup j born to female
i in year t (mass j,t) as a linear mixed-effects model with female experience (parity, i.e. par;

because this effect tends to plateau, it was discretized into 1, 2, and 3+ parities), offspring sex,

and a quadratic effect of standardized female age as covariates along with random individual
and year intercepts:

Where linear parameters are held in the vector π ={π1,π2,π3,π4} and represent linear and
quadratic age effects, effect of female experience, and pup sex, respectively; and I signifies

an indicator variable, and m denotes the parity group (1, 2, or 3+) of female i in year t so
m ∈ {1,2,3}. αi is the random effect of individual such that αi ~ N(0,

σ2),

ηt reflects the

random year effect, where ηt ~ N(0, σ2), and υi,t is the error term where υi,t ~ N(0, σ12).
We tested the effect of natal length LM on the history ofher pup weaning masses comparing

this null model to models including LM as a linear term and a quadratic term (Table 4.1). We
also included a model in which the effect of LM on offspring size varies with parity, such
that the effect may diminish over time (Dias and Marshall 2010). Models were fit using the
lmer

function in package lme4 (Bates et al. 2015), and support for model configurations was

determined via likelihood ratio tests using the anova function offered in R(R Core Team 2020).
Modeling reproductive rate

The second reproductive trait, reproductive rate, is defined as the probability an individual

will return to the island to give birth in any given year. We estimated the effect ofa female's na
tal length LM on her reproductive rate by modeling her reproductive history as a Markov chain

in a multi-state capture re-capture modeling framework. Between her first and last sightings
on the island during our study, a female transitions among three reproductive states: initially

a first time breeder F, then switching between a breeder state B, or non-breeder state N. Re
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productive frequency is then defined as the probability of transition ψkB into a breeding state
B from any reproductive state k. An individual's state transition from year t to t + 1 is mod

eled as a categorical trial with probabilities of transition ψks from state k to state s. We used
mixed-effects logistic regression embedded in this multistate model to account for standardized
female age, previous breeding state, and random individual and year effects in probability of

breeding (ψkB):

Where parameters λ = {λ1, λ2,λ3} represent the quadratic age effect and the effects of the
previous breeding state k, respectively, where I denotes an indicator variable and parameters

λ3,k sum to zero. βi is the random effect of individual such that βi ~ N(0, σj,2), θt reflects the
random year effect, where θt ~ N(0, σθ), and ωi,t is the error term where ωi,t ~ N(0, σ2).

Similar to above, we tested the effect of natal length LM on her reproductive rate by com
paring this null model to models including LM as a linear term and a quadratic term (Table 4.2).

Further, we included a model in which the effect of LM on offspring size varies with parity,
such that the effect may diminish over time.
Multistate models can also be used to detect a cost of reproduction (e.g. Beauplet et al.

2006, Hernández-.Matías et al. 2011, Chambert et al. 2013, Stoelting et al. 2015, Johns et al.
2018, Badger et al. 2020). A common approach is to determine whether breeding at time t neg

atively affects an individual's probability of surviving from time t to t+1 or its probability of
breeding at time t+1. In the model used here, one way in which a cost of reproduction may be

observed as a higher probability of transition ψ into a breeding state B from a nonreproductive
state N, i.e. ψNB > ψBB.

A Bayesian approach was used for estimation and implemented in the software program

JAGS 4.2.0 using the R interface rjags (Plummer 2003, R Core Team 2020, Plummer 2018).
Parameters λ were assigned diffuse normal prior distributions N(0,1000). Random year term

θ was specified hierarchically following a normal distribution, θt ~ N(0, σθ), and individual

terms βi were pulled from a N(0,σβ2). We specified a Unif(0,10) prior for σθ and σβ.
Markov chain Monte Carlo (MCMC) methods were used to sample the posterior distribu-
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tions of the parameters of interest. For each of the competing models, we ran three chains in
parallel using package dclone(Solymos 2010) with different sets of initial values. The first

10,000 MCMC samples were discarded, known as the burn-in period, after having checked
that convergence was satisfactory. Convergence was visually assessed using sample path plots

in conjunction with the Brooks-Gelman-Rubin diagnostic ^ (Brooks and Gelman 1998), with
values close to 1.00 indicating adequate convergence. Chains then ran for 100,000 iterations

after burn-in, and a total of3,000 MCMC samples (every 100th sample ofeach chain) were
used for inference. We determined that a covariate had an effect if a 95% credible interval

(CRI) of the posterior distribution of that parameter did not include 0. We assessed support

for inclusion of natal length using a measure of out-of-sample predictive ability of each model,
the Widely Applicable Information Criterion (WAIC, Watanabe 2010), where a model with a

smaller WAIC is judged a better fit.

4.4 Results
We analyzed the reproductive histories of 363 females born from 1998-2002 that gave birth

to a total of 3457 pups. 2.5% (9/363) of those females recruited to the breeding population at

age4,31.4%(114/363)hadtheirfirstbirthattheageof5,24.5%(89/363) at the age of 6, and

30.5%(111/363) recruited afterage 6. From primiparity to the most recent year of the study,
2020,femaleshadanaverageof10pups (SE =4.48, ranging 1 to17). These female's lengths

during early development (LM, i.e. at around 4 weeks of age) ranged from 90-123 cm, with
an average of 110.7 cm (SE= 4.28). We did find a cohort effect on LM (ANOVA, p = 0.003),

where females born in 2002 that recruited to the breeding population were significantly longer
(Tukey HSD, Figure 4.4).

4.4.1

Effect of natal length on future reproductive performance

A female's natal length LM was positively associated with her future provisioning perfor

mance (p < 0.001, Table 4.1). The best supported model describing pup weaning masses
included an additive, linear effect of natal length as a covariate, though there was some support

for a quadratic effect (Table 4.1, Appendix B: Table B2). The longestfemales (when young)
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proceeded to give birth to offspring that weaned 7.97 kg heavier, on average, than their shortest
conspecifics (Table 4.3). Though we expected natal body length to have a greater effect on

early parities (such that the effect weakened over time), we found no support for an interac
tive model between LM and parity (Table 4.1, Appendix B: Table B3). Repeatable differences

among individuals accounted for 41% ofthe variance in pup weaning mass. Year accounted for
only 10.8% ofthe variance in weaning mass, suggesting that among year environmental effects

were small. Natal length was also positively associated with a female's future reproductive
rate. Model output from fitted multistate Markov models estimated that natal length accounts

for the spread in annual reproductive probability to range from 0.715 for the shortest females
to 0.916 for the longest (Table 4.4, Figure 4.2). Model fits displayed no evidence of inadequate

convergence to stationary distributions.

4.4.2 Cost ofreproduction in breeding rate
In this analysis fit to the reproductive data of individuals from the 1998-2002 cohorts, the

fitted multistate model estimated somewhat (~ 2%) higher reproductive probabilities for indi
viduals that did not breed in the previous year (Table 3.1). However, previous analyses on a

larger subset of this population including individuals born in the 1960s - 1980s, did not find
evidence for a cost of reproduction expressed in reproductive rate. In one of these previous

analyses, individuals that reproduced in the current year were on average 11% more likely to
breed the next year than those that skipped reproduction (Badger et al. 2020, den Heyer and
Bowen 2017, Figure 4.3). Importantly, females born in the 1960s-1980s recruited during a pe

riod of exponential growth with population densities much lower than the females recruiting in
the present study (den Heyer and Bowen 2017). The result of this current analysis, indicating

a slight cost under higher population densities, contrasting with the previous studies indicating
no cost when population densities were lower suggest that the cost of reproduction may only

be expressed at higher population densities.
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4.4.3

Cohort effects in reproductive performance

After detecting a cohort effect in maternal natal length (LM), we incorporated cohort effects
into reproductive performance models of breeding rate and offspring mass. Individuals from
the 2002 cohorts had lighter pups on average than individuals from other cohorts (Appendix

B: Table B4), though this model performed worse in out-of-sample predictive accuracy than
models without cohort effects (Table 4.1). In reproductive rate, our multistate models also

estimated a lower breeding rate of individuals born in the 2002 cohort (Appendix B: Table

B4). However, this model also performed poorly relative to models not including cohort as a
covariate (Table 4.2). We further caution the interpretation ofthe result ofthis multistate model
including cohort effects as we were not able to control for the effects of maternal age due to

issues with convergence likely stemming from multicollinearity of the age, cohort, and parity
variables.

4.5 Discussion
Here, we found positive covariation between an individual's length during early ontogeny

and their reproductive performance, measured by two traits, using nearly two decades of lon
gitudinal reproductive data on a large sample of female grey seals. Females that were longer

when young were more likely to reproduce in any given year and had larger pups than their
shorter conspecifics. This result is consistent with a “bigger is better" hypothesis (Bowen et al.

2006), in which longer offspring mature to have higher reproductive success as adults.
Mothers with the longest natal lengths produced pups nearly 8 kg heavier and were 20%

more likely to breed in a given year than mothers with the shortest natal lengths. This spread

in offspring size and reproductive frequency can drive substantial variation in lifetime repro
ductive output. Badger et al. (2020) found that reproductive frequency and the probability of
weaning a pup large enough to survive independently were well correlated among individual

grey seal females, and over their lifetimes higher performing females will produce 1.83 times
more successful pups than poorer performers. Further, below population average weaning mass

(51.5 kg), pup survival is dependent on mass (Hall et al. 2001, Bowen et al. 2015), and an 8 kg

spread can have a large impact on the probability a female's offspring will mature to reproduce.
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Bowen et al. (2015) estimated that below 51.5 kg, each 1 kg decrease in pup weaning mass

corresponded to a 0.12 decrease in survival to reproductive recruitment (on the logit scale).
Consequently, the results we report here have important implications for both maternal and
offspring fitness.

Body mass may be more convenient to measure in many systems because body posture can

greatly impact standard length measurements. For Sable Island grey seals, standard length is

only taken when pups are sedated in preparation to be marked, which only occurs in certain
sampling years (1998-2002 and 2014-2016). So, in this analysis weaning mass, not weaning
length, was used as a proxy of reproductive success even though positive effects of offspring

weaning mass on offspring fitness attenuate at heavier weights (Bowen et al. 2015). This analy
sis could be strengthened with further data on offspring length coupled with mass to understand

the parameters of reproductive success.

4.5.1 Implications for maternal fitness

We show that grey seals mothers increase maternal fitness by producing longer pups, as

longer pups mature to be more productive mothers. Thus larger skeletal size of offspring may
boost maternal fitness by favoring the propagation potential of her genetic material.

While the effect of offspring body size on maternal fitness has been extensively studied
(Lack 1947, Cody 1966, Smith and Fretwell 1974, Stearns 2000, Krist 2011, Rollinson and
Hutchings 2013, Pettersen et al. 2015), the focus on body length or skeletal size rather than to
tal mass or fat content/energy stores is less common. Body length and fat content of offspring

reflect different aspects of maternal quality: innate genetic material versus maternal effort and

investment. Producing fat offspring may result in significant reproductive energy expenditure,

in both acquisition of resources (e.g. foraging efficiency, prey choice, instraspecific competi
tion) and effectively transferring energy resources to offspring (e.g. lactation efficiency, nursing

behavior). Increasing an offspring’s body length, however, has a much larger genetic basis-one
or both of the parents must carry genetic material that may be expressed to promote skeletal

size in their offspring. The genetic architecture of body size is unknown for pinnipeds, but
divergent selection experiments in domestic mammal species suggest that dozens to thousands
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ofloci underlie variation in body size (Kemper et al. 2012).

Allocation theory predicts an asymptotic relationship between offspring size and offspring

survival because parents are expected to receive decreasing returns on investment in offspring
fitness after a certain point (Smith and Fretwell 1974). Previous analyses into this population
suggest a stabilizing selection on body mass at weaning near the observed average, where

offspring survival to recruitment levels and eventually decreases with increasing mass (Bowen
et al. 2015). However, body length appears to be subject to directional selection (at least in

this ecological environment), evidenced by a monotonically increasing relationship between
body length and offspring survival to reproductive recruitment (Bowen et al. 2015). Early

growth rate will vary among individuals owing to their genetic makeup and the individual's
foraging success under differing environmental conditions (Madsen and Shine 2000, Harrison
et al. 2011) . While fat mass provides crucial resources during the transition to independent

foraging, fatter pups are likely more buoyant, and therefore less efficient foragers and more

vulnerable to predation (Sogard 1997, Hindell et al. 1999). Young of the year grey seals do
make longer foraging trips and forage farther from haul-out sites than older animals (Breed
et al. 2013), which suggests lower foraging efficiency relative to adults. Longer individuals,

however, may gain a tangible benefit throughout early stages due to greater swimming speeds

and outgrowing predators. The possible mechanisms driving relationships between early traits
and survival remain to be tested, but results from this analysis indicate benefits of length have

a persistent effect on fitness and potential for strong transgenerational effects on reproductive
output in this species.

4.5.2 Natal length as a source of individual variation in quality
Recent analyses into this population support the presence ofsubstantial differences in qual
ity (i.e. lifetime reproductive success) among individuals. Though it is expected that maternal

effects on offspring size are most significant at early life history stages (Dias and Marshall

2010), with compensatory growth or other factors reducing impact later in life (e.g., domestic

sheep, Wilson and Reale 2006, red squirrels, Wauters et al. 1993), our results suggest variation
in natal body length may partially explain some of the observed variation in individual quality
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across an individual's lifetime. Individuals that were longer during early ontogeny consistently

outperform those of shorter lengths in both survival to recruitment to the breeding population

(Bowen et al. 2015) and reproductive success once recruited (this study).
As capital breeders that rely heavily on fat reserves to support lactation, maternal body fat
stores are likely more influential to reproductive performance than adult body length. How
ever, adequate fat reserves depend on effective acquisition and conservation offood energy, so

traits affecting foraging such as body length could drive substantial variation in reproductive
success. Foraging is a complex suite of behaviors that entails energetic costs associated with

supporting basal metabolism, locomotion, and the digestion of prey. Although larger animals
have higherabsolute metabolic requirements than smaller ones, larger individuals exhibit lower

mass-specific rates of metabolism which confers a suite of physiological and ecological bene

fits at greater body sizes (Kleiber 1947, Glazier 2005, Gearty et al. 2018). These advantages

include a low cost of transport, enhanced fasting ability, and, for animals such as seals, the
ability to dive longer and deeper affects the rate and ability to capture prey (Peters 1983, Costa
1993).

However, the extent to which body length, independent of body mass, may offset the en
ergetic cost of foraging is unknown in many systems, including grey seals. In Weddell seals,

Wheatley et al. (2006) found that postpartum mass of shorter females was significantly lower
in years of poor environmental conditions whereas the mass of longer females did not differ

between years. This suggested that shorter females were less successful foragers than their
larger conspecifics and may generally be more susceptible to environmental variation (Wheat
ley etal. 2006). Iflongerfemales are more successful foragers, ormore robust to environmental

variation, they would have a distinct advantage in accumulating and storing energy needed for
reproduction. Inclusion of female body mass as a covariate in these analyses could help deter

mine whether maternal energy stores, independent of body length, help predict the variation in
individual life histories, but these data were not available on a large scale.

Alternatively, length may be advantageous in growing juvenile stages for grey seals, but
the effect of this trait could attenuate over time. Large skeletal size as an adult could alter

natively be subject to stabilizing selection as larger individuals experience different physical
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constraints and energetic costs in their environment (Williams et al. 2000). Increasing body

size will increase costs to sustaining body condition and maintaining buoyancy in the water
column. Though smaller animals have a higher mass-specific metabolism, their absolute food

energy requirements are lower (Peters 1983, Costa 1993) and so could be less vulnerable to
foodscarcities. Smaller prey items are relatively unprofitable to larger individuals than smaller
individuals, requiring additional costly prey captures to reach energy requirements, decreasing
the efficiency of a foraging bout (Costa 1993) and competitive ability under resource limitation

(Clutton-Brock 1988). This may be of special importance in the Northwest Atlantic, where
size-selective fishing and regime shifts (Frank et al. 2005) have resulted in many fish species
maturing earlier and smaller (Swain et al. 2007), releasing of smaller pelagic fishes from preda

tion, and major alteration of the overall size distribution of available prey. Lengthmayhavefurther implications for physiological processes such as circulation and thermoregulation-longer

body lengths at similar masses will have larger surface area to volume ratios, increasing heat

loss and thus energetic expenditure. Grey seals that breed on North Rona, Scotland behav

iorally thermoregulate to avoid thermal stress during the breeding season (Twiss et al. 2002),
though the North Rona colony uses warmer autumnal months as their breeding season.
While our study only followed female offspring through early adulthood, male pups likely

also benefit from increased skeletal size later in life. In big horn sheep, Ovis canadensis,
another mammalian species with male-male intrasexual selection, early size explained more of
the variation in adult performance in males than for females, and females were better able to

compensate for small natal size than males (Festa-Bianchet et al. 2000). In grey seals, body
length was found to be an important factor in tenure (time spent at a site among females) of

adult males, increasing access to females (Lidgard et al. 2012). Longermalesmayhavegreater
competitive ability and endurance (Murphy 1998), and thereby be more successful at defending

harems through intimidation displays and male combat. However, no strong relationship with
reproductive success was found, as measured by observed number of mates, which may be

due to difficulty in measuring reproductive success of male grey seals (Lidgard et al. 2012).
Male body mass explained more variation than body length in reproductive success, but as a

quadratic relationship with the number of consorts mated and the estimated number of pups
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sired such that males of intermediate masses experienced the greatest success (Lidgard et al.

2005).

Regardless, longer pups do not necessarily mature into longer adults. Bowen et al. (2015)
found a positive, but weak correlation between body length of these female pups and their

length at primiparity (age at first reproduction), and length data collected sporadically since
suggests this relationship is small through adulthood. Natal body length accounted for 6% of

the variation in primiparous length (n = 325, Bowen et al. 2015), 4.6% of variation in body

length of adult females during early adulthood (5-10 yrs, n = 268, unpublished data) and 4.3%

of the variation in body length of older females (10+ years, n = 29, unpublished data). So, it

is unlikely that the results reported here are solely due to longer individuals when young re
maining long throughout life. Growth and reproduction are involved in a classic physiological

trade-off, and further somatic investment during reproductive years may be unfavorable to max
imizing fitness (Partridge and Harvey 1988, Green and Rothstein 1991,Stearns 1992), though

this relationship may be mediated by individual quality (Clutton-Brock 1984,van Noordwijk
and de Jong 1986).

4.5.3 Evolutionary considerations ofnatal body length and reproductive performance

As long-lived iteroparous mammals that must allocate their reproductive effort over many

years to maximize fitness, the possession of a “longer natal" genotype may provide an edge
to produce pups that are more likely to survive to reproduction, and have greater reproductive
success, producing larger pups themselves. Across a wide variety of taxa, larger mothers pro

duce larger offspring (reviewed in Lim et al. 2014, Cameron et al. 2016). Length, if a heritable
trait that confers a reproductive advantage, could further ensure future generations to also have

higher reproductive probabilities. Heritable individual quality has recently attracted growing
interest among ecologists (Chambert et al. 2014, Cam et al. 2016, Gimenez et al. 2017), but

few studies have identified a source or specific traits contributing to heritable phenotypic qual
ity (Gimenez et al. 2017). Significant heritability of length traits have been estimated in many

systems (e.g. hindleg length Soay sheep, Wilson et al. 2007) though the extent of heritability

in body length in grey seals (and indeed seals and marine mammals generally) has not been
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tested.

In the grey seal cohorts we studied, there is evidence for positive selection fornatal length in
recruitment (Bowen et al. 2015), and, the results reported here indicate that natal length contin

ues to correlate with markers of fitness after recruitment in more frequent breeding and higher
investment in pups. Though this directional selection is predicted to, iflength is heritable, cause

long natal body lengths to evolve over time, it remains untested whether the population at large

is getting longer as selection pressures from increasing seal density intensify. The 1998-2002
cohorts analyzed here were the first in this population with standard lengths measured in the
process of marking for recapture, but lengths were also measured for pups born in more recent

cohorts (2014-2016). Preliminary analysis shows that pups born in the 2014-2016 cohorts are

0.66 cm (±0.19 SE, unpublished data) shorter on average than pups born in the 1998-2002
cohorts, so it does not appear that there is any observable response to the selection pressures

in pups being produced on Sable Island. This is unsurprising; due to the low survival rate of
cohorts recruiting during slowing population growth, the bulk of the reproductive population

is still older females born during a period of exponential population growth that experienced
very little size selection. So, even if this trait were heritable with selection acting upon it, long
reproductive lifespans and low recruitment to the breeding population can drive a slow rate of
evolution. If this trait is at stasis, genetic constraints may also prevent the evolution of body

size (e.g. a lack of heritable variation, genetic correlations between traits under selection); or,
genetic evolution of larger size is occurring but these changes are masked at the phenotypic
level by changes in environmental conditions (Pujol et al. 2018, O'Sullivan et al. 2019).

The heritability of a trait may decrease over ontogeny, such that the correlation between
offspring traits and parental traits diminish with age or are only apparent in certain stages. Phe

notypic variance of body length likely declines with increasing age, due to processes such as

directional viability selection that acts in particular over early ontogeny (e.g. survival to repro
ductive recruitment) and compensatory growth processes. So, females that produce long pups

could have been long in early development themselves, but of average length through adult
hood. For Sable Island grey seals as well as most other animal populations, very little data exist
to determine if there is selection on this trait through later stages oflife. Grey seals have partic
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ularly high and consistent survival as adults (0.989±0.001 forfemales aged 4-24, 0.901±0.004

for females aged 25+, den Heyer and Bowen 2017), so directional selection on body length as

adults is more likely to act through variation in reproductive performance. Further investigation
into changes in size-selective vital rates as the population continues to increase would likely

yield important insights into density-related evolutionary changes in long-lived animals.

4.5.4 Implications for population dynamics

The Sable Island grey seal breeding colony has increased dramatically over the past half

century with near maximum population growth of 13% per year between the 1960s and late

1990s (Bowen 2011) and a reduced rate ofincrease of4% from 1997 to 2016 (den Heyer et al.

2017, den Heyer et al. 2021). Female grey seals born during a period of exponential population

growth in the 1980s and 1990s had apparent juvenile survival probabilities to reproductive
recruitment of 0.7-0.8 (den Heyer et al. 2013). By contrast, in the late 1990s to early 2000s,
when our study females were born, the population experienced reduced population growth rate

as it seemingly approached carrying capacity (Bowen etal. 2007, Bowen 2011, den Heyer et al.
2017, den Heyer et al. 2021), with drastically reduced apparent juvenile survival probabilities

ranging from 0.26to 0.39. Previous analyses suggest a size-selective mortality, with individuals
withlongernatal lengths more likely to survive to reproductive recruitment (Bowen etal. 2015).
We note that our sampling scheme and modeling framework may yield only a conservative

estimate of the relationship between natal length and reproductive performance, as we only

included individuals that survived to recruit to the breeding population and (1) observed on the

island in at least 2 years and (2) nursed their pup long enough to be recorded by our research
teams. These qualifications result in a sample that only explores part of the spectrum of re

productive investment. Inexperienced or low quality mothers may frequently flee or abandon
pups, and these reproductive attempts would not be recorded in our observations, though this is

not a source ofserious bias (Hammill et al. 2017).For these reasons, poor performers are much

less likely to be observed, resulting in a larger proportion ofhigh quality females in our sample
than present in the Sable Island breeding population.

Our sample of females make up the post-selection distribution of body size, and this study
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can perhaps be viewed as a lens into the reproductive performance of individuals growing

during intense selection pressure and slowing population growth (Coltman et al. 1999, Allen
et al. 2008). In addition to our results linking natal size with reproductive success, we found

that this sample of females exhibited a slight cost of reproduction not detected when a larger

subset of the population was analyzed (Badger et al. 2020), which included females born in

the 1960s, 1970s, and 1980s that went through the juvenile stage when population density was

much lower. From this, we may infer that ecological conditions during early stages can mediate
future trade-offs and shape the natural selection on life history and pace-of-life (Clutton-Brock
et al. 1987, Coltman et al. 1999). Intensified competition among these age groups may drive

a less favorable energetic trade-off between survival and supporting reproduction for newly

recruiting individuals. Alternatively, the discrepancy could be a result of younger, smaller
individuals dominating the data set analyzed here, versus older, more experienced individuals

in the previous analysis. A cost ofreproduction may diminish over time, such that it would not
be detected in a data set comprised of mainly older individuals. A more formal comparison of

reproductive rates among cohort groups incorporating interactive effects of female experience

and age is needed to assess how increasing population density may have influenced drivers of

life history evolution in grey seals.

The Sable Island grey seal population is still increasing at a rate of 4% per year, and as
the Scotian shelf becomes more saturated with seals, juvenile selective survival will likely in

tensify (Eberhardt and Siniff 1977). If so, the estimated effects of offspring size on maternal
fitness may be greater during this period of slowing density dependent population growth, and
continue to rise (Clutton-Brock et al. 1987). Long-lived, iteroparous species such as grey seals

have high survival rates likely because they are able to vary reproductive effort in response
to environmental conditions (Bull and Shine 1979, Allen et al. 2008). Females may be more
likely to forego reproduction altogether than support gestation and birth only to provide insuffi

cient or highly variable care to dependent offspring. Mothers may opt instead for fewer, larger
offspring more likely to survive and become better reproducers. While this theory is not sup

ported by previous work on lifetime reproductive performance of grey seals using a sample of
females born in the 1980s cohorts (Chapter3), as discussed previously, the nature oflife history
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variation may fundamentally change as competition continues to increase (Clutton-Brock et al.

1987, Coltman et al. 1999, Allen et al. 2008).

4.5.5 Carryover effects ofmorphology during early ontogeny

The covariation between natal length and future reproductive performance reported here is
more likely to be a carry-over effect from advantages granted to growth and self-maintenance as

a juvenile that allow for greater adult performance, rather than a physical trait that is maintained
throughout life. Carry-over effects describe how the environment experienced early in life can

affect the expression oftraits in different life stages and habitats (O'Connor et al. 2014, Moore
and Martin 2019). Carry-over effects that occur at the individual level can affect a wide range
offitness parameters, propagating long-term, large scale consequences on population dynamics

and composition and so influence multiple levels of biological organization from individuals,

populations, and even community structures ((Norris 2005, Betini et al. 2013, O'Connor et al.

2014, Moore and Martin 2019).

Development rarely resets entirely during different environments and life stages- it should

be no surprise that these cascading linkages are present across taxa (Moore and Martin 2019)
and have been extensively documented over the last two decades. For example, larval experi

ences of marine invertebrates, such as stress or prolonged swimming time, can have carryover
effects on juvenile growth and survival despite the massive tissue reorganization associated

with metamorphosis (Marshall et al. 2006). The distribution of body sizes in water pythons
reflects stochastic rain-fall induced annual variation in prey availability over the preceding
decades (Madsen and Shine 2000), and nonmigratory fish experiencing high stress in spring

show differences in growth rates through the summer (O'Connor et al. 2014). Descamps et al.
(2008) found that red squirrels (Tamiasciurus hudsonicus) that were born under conditions of
higher food availability between birth and weaning had a higher reproductive success as adults
than those born under lower food availability. A study of Spartina alterniflora salt marshes

demonstrated that the effects of a single enrichment of nitrogen persisted for up to three years,
affecting plant primary productivity long after the nitrogen supplement has been exhausted
(Gratton and Denno 2003). Nussey et al. (2007) found that red deer females experiencing high
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levels ofresource competition during early life showed faster rates of senescence as adults. The
classic example of a seasonal carry-over effect comes from studies of migratory birds, where

birds overwintering in high quality habitats have higher reproductive success in the subsequent

breeding season than birds overwintering in less desirable habitats, although the quality ofthe
breeding habitat is the same for both groups (Harrison et al. 2011). Carryover effects pro
vide a substantial source ofvariation in fitness such that we often cannot understand ecological
dynamics of natural populations when only current conditions are observed.

Food availability during the ontogenetic period is a key environmental factor in carry-over
effects (Descamps et al. 2008, Harrison et al. 2011), with the ultimate driver being habitat

quality, or less commonly reported, intraspecific density. Our results suggest female grey seals
experience a carry-over effect of individual characteristics in early ontogeny on future repro

ductive performance that was likely induced by negative density dependence. Breed et al.

(2013) documented that juvenile grey seals may be competitively excluded from key foraging
grounds near Sable Island by adult females as the population increases, potentially contribut

ing to the stark decline in juvenile apparentsurvival to recruitment in the 1998-2002 cohorts

(den Heyer et al. 2013). This exclusion may continue into adulthood, such that there is further

intense competition to secure ideal foraging grounds, else expend more energy traveling on
foraging bouts. It is possible that longer juveniles were more able to compete with adults and

secure better foraging habitat, which carried over into reproductive years affecting their repro
ductive fitness traits (Lloyd et al. 2019). Young grey seals are largely unobserved from weaning
until recruitment to the breeding population, so the causal pattern linking natal length to sub
sequent performance is unknown. Further investigation into the factors influencing juvenile

ecology is needed to understand the life-long effects of early ontogeny.

4.5.6 Conclusions

Using nearly 20 years of reproductive data for a large sample of marked females, we found
that size in early stages ofontogeny is positively associated with two measures of reproductive

performance later in life. Our findings underscore the multiple lines of evidence before us that
have demonstrated that maternal fitness depends on attributes of offspring size and their cascad
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ing effects on offspring fitness, and constitute the first documentation ofsize carry-over effects

of early ontogeny on adult performance in pinnipeds, and likely also in marine mammals. In

this case, natal size appears to be acting as a carry-over effect coinciding with shifting popula

tion dynamics, our findings prompt further investigation into how negative density dependence
shapes the evolution of life histories in a long-lived, iteroparous animal. Phenotypic selection
across life stages will vary according to how fitness is maximized in a given environment, and

will have large-scale consequences in ecological and evolutionary time scales.
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Tables
Table 4.1: Four competing linear mixed effects models to describe the effect of natal length on
her reproductive performance, measured as offspring mass.

Model
Mod 0: Null

Mod 1: Linear effect of
natal length
Mod 2: Quadratic effect of
natal length
Mod 3: Interactive effect
with maternal experience
Mod 4: Cohort effects

Form
massj,t = π1 · agei,t + π2 ·
agei2,t +π3,m +π4 · I(sexi,t =
f emale) + αi + ηt +υi,t
Mod 0 +π5 · Lmi

AIC
17713

LRT p value

17702

p < 0.001

Mod 0 +π5 · LM,i + π6 · L2
M,i

17702

p = 0. 176

Mod 0 -π3,m + π5 · LM,i +
π6 · LM,i · I(pari,t =
2) + π7 · LM,i · I(pari,t =3)
Mod 0 + π5 · LM,i + πc,
where c ∈

17705

p = 0.602

17707

p = 0.631

{1998, 1999, 2000, 2001, 2002}
Where massi,t is the mass of the weaned pup born to female i in year t. Parameters π = {π1, π2, π3, π4}
reflect the quadratic age effect, effect of female experience, and pup sex, respectively, and

π ∈ {π5, π6, π7} describe the effect of maternal natal length, LM under different models. αi is the
random effect of individual such that αi ~ N(0, σα
2 ), ηt reflects the random year effect, where
ηt ~ N(0, σ2).
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Table 4.2: Four competing multistate mixed effects mark-recapture models to describe the
effect of natal length on her reproductive performance, measured as reproductive rate.
Model
Mod 0: Null

Form
ψkB = μ + λ1 · agei,t + λ2 ·
agei2,t +λ3,k+ βi+ θt +ωi,t

WAIC
2503.1

δ WAIC
14.8

Mod 1: Linear effect
Mod 2: Quadratic effect
Mod 3: Interactive effect
with maternal experience

Mod 0 +λ5 · LM,i
Mod 0 +λ5· LM,i+ λ6· L2
M,i

2488.3
2489.7
2498.0

0
1.4
9.7

2497.44

9.14

Mod 4: Cohort effects

Mod 0 +
λ5 · Lm,i + λ6 · Li · I(parit =
1)
Mod 0 + λ5 · LM,i + λc,
where c ∈
{1998,1999,2000,2001,2002}

Where ψik,tB is the probability that female i will be in a breeding state in year t . Parameters
λ= {λ1,λ2,λ3,λ4} reflect the quadratic age effect and the effect of previous states, respectively, and

λ ∈ {λ5, λ6} describe the effect of maternal natal length, LM under different models. βi is the random
effect of individual such that βi ~ N(0, σ2), θt reflects the random year effect, where θt ~ N(0, σθ).
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Table 4.3: Parameter estimates for favored linear mixed effects model describing variation in
pup weaning mass as a function of maternal age, experience (parity), pup sex, natal length LM,
and random effects of year and individual.

Parameter
Intercept

π1
π2
π3 pari,t =

2
π3 pari,t = 3

π4
π5
σI2D
σyyear
2ear

σ2

residual

Mean
49.22
14.46
-11.88
4.01
6.23
-2.26
1.07
4.67
1.29
5.45
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St. Error
0.791
1.26
1.19
0.55
0.63
0.22
0.29

Table 4.4: Posterior mean, SD, 2.5%, 50%, and 97.5% quantiles, and convergence diagnostic
^ of parameters for preferred multistate model, describing variation in reproductive rate (ψkB)
as a function of previous reproductive state, quadratic effect of maternal age (λ1,λ2), linear
maternal length as young LM (λ5), and random effects of individual and year. The effect of
previous state is reported here as transition rates among F, B, and N for ease of interpretation.

r

Mean

SD

2.5%

50%

97.5%

0.861
0.779
0.878

0.038
0.056
0.037

0.784
0.665

0.861
0.780
0.879

σβ2

1.003
1.003
1.003
1.016
1.016
1.001
1.007
1.006

0.385
-0.355
0.549
0.975
0.895

σ2

1.001

1.310

0.083
0.083
0.020
0.021
0.151
0.695

0.935
0.888
0.950
0.463
-0.096
0.594
0.999
1.269

Parameter
ψ
ψiiBF,,ttBB
ψiiN,tB

λ1
λ2
λ5
p

θ
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0.803
0.125
-0.440
0.513
0.924
0.673

0.371

0.412
-0.380
0.549
0.980
0.869
1.169

3.036

Figures

Figure 4.1: The estimated effect ofnatal length on provisioning performance as a female ages.
Lines are 0.025%, 50%, and 97.5% quantiles ofnatal lengths corresponding to 95 cm, 110 cm,
and 125 cm.
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Figure 4.2: Results from the Markov chain multi-state model describing probability of breed
ing, ψkB, as a function of (A) natal length, and (B) the female's previous state in year t-1.
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Figure 4.3: The cost of reproduction is estimated by finding the difference between reproductive
probabilities of non-breeders and breeders: panels depict posterior distribution of ψ BB minus
posterior distribution of ψ NB for (A) output of the models reported here, estimating reproduc
tive probabilities for females born from 1998-2002, and (B) the output from Badger et al. 2020,
a similar model estimating reproductive probabilities for females born 1962, 1969, 1970, 1973,
1974, 1985-87, 1989, and 1998-2002. Note that for (B), the models did not estimate a cost of
reproduction in terms of reproductive rate, where ψBB > ψ NB, i.e. current reproduction does
not incur a “penalty" to future reproduction. By contrast, our sample of females (A) show a
slight cost of reproduction ψ BB < ψ NB, where individuals are slightly more likely to breed in a
given year if they had skipped reproduction previously.
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Figure4.4:Densityplotsofthedistributionofnatallengthsofoursampleoffemalesbycohort,
1998-2002.
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Figure 4.5: There is no evidence for an interactive effect of natal length and parity- effect of
natal length on pup weaning mass does not taper off (p > 0.05, Table 4.1). Boxplots of pup
weaning masses for individuals with short (90 - 105 cm), average (105 cm - 115 cm), and tall
(115 - 125 cm) natal lengths (panels) over the 1st, 2nd, and 3+ parities.
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Chapter 5: Conclusions of Dissertation

This dissertation addressed several aspects of life history variation in a population of grey
seals breeding on Sable Island, Nova Scotia, Canada. Overall, I showed that individual varia

tion in reproductive ability is a prevalent and important feature of this population's dynamics.
Individual heterogeneity appears to be the main driver in variation in life history trajectories,
and this variation among females may in part stem from physical characteristics and conditions

during early ontogeny. These results have important implications for future demographic and

ecological analyses on this population as it reveals that individual variation cannot be ignored
to accurately estimate vital rates and underlying individual trade-offs. This work is one of few
on long-lived marine mammals and may provide insights into drivers of life history variation

ofother systems oflong-lived, iteroparous animals that are not as well observed but may be of
great conservation concern.

5.1

Individual heterogeneity in reproductive performance
I found substantial differences among individuals across reproductive traits, and these indi

vidual effects were well correlated, such that females that consistently returned to the island to
breed were also more likely to rear pups to an adequate size. Individuals were further consis
tent in their performance across age-classes, where individuals that produced larger pups and

returned to breed more often than their conspecifics did so throughout their lives. This variation
in performance was positively related to survival|individuals with greater reproductive invest
ment also survived better than those that invested less. It follows that there is a large disparity

among females inpup production onSable Island. By simulating the effectofthis heterogeneity
over an average lifetime, I found that individuals that were more “robust" or higher performers

were projected to produce 1.87x more viable pups than “frail" or poorer performers. I also
found that reproductive success was positively associated with natal length, and this effect did
not attenuate over time, revealing a carry-over effect from early ontogeny on adult performance
that may provide one source ofvariation among individuals. Taken together, these results indi

cate that individual heterogeneity, rather than energetic trade-offs among fitness components,
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is a more important factor in the distribution of life history phenotypes within this population
than reproductive costs.

However, reproduction likely still incurs substantial costs, and energetic trade-offs almost

certainly exist at the individual level (Roff 1992, Stearns 1992). Females producing large pups
more often than her conspecifics must support that effort with additional energy intake. In

general, measurable sources of among-individual heterogeneity arise because organisms must

balance the allocation of resources to reproduction and survival while attempting to maximize
fitness (i.e. through trade-offs, Fisher 1958, Williams 1966). The absence of any apparent

trade-off, expressed at the population- or individual-level, between a female's survival, repro
ductive frequency, and quality her offspring found here supports the hypothesis that in this

population individuals vary substantially more in resource acquisition abilities than in resource

allocation traits (van Noordwijk and de Jong 1986). Thus, individuals that are able to collect
more resources are then able to invest more in all functions and apparently override trade-offs

(Weladji et al. 2008), and that hypothesis would generally explain the findings of this disserta
tion. Support for higher variance in resource acquisition among individuals is similarly found

in otherphocids such as Weddell seals (Chambertetal. 2013), as well as many otherlong-lived,
iteroparous mammal and bird species (Cam et al. 2002, , Fay et al. 2016, Gimenez et al. 2017,

but see Moyes et al. 2009).

The mechanisms underlying individual heterogeneity in female reproductive parameters in
this population remain largely unknown, but as capital breeders that rely heavily on fat reserves
to support reproduction such as grey seals, factors that affect acquisition of energy resources
likely drive differences among individuals. In grey seals, differences in resource acquisition
may be directly linked to physical, physiological, or behavioral attributes that determine diving

and foraging characteristics. (Thompson and Fedak 1993, Williams et al. 2000). For example,

different individuals may adopt different strategies for the timing, duration, and location of for
aging bouts (Austin et al. 2004, Breed et al. 2009) which influences the foraging efficiency and

effective resource availability experienced by the individuals. Maternal body composition and
energy stores, or proxies thereof, are known to have large effects on offspring fitness in many
taxa, including grey seals (Pomeroy et al. 1999, Wheatley et al. 2006, Beauplet and Guinet
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2007, Stopher et al. 2008, Nafus et al. 2015; reviewed in Cameron et al. 2016). These effects
are mediated by physiological factors that may impact the effective use of energy resources,

such as mobilization of nutrients and blubber, milk content, lactation duration, and lactation
efficiency, which are known to vary among individuals and have important impacts on repro

ductive performance (Mellish et al. 1999, Crocker et al. 2001, Lang et al. 2006, Lang et al.
2009, Crocker et al. 2014).

Variation in access to and acquisition of resources or variation in the manner in which they
are allocated at one point in life also has future implications for fitness (Stearns 1992, Lind
strom 1999). Such carry-over effects from early development have been shown to influence
future survival probabilities or reproductive performance in a wide array of organisms (Festa-

Bianchet et al. 2000, Norris 2005, Descamps et al. 2008, Hamel et al. 2009, Uller and Olsson

2010, Harrison et al. 2011, Moore and Martin 2019). Findings reported here suggest that natal
length may have cascading influences during early life stages that carry over to influence repro
ductive success in grey seals. Offspring size is one of the most well-studied carry over effect,
though few studies have been able to follow individuals through reproductive maturity (FestaBianchet et al. 2000, Uller and Olsson 2010, reviewed in Krist 2011). Bowen et al. (2015)

found that juvenile apparent survival to reproductive maturity increased monotonically with

natal length, and the findings reported here constitute the first evidence of a carry over effect of
offspring size in marine mammals. Size may mediate the expected trade-off between growth,

self-maintenance, and mortality in early stages by increasing survival probabilities (avoiding
starvation, predator escapement) and/or increasing foraging efficiency, allowing individuals to
mature more quickly or invest in costly physiological functions to have greater lifetime repro

ductive output. Carry-over effects are subject to selection across the entire life cycle, which

should influence not only their own evolution but also the evolution of life histories and devel

opmental plasticity more generally (Moore and Martin 2019).

5.2

Consequences of individual variation and population dynamics
Natural selection of life history phenotypes responds to environmental variation, and so

will shift in response to changing ecological conditions. The rapid increase ofthe Sable Island
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grey seal population followed by recent slowing growth suggests the population is slowly ap
proaching carrying capacity (Bowen et al. 2007, den Heyer et al. 2013, den Heyer et al. 2021).

The effects of rising population density would not be expected to affect all strata of individu

als equally, and the distribution of these effects throughout the population may have important
consequences for population structure and stability (Lomnicki 1978, Begon and Wall 1987,

Kendall et al. 2011, Bassar et al. 2016). Density-induced changes in intraspecific interactions,
such as increases in competition for resources, influence the effect of phenotypic variation on
reproductive performance and the extent to which reproductive success may vary among indi

viduals (Clutton-Brock et al. 1987). Such competition may intensify differences in resource

acquisition abilities noted earlier.
I found a strong, positive effect of increasing population size (proxied by pup production)
on individual-level reproductive traits. High-performing individuals did better with increas

ing population size relative to conspecifics, with poor-performing individuals exhibiting only
marginal changes in reproductive traits with population size. This result suggests the hierarchy

of individuals, in terms of robustness, is maintained but the differences between individuals

is magnified at high population sizes. The disparity between high and low performers in pup
production may become more extreme as the Sable Island breeding population continues to
increase, and eventually, reproductive costs may become more limiting even for the more “ro
bust" females. The capital breeding life history of this population may buffer the nature of

intraspecific competition near carrying capacity, and induces a compensatory functional re
sponse of density dependence (Eberhardt and Siniff 1977). In addition to reduced recruitment

into the breeding colony, at some point, a gradual lowering of female fecundity is expected as
the population becomes increasingly closer to carrying capacity (Eberhardt and Siniff1977).

The long-held implicit assumption that animals are identical ignores the impact of indi
vidual variation on population dynamics, influencing deterministic processes and stochasticity
to determine plasticity and persistence, thus driving evolutionary response to environmental

change. Failure to account for unmeasured individual differences can lead to biased estimates of
demographic variability and the parameters describing population dynamics (Lomnicki 1978,

Vaupel et al. 1979, Kendall et al. 2011, Chambert et al. 2013, Plard et al. 2015, Paterson et al.
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2018). Moreover, when vital rates are positively correlated at an individual level, as in the
findings reported here, the loss of a “robust" female would have more profound effects on

population trajectory, as she would survive to reproduce more offspring than a “frail" female
(Conner and White 1999). Positive associations of survival and reproductive abilities also mean

that phenotypic selection within birth cohorts will lead to a decrease in the proportion of in

dividuals with lower survival and correspondingly lower reproductive performance, which can
mask senescence (Vaupel and Yashin 1985, Forslund and Part 1995, Cam et al. 2002). Such
masking could be exacerbated by increased intraspecific competition, such as a consequence

of increased population density. Recent advances in statistical models have progressively en
larged the scope of models accounting for individual heterogeneity in demographic analyses,
and thanks to the maturation of long-term monitoring programs such as on Sable Island, in
vestigations into assessing the magnitude of individual heterogeneity and quantifying its con

sequences has become an area of very active research (Gimenez et al. 2017).

5.3

Future directions
The investigation of among-individual differences in phenotypic quality, survival, and re

production in wild populations is gathering more and more attention in the ecology literature
(Cam et al. 2016, Gimenez et al. 2017), and our findings suggest several avenues for future
work. The finding of substantial intrinsic individual variation in a population naturally raises

the question of its evolutionary significance, as such variability is acted upon by natural selec

tion to bring about evolutionary change. For adaptive evolution to occur, phenotypic variability
must be heritable and correlate to fitness variation. It is difficult to assess generational link

ages of fitness traits for populations with long lifespans. Previous work from the Erebus Bay

population of Weddell seals found a positive, but weak correlation between the reproductive
rates of a mother and her female offspring, suggesting some degree of heritability for individ
ual reproductive performance (Chambert et al. 2014). If parent and offspring phenotypes are
correlated, reproductive heterogeneity can alter the asymptotic population growth rate (Kendall
et al. 2011), so understanding the heritability of individual heterogeneity has important impli

cations for population dynamics. Efforts to mark and follow generations in the Sable Island
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grey seal population will soon mature to allow such investigations into heritability of fitness
traits with a large sample of mother/daughter pairs. Recent work has already identified com
ponents of the genetic architecture of maternal personality and reproductive performance traits
(Bubac et al. 2021). Future studies should also further address variation in male reproductive

contributions, dynamics of mate choice, and the genetic determinants of heritability to advance
our understanding of the evolutionary consequences of individual heterogeneity.
My fourth chapter revealed potential changes in the forces of selection of life history traits

with increasing population size, but this hypothesis requires further analysis. Reproductive

costs may be greater for individuals that experienced high size-selective juvenile mortality and
recruited to a saturated breeding population during a period of slowing population growth,

whether by forces of direct competition for resources or carry-over effects of juvenile condi

tion (Prout and Mcchesney 1985, Clutton-Brock et al. 1987, Marshall et al. 2006, Allen et al.

2008, Hamel et al. 2009). Our current grasp of offshore intraspecific competition in this pop
ulation is quite narrow (Breed et al. 2013), and identifying limiting resources and interactions

could greatly expand our knowledge of the causes of individual variation in vital rates and how
these dynamics may change with increasing population size. Understanding how ecological

conditions may mediate the balance between relative forces of life history evolution, energetic

trade-offs, and individual heterogeneity could greatly improve management of natural popula

tions of long-lived animals across dynamic environments.
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Appendix
Chapter 2

Chapter 2: Supplementary Tables & Figures

Figure A1. Trend in grey seal pup production on Sable Island, 1962 to 2016, based on incom
plete tagging (1962-1974) and aerial photographic surveys (1989-2016). Error bars are SE.
Red line represents an exponential curve fit to the 1976 to 1997 estimates. The blue line repre
sents a linear regression fit to the 1997 to 2016 estimates. Figure from den Heyer et al. CSAS
Research Document 2017∕056.
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Figure A2. Models describing provisioning performance and reproductive frequency are mod
eled simultaneously to allow estimation of covariance in individual traits. Provisioning perfor
mance (a binomial variable) is the response variable in a GLMM with predictors population
density (Nt ) and matrix of individual covariates Xi, with output of the model including the
population-level response to increasing population density η p, individual effects on success
αi, p and individual effects on the slope with population size βi, p. Individual capture histories
were first modeled using a MSORD to reliably estimate transitions into and out of the breeding
state by robustly accounting for detection error. Transition rate into the breeding state (repro
ductive frequency) was then modeled using a GLMM with predictors population density (Nt )
and matrix of individual covariates Xi, with output of the model including the population-level
response to increasing population density η f , individual effects on reproductive rate αi, f and
individual effects on the slope with population size βi, f . Individual effects for both models were
modeled as a multivariate normal distribution N4(0, Σ) to estimate covariance among effects.
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Figure A3. Posterior distributions of among-individual variance in: (A) reproductive frequency
σαf , (B) slopes with population size in regards to reproductive frequency σβf , (C) provisioning
performance σαf , and (D) slope with population size in regards to provisioning performance
σβp . Dashed lines are posterior means.
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Figure A4. Posterior distributions of the correlation between an individual's: (A) reproductive
frequency intercept and provisioning performance intercept ρ(α f , αp), (B) slopes of reproduc
tive frequency and provisioning performance with population size ρ(β f , βp), (C) provisioning
performance intercept and slope of provisioning performance with population size ρ(αp, βp),
and (D) reproductive frequency intercept and slope of reproductive frequency with population
size ρ(α f , β f ). Blue dashed lines are posterior means.
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Figure A5. Posterior distributions of reproductive traits. Top panel (red) displays posterior
distributions of reproductive frequencies given that individuals were (A) first time breeders,
(B) breeders, or (C) nonbreeders in the previous year. Red dashed lines are posterior means.
Bottom panel (blue) shows posterior distributions of provisioning performance rate g if a female
had (D) successfully provisioned for her pup the previous year or (E) did not successfully
provision for her pup in the previous year. Blue dashed lines are posterior means.
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Figure A6. Histogram of the difference between samples of posterior distributions of provi
sioning performance rate g if a female had successfully provisioned for her pup (g|(Yi,t-1 = 1)
the previous year or not (g|(Yi,t-1 = 0). Note that the distribution symmetrically centers on
zero, indicating there is no meaningful effect of previous performance on provisioning. Blue
dashed line is the mean difference across iterations.
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Chapter 4

Chapter 4: Supplementary Tables & Figures

Table B1: Parameterestimates forMod 0, anull linear mixed effects model describing variation
in pup weaning mass as a function of maternal age (π1, π2), female experience (parity, π3), pup
sex (π4), and random effects of year and individual. Refer to Table 4.1 for model structure.
Parameter
Intercept

π1
π2
π3| pari,t
π3| pari,t

π4

σI2D
σyyear
2ear

σ2

residual

=2
=3

Mean
49.15
14.49
-11.97
4.05
6.26
-2.26
4.77
1.28

5.45
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St. Error
0.75
0.22
1.19
0.55
0.62
0.22

Table B2: Parameter estimates for Mod 2, a linear mixed effects model describing variation in
pup weaning mass as a function of maternal age (π1, π2), female experience (parity, π3), pup
sex (π4), a quadratic effect of natal length (π5, π6), and random effects of year and individual.
Refer to Table 4.1 for model structure.
Parameter
Intercept

π1
π2
π3| pari,t = 2
π3| pari,t = 3

π4
π5
π6
σI2D
σyyear
2ear

σ2

residual

Mean
48.79
14.45
-11.87
4.01
6.23
-2.26
-10.82
11.49
4.66
1.29
5.50
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St. Error
0.75
1.26
1.20
0.55
0.62
0.22
8.83
8.52

Table B3: Parameter estimates for Mod 3, a linear mixed effects model describing variation
in pup weaning mass as a function of maternal age (π1, π2), maternal experience (parity, π3),
pup sex (π4), natal length (π5) an interactive effect of natal length and parity (π6), and random
effects of year and individual. Refer to Table 4.1 for model structure.
Parameter
Intercept

π1
π2
π3| pari,t = 2
π3| pari,t = 3

π4
π5
π6| pari,t = 2
π6| pari,t = 3
σI2D
σyyear
2ear

σ2

residual

Mean
49.22
14.51
-11.92
4.01
6.24
-2.26
0.93
0.47
0.12
4.67
1.29
5.46
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St. Error
0.75
1.26
1.20
0.55
0.62
0.22
0.45
0.52
0.40

Table B4: Parameter estimates for Mod 4, a linear mixed effects model describing variation in
pup weaning mass as a function of maternal age (π1, π2), female experience (parity, π3), pup
sex (π4), natal length (π5), female cohort (π6), and random effects of year and individual. Refer
to Table 4.1 for model structure.
Parameter
Intercept

π1
π2
π3| pari,t = 2
π3| pari,t = 3

π4
π5

π6∣cohorti = 1999
π6| cohorti = 2000
π6| cohorti = 2001
π6| cohorti = 2002
σI2D
σyyear
2ear

σ2

residual

Mean
48.78
14.49
-11.95
3.98
6.18
-2.26
1.15
0.80
1.11
0.27
-0.09
4.67
1.29
5.45
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St. Error
1.00
1.26
1.20
0.55
0.62
0.22
0.29
0.89
0.97
1.00
1.02
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
November 4, 2016

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-1] Reproductive ecology of grey seals

The IACUC reviewed and approved the New Project referenced above by Full Committee Review.
Received:

October 27, 2016

Approval Date:

November 3, 2016

Initial Approval Date:

November 3, 2016

Expiration Date:

November 3, 2017

This action is included on the November 3, 2016 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures on the following page.

-1-
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
December 4, 2017

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-4] Reproductive ecology of grey seals

The IACUC has reviewed the Progress Report by Designated Member Review and the Protocol has been
approved for an additional year.
Received:

November 29, 2017

Initial Approval Date:

November 3, 2016

Effective Date:

December 2, 2017

Expiration Date:

November 3, 2018

This action is included on the December 14, 2017 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures detailed in the form 005
"Reporting Concerns".

America's Arctic University
UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual:
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
October 4, 2018

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-5] Reproductive ecology of grey seals

The IACUC has reviewed the Progress Report by Designated Member Review and the Protocol has been
approved for an additional year.
Received:

September 18, 2018

Initial Approval Date:

November 3, 2016

Effective Date:

October 4, 2018

Expiration Date:

November 3, 2019

This action is included on the October 11,2018 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures detailed in the form 005
"Reporting Concerns".

America's Arctic University
UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual:

-1-
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
November 21,2019

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-6] Reproductive ecology of grey seals

The IACUC has reviewed the Progress Report by Full Committee Review and the Protocol has been
approved for an additional year.
Received:

September 11,2019

Initial Approval Date:

November 3, 2016

Effective Date:

November 15, 2019

Expiration Date:

November 3, 2020

**den Heyer must provide verification from CaCC or Dalhousie University that they do not require renewal
OfIACUC training prior to participating in the project.
1. Submit in a new package the amendment/modifications to protocol, include animal numbers for the
next three years and update literature review.
This action is included on the November 14, 2019 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures detailed in the form 005
"Reporting Concerns".
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
December 12, 2019

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-7] Reproductive ecology of grey seals

The IACUC reviewed and approved the Amendment/Modification referenced above by Designated
Member Review.
Received:

November 25, 2019

Approval Date:

December 12, 2019

Initial Approval Date:

November 3, 2016

Expiration Date:

November 3, 2020

This action is included on the December 12, 2019 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures on the following page.
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FAIRBANKS

(907) 474-7800
(907) 474-5993 fax
uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee

909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270
October 14, 2020

To:

Greg Breed, PhD.
Principal Investigator

From:

UniversityofAIaska Fairbanks IACUC

Re:

[871635-8] Reproductive ecology of grey seals

The IACUC has reviewed the Progress Report by Designated Member Review and the Protocol has been
approved for an additional year.
Received:

September 29, 2020

Initial Approval Date:

November 3, 2016

Effective Date:

October 14, 2020

Expiration Date:

November 3, 2021

This action is included on the November 12, 2020 IACUC Agenda.

Pl responsibilities:
• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol.

•
•
•

•

Failure to obtain Ormaintain valid permits is considered a violation of an IACUC protocol and could
result in revocation of IACUC approval.
Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
Inform research personnel that only activities described in the approved IACUC protocol can be
performed. Ensure personnel have been appropriately trained to perform their duties.
Be aware Ofstatus of other packages in IRBNet; this approval only applies to this package and
the documents it contains; it does not imply approval for other revisions or renewals you may have
submitted to the IACUC previously.
Ensure animal research personnel are aware of the reporting procedures detailed in the form 005
"Reporting Concerns".

America's Arctic University
UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual:
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