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ABSTRACT
The early-developmental period can have important consequences for offspring
success later in life. Phenotypic differences among parents and offspring influence energy
availability as well as patterns of allocation and trade-offs during development. Variation in
behavioral development prior to weaning may be an important determinant of post-weaning
success. Here, we use hierarchical Bayesian models and a long-term database of phenotypic
characteristics to investigate sources of variation in total time spent in the water and age at first
entry in Weddell seal pups from 11-30 days of age. We found that time in the water was greater
for pups with higher birth mass, greater for female than for male pups, lower for pups first
entering the water at older ages, had a quadratic relationship with maternal age that peaked at
intermediate maternal ages, and was higher for pups born to mothers who skipped reproduction
the previous year than those born to mothers that were pre-breeders or reproduced the previous
year. Some mothers consistently gave birth to pups that spent more time in the water. Age at first
entry was earliest for pups with higher birth mass born to mothers with above average
reproductive experience. Maternal identity accounted for slight variation in age at first entry. We
document that the first entry can occur as early as 4 days old, but on average occurs at age 14
days. Pups born heavier may have more stored energy to allocate to activity or mitigate costs of
submergence. Male pups may spend less time in the water to compensate for higher
developmental costs. We found support for proxies of maternal body condition but not maternal
behavior in describing time in the water, although maternal reproductive experience was
supported in our analysis of age at first entry. Our results indicate that some variation in time
spent in the water can be explained by the phenotypic characteristics of mothers and pups,
though unaccounted-for sources of variation could be involved. It would be useful if future
studies would investigate additional sources of variation and seek to understand how time spent
in the water is related to post-weaning outcomes.
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INVESTIGATING DIVERSE SOURCES OF VARIATION IN THE AMOUNT OF TIME WEDDELL
SEAL (LEPTONYCHOTES WEDDELLII) PUPS SPEND IN THE WATER DURING THE
LACTATION PERIOD
Introduction
The conditions offspring experience early in development can have lasting consequences
for their survival and reproductive success (Clark & Galef, 1995; Fairbanks, 1996; Hamel,
Gaillard, Festa-Bianchet, & Côté, 2009; Lindstrom, 1999; Monaghan, 2008; Quemere et al.
2018). The amount of ingested energy attained by offspring, as well as how it is processed and
allocated, can vary among individuals (Stearns, 1992). Where such variation exists, it could
explain observed differences in the physical, physiological, and behavioral development of
individuals early in life. Energy resources allocated to and used by some fundamental
physiological processes tend to be static among individuals of a given species and reduce the net
energy available for growth, activity, or other behaviors by a consistent amount. In contrast,
processes such as the gross input of food, and the proportion of net energy allocated to growth,
physical activity, or other behaviors, are more flexible and likely to vary among individuals
(Stearns, 1992).
Offspring within and between cohorts develop at different rates and attain varying
degrees of proficiency in key behaviors prior to weaning (Fagen, 1976; Heinsohn, 1991; Martin
& Bateson 1985). Net energy is often limited, particularly in periods where food resources are
less abundant, and the facets of offspring development for which allocation is more flexible
compete for this limited energy. In such cases, individual offspring encounter trade-offs in
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energy allocation and may distribute resources to growth, activity, and behavioral development
differently (Stearns, 1992). The characteristics of individual offspring, their mothers, and the
environmental conditions they experience are potential sources of variation in the availability
and allocation of energy early in life and could influence individual differences in behavioral
development.
The ontogeny of key behaviors may have a genetic foundation, enabling basic motor
function independent of outside stimulus or support (Thornton & Raihani, 2008). However,
development beyond basic functions can occur through other mechanisms, such as facilitation
via conspecifics, exploratory contact with the environment, and play (Caro & Hauser, 1992;
Galef, 1976; Mateo 2009; Mateo & Holmes, 1997). In species with extended parental care, the
dependency period is a likely time for the facilitation of skills to take place because naïve
offspring are near more-experienced conspecifics (Thornton & Raihani, 2010; West, Griffin, &
Gardner, 2006) and can imitate successful adult behaviors (Mateo, 2009; Slagsvold & Wiebe,
2007).
Maternal phenotypic characteristics are often used as proxies for maternal care behaviors.
Relationships between maternal care patterns and phenotypic traits such as body mass, age,
individual quality, reproductive experience, parity, and personality have been identified (Curley
& Branchi, 2013; Fairbanks, 1996; Gaillard, 2000; Groothuis & Maestripieri, 2013; Trillmich,
1996; Wilson & Nussey, 2009). In some cases, the phenotypic traits of mothers are related to
variation in the behavior and locomotor activity of offspring as well (Hooper, Berger, Rubin,
McDonald, & Crocker, 2019; Maestripieri, 1996).
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In polygynous mammals, females are often the sole providers of parental care, and
represent the primary source of nutrition available to offspring during the lactation period
(Clutton-Brock, 1991). Maternal body mass is linked to the weaning mass and survival of
offspring in many species (Arnbom, Fedak, Boyd, & McConnell, 2011; Birgersson & Ekvall,
1997; Bowen, Ellis, Iverson, & Boness, 2001; Trillmich, 1996). The nutrition that offspring
receive from their mothers can also influence an individual’s phenotypic characteristics such as
sex, body size, and birth date (Birgersson & Ekvall, 1997; Gaillard, 2000; Mateo, 2009; Trivers
& Willard, 1973).
The nutrition mammals receive from mothers early in life, particularly as it relates to
body size and condition, is a dominant predictor of the future success of offspring (Mousseau &
Fox, 1998; Gaillard, Festa-Bianchet, Yoccoz, Loison, & Toïgo, 2000). Offspring condition can
influence the long-term development of foraging skills (Thornton, 2008), as well as the
propensity to engage in locomotor activity (Burghardt, 2005). It is possible that such
relationships occur because skill development involves trade-offs between energy use and energy
conservation (Berghänel, Schülke, & Ostner, 2015; Cameron, Linklater, Stafford, & Minot,
2008; Nunes, Muecke, Sanchez, Hoffmeier, & Lancaster, 2004; Théoret-Gosselin, Hamel, &
Côté, 2015).
Personality traits represent an additional source of variation in behavioral development
that can manifest in both parents and offspring. Individual differences in parental personality can
have direct impacts on the personality traits of offspring and alter functional behaviors (Curley &
Branchi, 2013; Fairbanks, 1996; Groothuis & Maestripieri, 2013). In turn, the personality traits
of offspring have been linked to variation in locomotor activity (Galliard, Paquet, Cisel, &
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Montes‐Poloni, 2013), activity patterns such as dispersal (Fraser, Gilliam, Daley, Le, & Skalski,
2001; Sih, Bell, & Johnson, 2004), survival (Reale & Festa-Bianchet, 2003; Réale, Gallant,
Leblanc, & Festa-Bianchet, 2000), and fitness (Patrick & Weimerskirch, 2015; Réale, Reader,
Sol, McDougall, & Dingemanse, 2007; Smith & Blumstein, 2008).
In numerous species, young animals engage in play behavior. Play is associated with the
development of skills and behaviors early in life which may not be used in a functional capacity
prior to weaning but are necessary for success later in life (Bowen, 1991; Fagen, 1981; Oftedal,
Boness, & Tedman, 1987). In particular, the locomotor play hypothesis stipulates that locomotor
activity during dependency helps train the muscles, bones, and physiological pathways of
offspring to perform functional adult behaviors later in life (Berghanel et al., 2015; Brownlee,
1954; Fagen, 1981). The amount of time an individual dedicates to behaviors identified as
locomotor play has been linked to increased rates of musculoskeletal development (Cameron et
al., 2008; Holekamp & Smale, 1998) and juvenile survival (Fagen & Fagen, 2004; ThéoretGosselin et al., 2015).
Environmental variation is a common driver of phenotypic differences among individuals
(Monaghan, 2008), and offspring in early-developmental stages are particularly sensitive to
environmental conditions (Henry & Ulijaszek, 1996). Changes in the physical environment alter
the resources available to mothers for investment and the post-weaning conditions offspring
encounter (Gaillard et al., 2000; Quemere et al., 2018). Reaction norms occur when
environmental variation induces phenotypic variation at the population level, creating a
distribution of potential phenotypic responses to environmental conditions (Stearns, 1989). This
process can act to filter the effects of environmental stochasticity and form individualized
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trajectories for growth and development which are influenced by the phenotypic traits of both
parents and offspring (Monaghan, 2008; Westneat et al., 2011).
In phocid species, offspring development involves a unique transition from life on land or
ice to life in the water, the timing of which varies among species (King, 1983). The shift to
swimming as the primary form of locomotion requires extensive physiological development
(Donohue, Costa, Goebel, & Baker, 2000; Kanwisher & Ridgway 1983; Noren, Williams, Pabst,
McLellan, & Dearolf, 2001; Riedman, 1990; Thorson & La Boeuf, 1994), paralleled by the
development of a diverse set of skills and behaviors which increase locomotor efficiency
(Kikuchi, Sakamoto, & Sato, 2010; Williams et al., 2000; Williams, Fuiman, Horning, and
Davis, 2004). In most phocids, locomotor activity during the lactation period is infrequent, and
entry into the water occurs after weaning (Bowen, 1991; Burns, 1997; Hooper et al., 2019;
Lydersen & Kovacs, 1999). In both terrestrial and marine environments, locomotor development
takes time and requires both repeated exposure to physical activity and physical development
that occurs early in life (Martin & Bateson, 1985; Muir, 2000).
Trade-offs between growth and locomotor development can occur when the proportion of
net energy allocated to either is unequal, or simply because locomotor development itself
involves additional energetic costs (Berghanel et al., 2015; Jenssen, Åsmul, Ekker, &
Vongraven, 2010). Phocid offspring transitioning from terrestrial to cold-water, aquatic
environments early in life may encounter additional energetic costs associated with
thermoregulation because the specific heat of water is substantially higher than that of air (Blix
& Steen, 1979; Noren, Pearson, Davis, Trumble, & Kanatous, 2008; Tedman & Bryden, 1979).
When the gross availability of food resources varies with environmental conditions, or when the
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net availability of energy for allocation to growth or activity varies according to phenoty pic
variation in the traits of parents and offspring, any trade-offs involved could vary among
individual offspring. Given the potential for individual differences in energy availability and
allocation, as well as trade-offs between competing aspects of development and variation in
phenotypic characteristics, understanding how offspring vary as they transition to aquatic life,
and the sources of this variation, could provide interesting insight into early development and
locomotor activity.
Weddell seals (Leptonychotes weddellii) are the southern-most breeding mammal and
differ substantially from other phocids in that offspring begin to enter the water during the first
two weeks of life and continue to do so in the presence of attentive mothers throughout a long
period of dependency relative to other phocid species (Bowen, 1991; Burns 1997; Hill, 1987;
Lindsey, 1937; Tedman & Bryden, 1979). Weddell seals are notable divers, second only to
southern elephant seals in the depth and duration of dives. These skills are critical for accessing
and capturing prey, as well as navigating extensive crack systems in the sea ice to access haulout locations (Fuiman, Williams, & Davis, 2020; Stirling, 1969, Williams et al., 2004). The
physiological development of swimming capabilities in this species, particularly that of the dive
response, has been well-studied in adults (Burns, 1999; Burns & Castellini, 1998; Castellini,
Kooyman, & Ponganis, 1992; Kooyman, Castellini, Davis, & Maue, 1983; Kooyman, 2013;
Schreer & Testa 1996; Williams et al., 2004). In offspring, it appears likely that pre-weaning
diving capabilities are constrained by physiological and behavioral development (Burns, 1999;
Kikuchi et al., 2010).
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Pups are born on stable sea ice and are well-insulated from predation both on the ice and
in the water until breakup in the Austral summer (Wilson, 1907; Lindsey, 1937). Most pups are
thought to enter the water during lactation, despite water temperatures which average just above
the freezing point of sea water (Littlepage, 1965). It has long been noted however, that
individuals vary in age at first entry and total time spent in the water prior to weaning (Hill,
1987; Lindsey, 1937; Tedman & Bryden, 1979). Pups and mothers vary in several key traits
which may explain variation in this behavior. For example, Weddell seal pups undergo rapid
changes in body mass during the first month of life, gaining an average of 2.3 kg a day, but vary
in mass at birth and post-parturition mass gains (Paterson, Rotella, Mannas, & Garrott, 2016).
Variation in the body size and sex of offspring are related to patterns of activity in other mammal
species, perhaps due to differences in social structure, personality, or energy availability
(Berghanel et al., 2015; Jackson, White, & Knowlton, 1972; Nunes et al., 2004; Taber &
Dasmann 1954).
In other species, the timing of birth has consequences for postnatal habitat conditions and
is often tied to maternal condition and other characteristics that promote survival and later
reproductive success in offspring (Birgersson & Ekvall, 1997; Festa-Bianchet, 1988; Mateo,
2009). In Weddell seals, birth dates tend to be synchronized, and variation in the timing of birth
is related to phenotypic characteristics of mothers and pups, as well as environmental conditions
(Rotella, Paterson, & Garrott, 2016).
Mothers appear to play an active behavioral role in the transition of pups to a life in the
water, using calls and nudges to incite pups to enter (Lindsey, 1937; Thomas & Terhune, 2009).
Pups tend to enter after their mothers and exit before them but become increasingly independent
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with age (Tedman & Bryden, 1979). When pups are in the water, mothers are in close attendance
and at times display playful behavior toward offspring and aggression toward conspecifics
(Kaufman, Siniff, & Reichle, 1975; Lindsey, 1937; Tedman & Bryden, 1979). Ice-chewing
behaviors are unique to this species and are instrumental for the maintenance of ice holes
necessary for breathing, entry, and exit from the water (Stirling, 1969). It is unclear whether the
effort expended to maintain communal ice holes differs between individual mothers. The
inability to exit these holes is a known cause of mortality for Weddell seal pups (Lindsey, 1937;
Thomas & Demaster, 1983, Thomas & Terhune, 2009). However, on-ice survival is quite high in
this species (Proffitt, Rotella, & Garrott, 2010).
Late in lactation, mothers and pups have been observed together during shallow dives
that differ in form and function from those undertaken when pups are not present, indicating the
potential for skill development via facilitation (Sato, Mitani, Naito, & Kusagaya, 2003).
Currently, there is little evidence that pups forage prior to weaning (Burns, 1999; Burns, Clark,
& Richmond, 2004). Therefore, the time spent in the water by Weddell seal pups during lactation
seems unlikely to confer immediate nutritional advantages by augmenting energy budgets.
Females are the sole providers of parental care in Weddell seals, and energetic investment
in offspring is substantial (Boness & Bowen 1996; Oftedal et al., 1987; Wheatley, Bradshaw,
Davis, Harcourt, & Hindell, 2006). Mothers are thought to largely utilize a capital breeding
strategy and fast through a long lactation period relative to other phocid species, of 30-50 days
(Boness & Bowen, 1996; Schulz & Bowen, 2005; Trillmich, 1996; Wheatley, Bradshaw,
Harcourt, & Hindell, 2008). Mothers vary in many characteristics such as age, parturition mass,
reproductive experience, and inherent quality in this species, all of which can affect patterns of
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maternal care behavior (Hadley, Rotella, & Garrott, 2008; Proffitt, Garrott, & Rotella, 2008b;
Thomas & Terhune, 2009; Wheatley et al., 2008).
The timing and location of birth, along with maternal parturition mass, body condition,
age, and breeding experience, are expected to affect the phenotype of offspring in pinnipeds
(Bowen, 2009). Weddell seals support this expectation, as variation in maternal phenotype
produces offspring with moderate levels of variation in birth mass (Paterson et al., 2016; Proffitt,
Garrott, & Rotella, 2008a) and birth date (Rotella et al., 2016). Maternal characteristics are also
related to the proportion of mass allocated to pups during lactation, and the efficiency of that
allocation (Macdonald, Rotella, Garrott, & Link, 2020). The influence of the maternal phenotype
on the growth of offspring is unmistakable in Weddell seals, but the role of maternal phenotypes
in the development of early swimming behavior is unknown.
Weddell seal mothers and pups are easily accessed on the sea ice during the first 3 5 days
of life and are amenable to sampling efforts; virtually all mother-pup pairs can be detected and
approached closely in the weeks following birth (Hadley, Rotella, Garrott, & Nichols, 2006). The
phenotypic traits of mothers and pups, potential for energetic trade-offs, interesting behavioral
challenges faced by offspring early in life, and accessibility of mothers and pups for sampling
throughout the lactation period, offer a unique opportunity to investigate the factors influencing
variation in early behavioral development in a long-lived marine predator. Here, we utilize a
novel method to estimate time spent in the water across a large sample of pups over 9 years and
evaluate predicted relationships and hypotheses regarding diverse potential sources of variation
in time spent in the water.
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Methods and Materials
Study Site
The Erebus Bay Weddell seal population is located along the western coast of Ross
Island, Antarctica and has been intensively studied since 1968 (Stirling, 1969). Weddell seals
enter Erebus Bay in the Austral spring under a thick sheet of sea ice to give birth and breed in
8-14 pupping colonies located along seasonally occurring cracks in the sea ice. The most
prominent and predictable colonies form along tidal cracks that occur on the western coast of
Ross Island and the Dellbridge Islands, but groups also occur intermittently along cracks formed
by movement of the Erebus Glacier Tongue (Sterling, 1969). Females give birth from midOctober through November and are highly philopatric to colonies where they have previously
reproduced (Cameron, Siniff, Proffitt, & Garrott, 2007).
Each year from 1982 to present, intensive efforts have been made to tag all mothers and
their associated offspring in the study population, and missing and broken tags have been
replaced as needed to maintain individual identities and maternal reproductive histories
(Cameron & Siniff, 2004) in a database that currently contains information on 20,055 known-age
individuals.
Data Logger Deployment
We programmed and water-proofed iButton ® (DS1922L/T) temperature loggers each
year to record ambient temperature every 6 minutes, beginning on a pre-determined date during
the first four weeks of the birthing season (October 14th to November 9 th). The number of
iButtons programmed to start on a given day was proportional to the expected number of births,
which are approximately normally distributed and centered on October 30 th (Rotella et al., 2016).
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Programmed temperature loggers were mounted on Dalton® Superflexi livestock tags by popriveting a plastic fob to the ventral surface of the female component of the tag. Multiple layers of
Plasti Dip ® were applied to all surfaces of the tag and fob below the collar of the tag to achieve a
smooth, watertight surface.
Each seal colony was visited every 24-48 hours to locate and tag newborn pups. Pups that
were 24 to 48 hours old and born to known-age mothers were selected to receive temperature
logging tags. Temperature tags were deployed on pups within a 10-day window prior to, but not
including, the programmed start date of the tag. This provided flexibility in the timing of tagging
events and the ability to capitalize on sampling opportunities. Age at initial tagging was
estimated using the state of the umbilicus and the presence of a frozen placenta at the birth site.
Targeted sampling was used to achieve an approximately balanced number of pups born to
young (less than 8 years old), prime age (8-16 years old), and old mothers (greater than 16 years
old). When choosing among mother-pup pairs within a maternal age class, we prioritized
mothers who had previous pups included in the study to obtain repeated measures on individual
mothers across multiple years.
Upon selection of a mother-pup pair, a single temperature tag was attached to the
interdigital webbing of one of the pup’s rear flippers, in addition to two identical pairs of
Dalton ® Superflexi livestock identification tags. Parturition mass measurements were taken
during this initial tagging event with the exception of a single individual weighed 1 day after
tagging for logistical reasons (that individual’s parturition mass was estimated by subtracting
1.81 kg from the original mass record to standardize all mass measurements to the day after
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birth; Paterson et al., 2016). We attempted to capture all pups carrying loggers between 30 and
40 days of age to remove the loggers and recover the stored temperature data.
Analysis of iButton Temperature Data
Recorded temperatures and associated time stamps (UTC+13) were extracted from
iButtons using Thermodata Viewer (Embedded Data Systems, LLC). Sea water in the area
maintains a near-constant temperature of -1.8°C. The temperature loggers used in this study
(iButton ® DS1922L/T) recorded ambient temperatures to the nearest one half-degree. When
submerged in water, individual loggers recorded consistent but slightly biased temperatures that
were near to but not exactly at the temperature of the water. The consistency in recorded
temperature of loggers submersed in water was in strong contrast with the relative
unpredictability in recorded temperature expected of loggers exposed to air, which allowed us to
analyze temperature records to determine when each tag was submerged in water or not.
We used code written and implemented in the R statistical computing environment (R
Core Team, 2020) to analyze the temperature record from each iButton and to identify values
that indicated when each tag was submerged (reference values). Time in the water was calculated
by identifying sequences of at least three consecutive time steps where the recorded temperature
was equal to the reference value for a given tag. The minimum sequence length of 18 minutes
used here was likely conservative but allowed us to confidently identify periods of time when the
tag was indeed submerged while providing an objective criterion for comparing results across
individuals. Total time in the water was calculated by summing the time of all identified
sequences for a given individual.
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In an effort to describe changes in this behavior as pups age, we also calculate d the time
pups spent in the water each day, termed daily duration. Daily duration was calculated in the
same manner as total time in the water, with the exception that events beginning and ending on
different days were split at midnight, such that the maximum possible daily duration was 24
hours. All submersion events occurring within a 24-hour period were summed and averaged to
provide an estimate of the average daily time spent in the water for each individual.
Due to the 10-day deployment window and the logistical challenges associated with
locating and removing temperature tags near the age of weaning, the data analyzed here are for
those individuals whose tags provided temperature records from 11 to 30 days of age. This
created a standardized window during which all temperature tags were operational and
recording. In the 9 years temperature tags were deployed, 19% of deployed temperature tags
failed on average due to either water damage or unknown complications resulting in no data
collection.
Visual inspection of raw temperature records during initial extraction was used to
identify and censor erroneous records. These were characterized by abnormally high, low, or
constant temperatures resulting from instrument failure. Ambient air temperatures gathered using
temperature tags secured to stakes in the ice provided baselines for use in identifying erroneous
records, as well as comparison of ambient temperatures to the temperatures recorded by
deployed tags. During the 2018 field season, visual sightings of pups were recorded
opportunistically, along with the timing of the sighting and whether the individual was sighted in
or out of the water. Visual sightings were cross-referenced with time and temperature records on
the tag, and no inconsistencies were found.
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Variable Suite and Predicted Relationships
We evaluated relationships between time spent in the water from 11 to 30 days of age and
(1) fixed attributes of pups, (2) fixed and dynamic attributes of mothers, and (3) individual year
(treated as a factor in the analyses) (Table 1). Offspring attributes included birth mass, age of the
pup when its tag was first submerged during the monitoring window (age at first entry), sex, and
birth date. Maternal attributes included age, age at primiparity, age-scaled relative parity,
reproductive state in the previous year, and identity.
We investigated multiple functional forms of offspring birth mass (pseudo-threshold
(Franklin, Anderson, Gutiérrez, & Burnham, 2000), linear, and quadratic) to evaluate competing
hypotheses regarding the effect of body condition on early activity in the water using body mass
as a proxy for body condition. Body condition was predicted to be positively correlated to
locomotor activity, and offspring in better condition at birth were predicted to spend more time
in the water than those in poorer condition (Nunes, Muecke, Anthony, & Batterbee, 1999; Nunes
et al., 2004; Sharpe, Clutton-Brock, Brotherton, Cameron, & Cherry, 2002). We evaluated this
hypothesis using a pseudo-threshold functional form with the natural logarithm of pup birth mass
as a covariate. We predicted that time in the water would initially increase rapidly with
increasing birth mass, but that the rate of rise would decline in the heaviest birth masses.
The quadratic functional form allowed for (1) no change in time in the water with
increasing pup birth mass (if both coefficients were ~0), (2) linear relationships where time in the
water increased as a function of birth mass (if the coefficient for the linear term was non-zero
and the coefficient for the quadratic term was ~0), and (3) concave parabolic relationships where
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time in the water was at a minimum in light-born pups, reached a maximum in pups born at
intermediate masses, and declined in pups born at the heaviest weights. A concave relationship
could result if pups with an intermediate birth mass balance trade-offs between growth and skill
development, while pups born heavier or lighter tend to employ strategies favoring energy
conservation and thus spend less time in the water.
Table 1. Structure of candidate models and the covariates and functional forms tested.
Model

1

2

3

4

Model Structure
𝜇̂ [ 𝑡𝑜𝑡𝑎𝑙. 𝑡𝑖𝑚𝑒] = Year [ i] + 𝛽1 𝑝𝑢𝑝. 𝑠𝑒𝑥 + 𝛽2 𝑏𝑖𝑟𝑡ℎ. 𝑑𝑎𝑡𝑒
+ 𝛽3 𝑙𝑜𝑔(𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠) + 𝛽4 𝑓𝑖𝑟𝑠𝑡. 𝑒𝑛𝑡𝑟𝑦
+ 𝛽5𝑙𝑜𝑔(𝑚𝑜𝑚.𝑎𝑔𝑒) + 𝛽6 𝑎𝑔𝑒. 𝑝𝑟𝑖𝑚𝑖𝑝𝑎𝑟𝑖𝑡𝑦
+ 𝛽7 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑝𝑎𝑟𝑖𝑡𝑦
+ 𝛽8 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝐹𝑖𝑟𝑠𝑡)
+ 𝛽9 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝑆𝑘𝑖𝑝) + 𝛽10 (1|𝑚𝑜𝑚. 𝐼𝐷)
𝜇̂ [ 𝑡𝑜𝑡𝑎𝑙. 𝑡𝑖𝑚𝑒] = Year[i] + 𝛽1 𝑝𝑢𝑝. 𝑠𝑒𝑥 + 𝛽2 𝑏𝑖𝑟𝑡ℎ. 𝑑𝑎𝑡𝑒
+ 𝛽3 𝑙𝑜𝑔(𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠) + 𝛽4 𝑓𝑖𝑟𝑠𝑡. 𝑒𝑛𝑡𝑟𝑦
+ 𝛽5 𝑚𝑜𝑚. 𝑎𝑔𝑒 + 𝛽6 (𝑚𝑜𝑚. 𝑎𝑔𝑒) 2
+ 𝛽7 𝑎𝑔𝑒. 𝑝𝑟𝑖𝑚𝑖𝑝𝑎𝑟𝑖𝑡𝑦 + 𝛽8 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑝𝑎𝑟𝑖𝑡𝑦
+ 𝛽9 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝐹𝑖𝑟𝑠𝑡) + 𝛽10 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝑆𝑘𝑖𝑝)
+ 𝛽11 (1|𝑚𝑜𝑚. 𝐼𝐷)
𝜇̂ [ 𝑡𝑜𝑡𝑎𝑙. 𝑡𝑖𝑚𝑒] = Year[i] + 𝛽1 𝑝𝑢𝑝. 𝑠𝑒𝑥 + 𝛽2 𝑏𝑖𝑟𝑡ℎ. 𝑑𝑎𝑡𝑒
+ 𝛽3 𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠 + 𝛽4 (𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠) 2
+ 𝛽5 𝑓𝑖𝑟𝑠𝑡. 𝑒𝑛𝑡𝑟𝑦 + 𝛽6 𝑙𝑜𝑔(𝑚𝑜𝑚. 𝑎𝑔𝑒)
+ 𝛽7 𝑎𝑔𝑒. 𝑝𝑟𝑖𝑚𝑖𝑝𝑎𝑟𝑖𝑡𝑦 + 𝛽8 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑝𝑎𝑟𝑖𝑡𝑦
+ 𝛽9 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝐹𝑖𝑟𝑠𝑡) + 𝛽10 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑢𝑠𝑡=𝑆𝑘𝑖𝑝)
+ 𝛽11 (1|𝑚𝑜𝑚. 𝐼𝐷
𝜇̂ [ 𝑡𝑜𝑡𝑎𝑙. 𝑡𝑖𝑚𝑒] = Year[i] + 𝛽1 𝑝𝑢𝑝. 𝑠𝑒𝑥 + 𝛽2 𝑏𝑖𝑟𝑡ℎ. 𝑑𝑎𝑡𝑒
+ 𝛽3 𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠 + 𝛽4 (𝑝𝑎𝑟𝑡. 𝑚𝑎𝑠𝑠) 2
+ 𝛽5 𝑓𝑖𝑟𝑠𝑡. 𝑒𝑛𝑡𝑟𝑦 + 𝛽6 𝑚𝑜𝑚. 𝑎𝑔𝑒 + 𝛽7 (𝑚𝑜𝑚. 𝑎𝑔𝑒) 2
+ 𝛽8 𝑎𝑔𝑒. 𝑝𝑟𝑖𝑚𝑖𝑝𝑎𝑟𝑖𝑡𝑦 + 𝛽9 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑝𝑎𝑟𝑖𝑡𝑦
+ 𝛽10 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝐹𝑖𝑟𝑠𝑡) + 𝛽11 𝐼 (𝑟𝑒𝑝𝑟𝑜.𝑠𝑡𝑎𝑡𝑢𝑠=𝑆𝑘𝑖𝑝)
+ 𝛽12 (1|𝑚𝑜𝑚. 𝐼𝐷)

Functional
Forms
log(part.mass)
log(mom.age)

log(part.mass)
(mom.age) 2

(part.mass) 2
log(mom.age)

(part.mass)2
(mom.age) 2

The age at which an individual first entered the water determines the total time it can
potentially spend in the water over the course of the monitoring period. For this reason, we
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predicted that age at first entry would be negatively related to time in the water and included a
linear functional form of age at first entry in each model.
Male offspring may display heightened activity levels, perhaps increasing risk early in
life (Jackson et al., 1972; Taber & Dasmann, 1954) or incurring costs to growth rates (Berghanel
et al., 2015). Thus, we predicted that male offspring would spend more time in the water than
female offspring, but that the effect would be small given that this species is not highly
dimorphic nor thought to be highly polygynous (Clutton-Brock, 1991; Harcourt, Kingston,
Cameron, Waas, & Hindell, 2007).
In Weddell seals, pups born early in the season tend to be male and have mothers of
higher quality than those born after the mean birth date (Rotella et al., 2016). Offspring born
early tend to be heavier and survive at higher rates in other large mammals as well (Birgersson &
Ekvall, 1997; Côté & Festa-Bianchet, 2001; Festa-Bianchet, 1988). Thus, we modeled birth date
using a linear functional form, with the prediction that pups born earlier than the me an would
spend more time in the water.
We investigated three functional forms of maternal age: pseudo-threshold, linear, and
quadratic. The quadratic functional form allowed for (1) no change in time in the water with
increasing maternal age (if both coefficients were ~0), (2) linear relationships where time in the
water increased as a function of maternal age (if the coefficient for the linear term was non-zero
and the coefficient for the quadratic term was ~0), or (3) concave parabolic relationships where
time in the water was at a minimum for young mothers, reached a maximum at prime age, and
was reduced at the oldest maternal ages. The pseudo-threshold functional form used the natural
logarithm of maternal age as a covariate and allowed the time a pup spent in the water and the
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age of its mother to initially rise rapidly with increased maternal age but to then have the rate of
rise lessen for pups born to prime-age and older mothers. We predicted that a pseudo-threshold
form would be well supported if maternal age was acting as a proxy for maternal experience in
our models, where the youngest, most inexperienced mothers initially experienced large
improvement with increasing age, with reduced benefits at older ages.
Age at primiparity is related to individual quality in Weddell seals (Hadley et al., 2006,
Rotella et al., 2016) and is also an indirect reflection of maternal experience. Age at primiparity
was modeled using a linear functional form; we predicted a negative relationship between time in
the water and age at primiparity. Age-scaled relative parity, a measure of each mother’s
reproductive performance calculated by subtracting the number of pups associated with an
individual from the mean number of pups produced by mothers of the same age, was correlated
with age at primiparity in our analysis (-0.62). However, variance inflation factors for these two
variables (1.98 and 2.34 respectively) were acceptable, and we chose to retain both in the
analysis (Craney & Surles, 2002). We evaluated a linear functional form of age-scaled relative
parity and predicted a positive relationship between it and time spent in the water.
A mother’s reproductive state in the previous year was a categorical covariate with 3
levels: pre-breeder (no previous pups), experienced (reproduced last year), and skip (reproduced
at least once before but not in the previous year). Multiparous mothers may benefit from
experience gained from prior reproductive events (Fleming, Morgan, & Walsh, 1996), and the
ability to sustain reproduction in sequential years may be an indication of su perior quality
(Clutton-Brock 1984; Nol & Smith, 1987). We predicted that pups born to mothers classified as
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either experienced or having skipped reproduction the previous year would spend more time in
the water than those born to pre-breeders.
We evaluated the extent to which individual mothers produced pups with similar amounts
of time spent in the water by including a random effect of maternal identity that was an intercept
adjustment term that was normally distributed around the intercept with a mean of 0. As we have
found evidence of individual heterogeneity in other aspects of seal biology (Chambert, Rotella,
& Garrott, 2014, Paterson, Rotella, Link, & Garrott, 2018; Macdonald et al., 2020), we expected
that maternal identity might be important to consider here.
Annual environmental conditions were assessed by allowing the intercept of the model to
be different in each year of the study (year was treated as a factor). We predicted that annual
conditions would account for a low amount of variation in time spent in the water, given the
stable nature of breeding sites observed over the period of this study and the lack of clear
environmental restrictions to early activity in the water between years.
Statistical Analysis
Total time in the water was found to be a continuous response with a skewed, zerotruncated distribution. We used a non-standard parameterization of the gamma distribution with
a logarithmic link-function in a Bayesian framework to analyze relationships between time in the
water and covariates of interest. The standard parameterization of the gamma distribution
assumes a constant coefficient of variation and led to issues with the predictive performance of
our models. We instead sampled values for the rate and shape parameter during Markov chain
Monte Carlo, which provided greater flexibility in the relationship between the mean and
variance of the posterior distribution. Covariates were centered using the mean and scaled by two
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standard deviations to place numeric and binary variables on similar scales (Gelman, 2008). We
used weakly-informative priors for both fixed and random effects in all models (Fixed:
N(0.0001, 1), Random: U(0,50)). Four individuals did not enter the water during the monitoring
period and were removed from the analysis due to concerns about the outsized impact of these
individuals on the predictive ability of models for other observations.
We used the R2jags package (Su & Yajima, 2015) to fit all models for MCMC sampling
in R (R Core Team, 2020). Three parallel chains were run for each model, with 30,000 samples
per chain and the first 1,000 samples rejected as burn-in. The resulting posterior distribution used
for inference was comprised of 87,000 samples for each model. We assessed posterior
convergence of the three chains using graphical (Geweke diagnostic, trace plots) and analytical
(Gelmin-Rubin statistic; Gelman & Rubin, 1992) outputs using functions contained in the R
package ggmcmc (Fernandez-i-Marin, 2016). Posterior predictive checks were performed on
each model in the suite. We assessed model fit using graphical comparisons of observed data to
data generated from the posterior distribution. All candidate models were found to generate
predicted data representative of the observed data set.
Following the methods of Link and Sauer (2015) and Macdonald et al. (2020), we
performed a fully Bayesian leave-one-out cross-validation using the Bayesian predictive
information criterion (BPIC) to assess the predictive ability of candidate models relative to one
another. Models were fit using R2jags and run in parallel processing using the snowfall package
(Knaus, 2015). To reduce computation time, we used the starting values extracted from the final
row of the posterior obtained during the initial model run (a point at which the model had
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converged) as initial values for the cross-validation analysis for each model and ran a single
chain for 10,000 iterations with no burn-in.
Leave-one-out-cross-validation analysis was conducted by removing a single
individual’s observation of total time in the water and calculating the log probability of the
missing observation based on estimated parameter values. Log probabilities were then summed
to calculate the conditional predictive ordinance (CPO) for each omitted observation (Gilks,
Richardson, & Spiegelhalter, 1995). The final BPIC score for each model is the sum of these
CPO values. We compared differences in final BPIC score between the top-performing model
and others in the suite using z-tests to measure the degree of difference between models (Link &
Sauer, 2015; Macdonald et al., 2020).
The age at which a pup first entered the water was the most informative covariate in each
of our supported models (see Results). To better understand what factors might explain the
variation present in the timing of first entry in this species, we performed a post-hoc gamma
regression analysis in a Bayesian framework with the goal of briefly summarizing potential
sources of variation in this important covariate. This analysis was conducted on the same data set
used in analyses of total time in the water, and only included data from pups whose time in the
water was monitored from 11 to 30 days of age.
We modeled the true age at first entry during the monitoring window of ages as a
continuous, latent variable and treated observed ages as rounded versions that were between -0.5
and +0.5 days of the true age at first entry. We recorded the number of days after age 11 that a
pup first entered the water, subtracted 10.5 days from each observed value (which produced a set
of positive, nonzero values), and used those converted values as our response values. We again
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included the shape and rate as parameters during MCMC sampling to test various relationships
between the mean and variance rather than assuming a constant coefficient of variation in our
model. We utilized the same suite of maternal and offspring covariates identified in our top
model of total time in the water.
All point estimates for coefficients presented here remain centered and scaled. Point
estimates are posterior means and are reported with 90% highest density intervals (HDI). For the
purposes of reporting and interpreting results, only covariates with HDI values not overlapping
zero are discussed in detail. To place posterior means into a biologically relevant context, we
present predicted values for specific characteristics of pups and mothers on the original
parameter scale referred to as reference animals. Unless otherwise noted, reference animal
predictions correspond to female pups born to experienced mothers, in an average year, with an
average random effect of maternal identity. Reference animal predictions were constructed from
an extended posterior of 8,000 samples. As during leave-one-out-cross-validation, we began
sampling the extended posterior at convergence by supplying the model with starting values
extracted from the final row of the posterior obtained during the initial model run.
Results
Temperature records were available for 713 pups born over 9 years. The average number
of temperature tags deployed in 2009-2011 and 2018 was markedly lower (mean = 54) than in
2012-2017 (mean = 134) due to field method development and logistical challenges. The sex
ratio of monitored pups was approximately equal: 349 female (49%) and 364 male (51%) pups.
The average birth mass was 30.16 kilograms (SD = 4.2 kg, range: 16.8—47.2 kg), and the
average birth date was October 24th (SD = 5 days, range: Oct.12 – Nov. 6).
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The data set included information from pups born to 419 different mothers, and 178 of
these mothers were sampled across multiple years (Table 2). On average, mothers were 14.0
years old (SD = 5.2, range: 5—31) with an average age at first reproduction of 8.0 years (SD =
1.6, range: 5—15), and had a mean age-scaled parity value of 1.0 (SD = 0.3, range: 0.2—2.3).
We collected information for 109 pups born to first-time mothers, 434 pups born to mothers that
had a pup in the previous year, and 170 pups born to mothers who skipped reproduction the
previous year.
Table 2. Number of repeated observations of maternal identity and the number of
mothers with 1-5 occurrences in the dataset
Number of observations

Number of mothers observed

1

241

2

95

3

58

4

17

5

8

Pups in the full dataset spent an average of 69.3 total hours in the water (SD = 28.0,
range: 3.7—204.2) from age 11 through 30 days of age (Fig. 1). The mean daily duration across
the full monitoring period was 3.5 hours (SD = 3.6 hours, range = 0—24 hours). Mean daily
duration at 11 days was 0.2 hours (SD = 1.1, range = 0—17.9 hours), 3.5 hours (SD = 3.3, range
= 0—21.7 hours) at 20 days, and 6.3 hours (SD = 3.7, range = 0—24 hours) at 30 days (Fig. 2).
Age at first entry within the monitoring window of 11-30 days had a mean of 14.9 (SD = 3.4,
range: 11—29 days; Fig. 1). The average time spent in the water was 2.8 hours (SD = 3.2, range
= 0.1—23.4 hours) on the day of first entry and 6.6 hours (SD = 3.5, range = 0.2—24 hours) on a
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pup’s final day of entry. Four individuals did not enter the water during the monitoring period
but did enter the water between 30 and 35 days of age.

Figure 1. Observed variation in hours spent in the water (left panel) and age at first entry into the
water (right panel) within the monitoring period of 11-30 days of age.

Within our full dataset, we had a subset of individuals with temperature records that
began by 3 days of age, which were used to investigate patterns of first entry occurring prior to
11 days of age. This subset contained 132 individuals observed over 6 years, with approximately
equal representation from female (n = 70) and male (n = 62) pups. The mean age at first entry in
the reduced data set was similar to that of the full data set at 14.5 days (SD = 4.8). However, the
earliest observed entry occurred at 4 days of age. Approximately 21% of pups entered the water
prior to age 11; these had a mean age at first entry of 8 days old.
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Figure 2. Observed variation in time spent in the water on each day in the monitoring period. The
lower and upper bounds of the box correspond to the first and third quartiles (25th and 75th
percentile) of daily duration on a given day in the monitoring period. Whiskers extend to the
largest or smallest value within 1.5 * IQR from the upper or lower bound of the box respectively.
Raw observations of daily duration are plotted in green.

Model Selection and Assessment
BPIC analysis identified a model with a quadratic functional form of maternal age and a
pseudo-threshold functional form of pup parturition mass (model 2) as the best predictive model
in our candidate suite (Table 3). However, other models containing covariates all had similar
BPIC scores, performed similarly to the best model, and outperformed the intercept-only model.
All 4 models containing covariates made very similar predictions about how time spent in the
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water varied as a function of the covariates (Appendix A). It is worth noting that pseudothreshold forms of maternal age and quadratic forms of birth mass were unsupported in this
analysis. Although we cannot distinguish among supported functional forms, we can draw
inferences about predicted relationships and do so using results for the best-supported model
with a pseudo-threshold functional form of parturition mass and a quadratic functional form of
maternal age.
Table 3. Model selection results indicating the model number, raw BPIC score, distance from the
top model, and results of Z-tests of differences in BPIC score.
Model

BPIC
Score

Delta
BPIC

Model
Comparison

Comparison
SD

Comparison
p-value

2

(MA)2 _logPM

-3308.66

0.000

---

---

---

3

logMA_(PM) 2

-3308.66

-0.004

Model 2 X
Model 3

3.66

1.0

1 logMA_logPM

-3309.37

-0.71

Model 2 X
Model 1

4.23

0.87

(MA)2 _(PM)2

-3312.90

-4.24

Model 2 X
Model 4

4.61

0.36

Null

-3413.50

-104.84

Model 2 X
Null

18.94

0.00

4

Reference Animal Predictions
Offspring Characteristics Our results indicate that several characteristics of pups and
mothers explain a modest amount of variation in the time that individual Weddell seal pups spent
in the water from 11-30 days of age. We found evidence in support of our prediction of a
positive relationship between time in the water and the birth mass of pups. Our top model
predicts that a pup with a parturition mass of 24 kg and values for remaining covariates set to
reference values would spend 65.7 (60.7 – 70.5) hours in the water (Fig. 3). Time in the water is
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predicted to increase to 70.5 (66.5 – 74.2) hours for a pup with a parturition mass of 30 kg, and
to 75.6 (70.4 – 80.4) hours for a pup with a parturition mass of 37 kg. As predicted, age at first
entry within the monitoring period was negatively related to time in the water. Pups with ages at
first entry of 11, 20, or 29 days are predicted to spend 85.8 (80.6 – 91.2), 54.3 (49.7 – 58.5), or
34.5 (28.8 – 40.0) hours in the water respectively.
Figure 3. Predicted hours spent in the water across observed values of pup birth mass, sex, and
age at first entry into the water. Predictions have been censored to only include combinations of
birth mass, sex, and age at first entry which are supported by observed data.
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In contrast with our prediction that male pups might spend slightly more time in the
water, we found that females swam several hours more than males on average. Females are
predicted to spend 70.5 (66.7 – 74.4) hours in the water, while males are predicted to spend 66.2
(62.7 – 69.7) hours in the water from 11 to 30 days of age. The coefficient relating pup birth date
to time in the water had a point estimate of -0.01 and a 90% HDI (-0.072, 0.053) that widely
overlapped zero and was not investigated further.

Maternal Characteristics We found support for a quadratic relationship between maternal age and
the total time pups spend in the water. Interestingly, none of the other functional forms tested in
our models were supported, and our initial prediction that maternal age might act as a proxy for
maternal experience and be best expressed with a pseudo-threshold function form found no
support. A pup with a 5-year-old mother is predicted to spend 64.3 (55.4 – 72.5) hours in the
water between 11 and 30 days of age (Fig. 4). Time in the water is predicted to peak at 70.5 (66.6
– 74.3) hours for pups born to 14-year-old mothers and to decline to a minimum of 50.0 (38.2 –
62.4) hours for pups born to 31-year-old mothers (the oldest maternal age recorded in our study
population).
Contrary to our prediction regarding maternal breeding experience, we found that pups
born to mothers classified as pre-breeders and experienced mothers spent similar time in the
water, whereas pups born to mothers who skipped reproduction the previous season spent the
most time in the water. Pups with mothers classified as pre-breeders, experienced, or skip
breeders the previous year are expected to spend 69.0 (60.9 – 77.9), 70.5 (66.7 – 74.4) and 76.1
(71.5 – 81.0) hours in the water respectively. The coefficients associated with maternal age at
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primiparity and with age-scaled relative parity both had 90% HDI’s that widely overlapped zero
and were not investigated further.
Figure 4. Predicted hours spent in the water across observed values of maternal age and
reproductive status the previous year. Predictions have been censored to only include
combinations of maternal age and reproductive status which are supported by observed data.

In line with our predictions, we found some evidence of consistent trends in time spent in
the water among pups born to the same mother. However, the range of values was relatively
modest. A pup born to a mother with an average random effect value is predicted to spend 70.5
(66.7 – 74.4) hours in the water (Appendix B), whereas pups born to mothers with random
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effects estimated at the outer bounds of the 90% HDI of estimated effects are predicted to spend
67.5 (63.6 – 71.3) and 73.4 (69.3 – 77.4) hours in the water, respectively.
Our model investigating sources of variation in the age at which a pup first entered the
water identified several sources of variation that included features of pups, their mothers, and
years. However, it is notable that each of the variables associated with variation in age at first
entry only explained about 2 days of variation when predictions were made across a wide range
of values for a given covariate. Pups that weighed more at birth tended to enter the water at
slightly earlier ages (Appendix D). Pups weighing 37, 30, or 24 kg at birth are predicted to enter
the water for the first time at 13 (13.4 – 14.2), 14 (14.0 – 14.8), and 15 (14.8 – 16.0) days of age,
respectively. A pup’s age at first entry to the water was negatively related to its mother’s
age-scaled relative parity. Predicted ages of first entry for pups born to mothers with relative
parity values of 0.22 (a value near the low end of observed values), 1.0 (an average value), or 2.2
(a value near the high end of observed values) are predicted to enter the water for the first time at
15 (14.3 – 17.0), 14 (14.0 – 14.8), and 13 (12.5 – 14.2) days of age, respectively. Estimated
coefficients associated with pup sex, pup birth date, maternal age, age at primiparity, and a
mother’s reproductive status all had 90% HDI’s that substantially overlapped zero.
A random effect of maternal identity explained variation in this follow-up analysis as
well. A pup whose mother had an average random effect value is predicted to enter the water for
the first time at 14 (14.1 – 14.8) days of age, whereas pups born to mothers with random effects
estimated at the outer bounds of a 90% HDI are predicted to enter at 13 (13.5 – 14.2 and 15 (14.7
– 15.7) days of age.
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We found support in this follow-up analysis that 3 of 9 years had slightly different
average ages of first entry than in the other 6 years. In an average year, with all other covariates
and maternal effects set to the mean, a pup is predicted to enter for the first time at 14 (14.0
– 14.8) days of age. Pups were predicted to enter 1 day earlier than the mean, at 13 days of age,
in 2010 (12.7 – 13.925) and 2011 (12.6 – 13.9), and 1 day later than the mean, at 15 days of age,
in 2016 (15.1 – 16.4).
Discussion
This analysis documents for the first time at population levels the large amount of
variation present in time spent in the water and age at first entry in this species and provides an
initial understanding of the factors influencing locomotor and behavioral development in
Weddell seals. Age at first entry had the largest effect size and is the most influential covariate in
our analysis of time spent in the water. Once an individual enters the water, it will generally
continue to do so and on average increase time spent in the water with age. The relationship we
found is intuitive, due to the upper age limit imposed by our sampling protocol, because pups
entering the water at 29 days of age will have fewer future opportunities to be sampled in the
water than those entering for the first time at 11 days of age. This finding also supports the
conclusions of prior studies that pup age is an important factor in the development of swimming
skills and behaviors in Weddell seal pups (Burns, 1999; Kooyman et al., 1983). Our findings also
largely agree with results of earlier work that reported an average age of first entry in this species
of approximately 2 weeks (Lindsey, 1937; Tedman & Bryden, 1979). However, we provide a
novel description of variation in this behavior at population-level scales and have evidence from
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a subset of our data that approximately 21% of pups appear to enter the water prior to 11 d ays of
age but none prior to 4 days of age.
Two individuals in this subset entered the water at 4 days of age, 10 days earlier than
average. However, after analyzing these individuals at daily time scales, we discovered that they
did not enter the water again until 13 and 15 days of age respectively. A similar pattern was
discovered in multiple individuals in this subset, where early, relatively short entries lasting
approximately 18-24 minutes were followed by several consecutive days with no observed
activity in the water. These individuals likely indicate accidental submersion events. In contrast,
we also discovered multiple individuals, the earliest of which first entered at age 5, who entered
the water between 5 and 11 days of life and exhibited consistent patterns of reentry in subsequent
days and throughout the course of lactation. Siniff, Tester, and Kuechle (1971) report a mother
and pup observed to spend approximately 1 hour in the water at just two days old and noted that
the pup entered the water again at age four days and continued to enter frequently from that point
on. The behavior of such pups is in striking contrast to that recorded for the four individuals that
spent no time in the water between 11 and 30 days of age. Those four individuals had birth mass
measurements at the lower end of observed values (22.68 – 23.59 kg) and were born to mothers
less than 10 years old. Two pups were born to primiparous mothers, and two were born to
multiparous mothers that had produced just 1 pup previously. However, no characteristic that we
measured reliably separated these four individuals from other pups with similar traits that spent
time in the water during the first 30 days of life. The factors influencing such uncharacteristic
behavior in a species so dependent on the marine environment remain unclear.
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The results of our follow-up analysis of age at first entry from 11-30 days of life provided
an initial understanding of relationships between the characteristics of mothers, pups,
environmental variation, and age at first entry. Although we did observe substantial variation in
individual ages at first entry, most individuals appear to enter the water for the first time at 14
days old, and nearly three quarters of the pups in this study entered the water by 16 days of age.
It is generally assumed that the offspring of ice-breeding seals do not enter the water before
acquiring enough blubber for insulation (Castellini & Mellish, 2015). From this perspective, age
at first entry likely has much to do with insulation, and our results suggest that insulation might
reach critical mass for efficient entry to the water at 14 days old in most pups.
On average, pups born heavier tend to enter the water slightly earlier in life. We expect
that individuals who enter earlier than the mean encounter higher energetic costs, but it remains
unclear how variation in birth mass may serve to mitigate those costs in larger pups. If
individuals born heavier also have proportionally higher fat reserves in Weddell seals, they may
have more stored energy to allocate to the potential thermoregulatory costs associated with early
entry into the water, or simply require less time suckling on the ice to acquire sufficient
insulation. Relatively light pups may require additional days spent suckling to attain comparable
energy reserves and/or insulation.
Energy is limited and must be allocated between competing processes such as growth,
activity, and maintenance. Our finding that time in the water is highest for the heaviest pups adds
to a large body of work reporting links between the body condition and physical activity of
offspring early in life (Barber, 1991; Brownlee, 1954; Burghardt, 2005; Fagen, 1981;
Goszczyński, 1986; Müller-Schwarze, 1968; Nunes et al., 1999; Sharpe et al., 2002). Prior
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research conducted on this population found relationships between the mass of pups and the
depth and duration of dives prior to weaning (Burns, 1999; Kooyman et al., 1983). Pups that
weigh more at birth may spend more time in the water on average because they begin life with
more body reserves than pups with lower birth weights, which enables them to allocate a higher
proportion of available resources to activity in the water. Pups born heavier also tend to wean at
heavier weights in this population (Paterson et al., 2016), which indicates that patterns of energy
allocation to activity during the lactation period could be established prenatally and serve as an
index of post-natal energy allocation to activity.
Weddell seals are born with little to no blubber, and instead rely on a thick coat of lanugo
as their primary source of thermoregulation. Lanugo is an excellent insulator when dry but loses
its capacity to trap air and heat when wet (Ray & Smith, 1968). Weddell seal pups have been
reported to begin molting their lanugo coat from 14 to 28 days of age (Lindsey, 1937; Stirling,
1969; Thomas & Demaster, 1983). In pinnipeds and other mammals, poor body condition is
generally associated with a later initiation of the molt (Ling, 1970) and could partially explain
the variation reported in the initiation of the first molt in Weddell seals. This reported variation
in the initiation of the first molt does show some correspondence with the time period when most
pups first entered the water in our study, though Lindsey (1937) notes that some pups spend time
in the water more than a week prior to the initiation of molting. It may be that the initiation of the
molt is somewhat synchronized with age at first entry in this species, and future investigations of
possible relationships between the initiation of the molt, age at first entry into the water, and
body condition could prove informative.

34
A lack of blubber in neonate Weddell seal pups may also increase energy expenditure
when performing shallow dives because pups are positively buoyant and utilize less efficient
swimming strokes than adults (Kikuchi et al., 2010). Fully developed marine mammals use an
assortment of adaptations to overcome the challenges associated with thermoregulation and
locomotion in the marine environment, but pre-weaning offspring cannot take full advantage of
adult adaptations and therefore likely experience greater energetic costs. In adult Weddell seals
and other marine mammals, blubber serves a crucial role in buoyancy regulation, as well as its
more obvious properties as an insulating agent, greatly increasing the efficiency of locomotion
while in the water (Castellini & Mellish, 2015). Weddell seal pups are also born with a high
surface area to volume ratio relative to other phocids (Pearson, Liwanag, Hammill, & Burns,
2014) and pups born heavier may experience more efficient heat retention while in the water due
to a lower surface area to volume ratio.
It is currently unclear how observed variation in parturition mass is related to variation in
prenatal deposition of fat reserves in this species, if at all. Multiple authors have cited the
absence of brown adipose tissue (BAT) in neonate Weddell seal pups (Elsner, Hammond,
Denison, & Wyburn, 1977; Pearson et al., 2014). In those studies, samples were
opportunistically harvested from stillborn and recently deceased neonates, so the state of BAT in
healthy neonate Weddell seal pups is not certain, but BAT is generally not considered an
important source of heat production in marine mammals (Castellini & Mellish, 2015). In
contrast, shivering has been documented in Weddell seal pups, both when the lanugo is wet
immediately following birth (Blix & Steen, 1979), as well as throughout the lactation period
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(Pearson et al., 2014). Shivering is a costly form of thermoregulation and rapidly depletes muscle
glycogen stores (Blix, Grav, & Ronald, 1979).
When taken in combination, the lack of blubber reserves at birth, a high surface area to
volume ratio, and a reliance on lanugo for thermoregulation until blubber stores can be
accumulated, suggest a high potential energetic cost to Weddell seal pups who spend time in the
water early in life. To more directly clarify the influence of pup parturition mass on time spent in
the water, it would be useful to investigate whether variation in pup birth mass is related to fat
reserves present at birth. An analysis of the rate and variation associated with blubber deposition
in Weddell seals early in life would also provide helpful insight into the mechanisms underlying
our finding that pups born heavier spend more time in the water. If adequate blubber stores are
accumulated in most pups prior to consistent entry into the water, many of the potential costs
discussed above could be largely mitigated.
Sex-based differences in the energy required and allocated during early development may
explain the slight difference in locomotor activity that we observed between male and female
pups. However, sex-based behavioral differences might also play a role and cannot be ruled out
from the data collected in our study. In other species, male offspring tend to have higher energy
requirements than their female counterparts (Clutton-Brock, Albon, & Guinness, 1985). This
may be in part due to the presence of male androgen hormones, which increase growth, reduce
fat accumulation, and increase metabolic rates (Bordini & Rosenfield, 2011; Taber & Dasmann,
1954). Male juvenile survival also tends to be particularly sensitive to periods of low resource
availability in large mammals (Clutton-Brock, Guinness, & Albon, 1982), such as the postweaning fast experienced by all phocid offspring. In Weddell seals, male juvenile survival was

36
found to be more tightly coupled with weaning mass than it was for females (Proffitt et al.,
2008a), but sex-differences in the energy required for development have not been directly
studied in this species.
If androgen hormones do, in fact, create higher development costs for male Weddell seal
pups than those of female counterparts, neither prenatal allocation nor postnatal maternal care
appear to compensate for the extra energy expenditures. A recent study of maternal allocation
patterns conducted on this population found no evidence of a difference in maternal allocation
based on the sex of offspring (Macdonald et al., 2020). Similarly, no evidence has been found to
support a sex-difference in offspring mass at parturition or weaning (Paterson et al., 2016,
Macdonald et al., 2020). Instead, our results suggest that male pups might allocate fewer
resources to spending time in the water to offset a higher cost of development and reach a similar
weaning weight on average. Further research is needed to understand the energetic cost, if any,
associated with spending time in the water and whether energetic differences in sexual
development occur in Weddell seal pups. Future studies that use technologies such as time depth
recorders could provide important information on the functional activities of pups while in the
water and investigate whether functional activities differ between males and females or vary
according to other traits of mothers and offspring.
In other large mammals, positive relationships between offspring survival and fitness
have been found with play behavior (Cameron et al., 2008; Fagen & Fagen, 2004; Fagen &
Fagen, 2009; Nunes, 2014). It is expected that locomotor play and physical activity in general
will increase as the amount of available energy increases (Nunes et al., 2004; Sharpe et al.,
2002), although the energetic constraints on play behavior are specific to the medium in which
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they are performed (Burghardt, 2005). Swimming requires lower energy expenditure than flight,
which in turn requires less energy than terrestrial walking or running, and the cost associated
with all three kinds of locomotion generally declines with increasing body mass (Tucker, 1975).
Aquatic mammals are predicted to play more than terrestrial mammals, and often do (Burghardt,
2005; Fagen, 1981).
More complicated relationships between pre-weaning activity, body condition, and
survival have also been documented. Mountain goat kids appear to increase their chances of
survival by either increasing their time spent in play or maximizing their body size at weaning
(Théoret-Gosselin et al., 2015). A similar pattern was observed in grey seals, albeit in the
absence of defined play behaviors, where small individuals were observed to spend more time in
the water and disperse greater distances as juveniles than large individuals (Jenssen et al., 2010).
The phenotypic characteristics of mothers that were found to influence time in the water
continue to point toward the importance of energetic allocation in this analysis. Our top model
evaluating sources of variation in total time spent in the water suggests a quadratic relationship
between maternal age and total time in the water. Time in the water is expected to reach a
maximum for pups born to prime-age mothers and subtly decline to a minimum in pups born to
the oldest mothers. Quadratic functional forms of maternal age have found previous support in
this population in studies of maternal body mass (Proffitt, Garrott, Rotella, & Wheatley, 2007b),
prenatal and postnatal maternal allocation (Paterson et al., 2016), and birthdate (Rotella et al.,
2016). Recent work demonstrated that including maternal mass in models of pup weaning mass
and decoupling maternal mass from age, illuminated a weaker relationship between maternal age
and pup weaning mass, and a stronger relationship between maternal mass and pup weaning
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mass (Macdonald et al., 2020). Available information on prenatal allocation in this population
suggests a quadratic relationship between pup birth mass and maternal age similar to our own
findings (Paterson et al., 2016), indicating that maternal age is acting as a proxy for patterns of
prenatal maternal allocation in our models.
In contrast to our prediction that pups born to experienced or skip breeder mothers would
spend more time in the water than those born to pre breeder mothers, we found that pups born to
mothers who skipped reproduction the previous year spent more time in the water than those
born to mothers who were pre-breeders or classified as experienced. The lack of a difference
between experienced and primiparous mothers was unexpected given our initial predictions,
which were structured around potential differences in the expression of maternal care behaviors
due to prior reproductive experience. Our finding that pups of multiparous mothers who skipped
reproduction the previous year spend more time in the water may indicate that costs associated
with prior reproductive attempts trickle down to influence patterns of energy availability and
allocation to activity in the water.
Life-history theory predicts that reproductive success in the current year is n egatively
altered by costs of reproduction incurred during previous reproductive attempts (Stearns, 1992).
Weddell seal mothers that reproduce in consecutive years incur a cost of reproduction which
complicated by individual heterogeneity in the frequency of reproduction; some high-quality
individuals are capable of reproducing at higher rates and in consecutive years despite higher
costs (Chambert, Rotella, Higgs, & Garrott, 2013). Mothers who skipped reproduction the
previous year give birth to slightly larger pups, but post-natal resource allocation does not differ
from experienced mothers (Paterson et al., 2016). Pups born to skip breeders might spend more
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time in the water than pups born to mothers who were experienced or pre-breeders due to a
difference in pre-natal resource allocation which is maintained through patterns of allocation
during lactation.
Maternal identity accounts for a 6-hour range in predicted total time in the water for pups
born to mothers towards the extremes of maternal random effects (90% HDI, Appendix B). This
suggests that individual heterogeneity among mothers, unexplained by other covariates, is a
source of variation in time spent in the water. As in our analysis of total time in the water,
maternal identity accounts for a modest amount of variation in age at first entry. Our model
predicts a 2-day difference in age at first entry associated with maternal identities towards the
extremes of maternal random effects (90% HDI, Appendix C). Although we maximized repeated
samples of individual mothers as a component of our sampling design, there are relatively few
mothers in our data set sampled more than twice.
One possible explanation for the influence of maternal identity given the other results of
both analyses, is that maternal identity is strongly associated with differences in the allocation of
pre-natal resources in this population. Some mothers consistently give birth to heavier pups
(Paterson et al., 2016) who appear to be able to enter earlier and spend more time in the water
than lighter-born counterparts. Recent studies have also identified a large influence of maternal
identity in describing patterns of post-natal allocation relative to other covariates in Weddell
seals (Paterson et al., 2016; Macdonald et al., 2020). It is unclear from our analysis how patterns
of post-natal maternal allocation might be influencing time in the water, but given the impressive
degree of post-natal investment, rapid growth of offspring, and large amount of variation present
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in pup weaning mass (Macdonald et al., 2020), post-natal maternal allocation could be an
important factor.
Personality is defined as consistent, individual trends in behavior through time and could
also account for some of the variation explained by maternal identity in our analy ses. That some
individual mothers appear to give birth to pups who predictably spend more time in the water
than others indicates that maternal personality traits could be a source of variation in our
analysis. Consistent differences in the expression of maternal care behaviors can also create
long-term variation in offspring behavior (Groothius & Maestripieri, 2013). In offspring of other
species, personality traits have been linked to variation in locomotor patterns (Cote, Clobert,
Brodin, Fogarty, & Sih, 2010). In turn, offspring personality traits such as boldness might
predispose some pups to be more exploratory or less sedentary than others and spend more time
in the water. Following the initial entry event, most pups appear to gradually accumulate time in
the water and increase their activity level as they age, but a great deal of behavioral variation is
present (Appendix D). Indeed, time in the water may itself be best identified as a personality
trait.
However, in our analysis of time in the water, we found little evidence of relationships
between time spent in the water by pups and those maternal characteristics that we considered to
be proxies of maternal care behaviors. The covariates that we tested may simply be too broad to
act as proxies for the fine-scale differences in maternal-care behaviors that are frequently
observed in the field. Such maternal-care behaviors include the maintenance of ice-holes and
excavation of ramps in the ice, enticing pups into the water, and physically assisting pups as they
exit the water. Future studies could further investigate potential relationships between maternal
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behavior or personality and time in the water by continuing to invest in repeated measures of
mothers and gathering new data on observable maternal behaviors. This could include
quantitative information such as the time mothers spend in the water with and without their pups
during lactation, and more subjective measures of personality such as the response of mothers
when they or their offspring are approached for sampling.
Our follow-up analysis of age at first entry demonstrated the only support for covariates
included as proxies of maternal care behaviors in either analysis and provided evidence that pups
born to mothers with higher relative parity values tended to enter the water at younger ages. Agescaled relative parity, a measure of each mother’s reproductive performance relative to mothers
of the same age, is predicted to change a pup’s age at first entry by up to 3 days (13-15 days of
age) when comparing pups born to mothers at the lower and upper limits of observed values.
This predicted relationship with age at first entry amounts to an estimated maximum difference
of 7.5 hours in the water during the monitoring period. Paterson et al. (2016) reported a strong,
positive relationship between age-scaled relative parity and the post-parturition mass of pups in
this study population, suggesting a link between reproductive experience and patterns of
maternal allocation. However, to the best of our knowledge, this analysis is the first to indicate a
relationship between offspring activity and age-scaled reproductive experience in a long-lived
mammal.
We found strong evidence that age at first entry differed from the mean for 3 of 9 cohorts.
Pups entered on average 1 day earlier than the mean in 2010 and 2011, and 1 day later in 2016.
The mechanisms underlying this finding are currently unclear. However, large-scale
environmental processes such as the El-Nino Southern Oscillation, winter sea ice extent, and net
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primary production have been linked to rates of colony attendance (Chambert, Rotella, &
Garrott, 2015; Stauffer, Rotella, Garrott, & Kendall, 2014), maternal parturition mass (Proffitt et
al., 2007b), cohort effects (Garrott et al., 2012), offspring weaning mass (Proffitt, Garrott,
Rotella, Siniff, & Testa, 2007a), and reproductive effort (Paterson, Rotella, Arrigo, & Garrott,
2015) in this population, indicating that such processes are capable of influencing vital rates and
adult behaviors.
From 2001- 2005, the massive B-15 iceberg and constituent parts were grounded in the
southwestern Ross Sea (MacAyeal et al., 2008), affecting net primary production and other
ecosystem processes (Thrush & Cummings, 2011). The B-15 iceberg had a pronounced effect on
the ice conditions in Erebus Bay as well, likely restricting adult access to the sea ice surface and
resulting in dampened reproductive rates during the years it was present (Chambert, Rotella, &
Garrott, 2012; Rotella et al., 2016).
Although we do not have data on time in the water corresponding to this period, it seems
likely such drastic changes in the topography and nature of the sea ice in Erebus Bay could pose
a barrier to entry into the water for young Weddell seal pups or make it more diffic ult to exit the
water. During the years of this study however, colonies were remarkably similar in
characteristics observed from above the ice. Large-scale processes such as the extent of sea-ice
breakout the previous year and the formation of sea-ice prior to the pupping season do create
variation in ice thickness and crack formation on an annual basis. However, it seems unlikely
that processes such as this would influence age at first entry but have no relationship with the
total time pups spend in the water. An alternative explanation may be found in variation in
localized weather patterns from year to year. For example, warmer than average temperatures in
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mid-November might enable a large portion of a given cohort to enter the water earlier through
reduced thermoregulatory costs upon exit.
Conclusions
The conditions experienced early in life can have long-term consequences for the survival
and fitness of offspring (Albon, Clutton-Brock, & Guinness, 1987; Hamel et al., 2009;
Lindstrom, 1999; Pigeon, Festa-Bianchet, & Pelletier, 2017). Although the direct benefits of
locomotor training may not be long lasting (Byers & Walker, 1995), pups that have spent more
time in the water developing the skills and physiological capabilities necessary to efficiently
move about the marine environment may have a higher chance of survival early in life than those
spending less time in the water (Fagen, 1981). An advantage could be important for Weddell seal
pups, as survival rates for this species are at their lowest within the first two years of life
(Hadley, Rotella, & Garrott, 2007; Proffitt et al., 2008a).
It is interesting to consider the potential costs associated with a very late age of first
entry, and by extension, very little time spent in the water prior to weaning. That so few
individuals appear to abstain from entering the water during the first 30 days of life suggests that
doing so is an important and perhaps even necessary aspect of offspring development in Weddell
seals. We hypothesize that individuals who enter late and spend little time in the water will have
lower juvenile survival rates, but further research into what relationships, if any, might exist
between juvenile survival and time spent in the water is needed before assuming a positive
relationship between this behavior and post-weaning outcomes of Weddell seal pups.
A large degree of variation in both total time in the water and age at first entry remains
unexplained, despite an extensive database of maternal and offspring characteristics brought to
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bear during this analysis. There are ample opportunities for future studies to fill in these gaps in
our knowledge and provide a deeper understanding not only of sources of variation in early
activity but also the potential effects of such variation on population processes and vital rates.
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APPENDIX A

COEFFICIENT ESTIMATES, 90% HDI, AND POSTERIOR STANDARD ERRORS FOR
CANDIDATE MODELS.
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Appendix A. Coefficient estimates reported with 90% highest density intervals and posterior
standard error for the four models of interest (mean (90% HDI) SE). Highlighted rows indicate
coefficients for which the 90% HDI does not contain 0 or linear terms associated with a
quadratic term with a nonzero 90% HDI.
Parameter Estimates Across Candidate Models
Coefficient
Year: 2009
Year: 2010
Year: 2011
Year: 2012
Year: 2014
Year: 2015
Year: 2016
Year: 2017
Year: 2018

Model 1
LogLog

Model 2
QuadLog

Model 3
LogQuad

Model 4
QuadQuad

0.094
(-0.066, 0.243)
0.079
0.032
(-0.066, 0.126)
0.049
-0.037
(-0.134, 0.059)
0.050
0.032
(-0.033, 0.097)
0.033
0.023
(-0.050, 0.096)
0.037
-0.009
(-0.086, 0.070)
0.040
-0.045
(-0.134, 0.044)
0.045
-0.033
(-0.134, 0.044)
0.045
-0.107
(-0.217, 0.000)
0.055

0.125
(-0.031, 0.276)
0.079
0.048
(-0.049, 0.142)
0.049
-0.021
(-0.122, 0.076)
0.050
0.047
(-0.020, 0.112)
0.034
0.050
(-0.027, 0.126)
0.039
0.023
(-0.060, 0.103)
0.042
-0.026
(-0.115, 0.063)
0.046
-0.006
(-0.088, 0.072)
0.041
0.094
(-0.204, 0.016)
0.056
-0.003
(-0.088, 0.081)
0.043
-0.128
(-0.243, -0.010)
0.059
--

0.092
(-0.063, 0.243)
0.078
0.030
(-0.067, 0.124)
0.049
-0.038
(-0.136, 0.059)
0.050
0.031
(-0.036, 0.095)
0.033
0.012
(-0.062, 0.086)
0.038
-0.012
(-0.089, 0.067)
0.040
-0.045
(-0.134, 0.042)
0.045
-0.039
(-0.117, 0.038)
0.040
-0.113
(-0.222, -0.003)
0.056

0.121
(-0.039, 0.272)
0.079
0.046
(-0.048, 0.142)
0.049
-0.024
(-0.121, 0.075)
0.050
0.045
(-0.020, 0.110)
0.033
0.039
(-0.040, 0.113)
0.039
0.019
(-0.063, 0.099)
0.041
-0.026
(-0.114, 0.063)
0.045
-0.012
(-0.092, 0.066)
0.040
-0.100
(-0.211, 0.009)
0.056
-0.007
(-0.092, 0.077)
0.043
-0.125
(-0.242, -0.012)
0.059

--Maternal Age
--(Maternal Age) 2
Log(Maternal Age)
Age Primiparity
Bred: Pre

-0.047
(-0.121, 0.026)
0.037
0.063
(-0.016, 0.144)
0.041
-0.082
(-0.208, 0.035)
0.062

0.045
(-0.038, 0.128)
0.042
-0.022
(-0.150, 0.108)
0.066

-----0.049
(-0.120, 0.026)
0.037
0.062
(-0.019, 0.141)
0.041
-0.096
(-0.219, 0.028)
0.063

--0.041
(-0.042, 0.121)
0.042
-0.039
(-0.172, 0.091)
0.067
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Bred: Skip
Relative Parity
Age First Entry
Birth Date

0.071
(0.007, 0.135)
0.033
0.024
(-0.068, 0.112)
0.046
-0.347
(-0.420, -0.279)
0.036
-0.021
(-0.082, 0.041)
0.031

0.078
(0.014, 0.143)
0.033
0.032
(-0.057, 0.125)
0.047
-0.344
(-0.415, -0.277)
0.035
-0.010
(-0.072, 0.053)
0.032

---

---

---

---

0.103
(0.048, 0.158)
0.028
-0.057
(-0.106, -0.007)
0.025
0.145
(0.109, 0.180)
0.018

0.090
(0.034, 0.146)
0.029
-0.061
(-0.108, -0.011)
0.025
0.147
(0.013, 0.182)
0.018

Birth Mass
(Birth Mass) 2
Log(Birth Mass)
Sex: Male
Sigma Individual

0.071
(0.007, 0.135)
0.033
0.019
(-0.074, 0.109)
0.047
-0.347
(-0.419, -0.278)
0.036
-0.020
(-0.083, 0.040)
0.032
0.090
(0.033, 0.147)
0.029
0.031
(-0.021, 0.082)
0.026

0.077
(0.011, 0.141)
0.033
0.025
(-0.069, 0.116)
0.047
-0.345
(-0.415, -0.279)
0.035
-0.010
(-0.072, 0.052)
0.032
0.078
(0.020, 0.134)
0.029
0.031
(-0.021, 0.081)
0.026

---

---

-0.059
(-0.108, -0.009)
0.025
0.142
(0.106, 0.178)
0.018

-0.063
(-0.112, -0.014)
0.025
0.145
(0.110, 0.181)
0.018
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APPENDIX B

PLOT OF PREDICTED HOURS SPENT IN THE WATER BY OBSERVED VALUES OF
PUP BIRTH MASS, RANDOM EFFECT OF MATERNAL IDENTITY, AND AGE AT FIRST
ENTRY
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Appendix B. Predicted relationships between total time in the water across key values of pup
birth mass, age at first entry, and random effect of maternal identity with 90% HDIs. Predictions
have been censored to only include combinations of birth mass and age at first entry which are
supported by the original data.
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APPENDIX C

PLOT OF PREDICTED AGE AT FIRST ENTRY BY OBSERVED VALUES OF PUP BIRTH
MASS, AGE-SCALED RELATIVE PARITY, AND RANDOM EFFECT OF MATERNAL
IDENTITY
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Appendix C. Predicted age at first entry across key values of pup birth mass, age-scaled relative
parity, and random effect of maternal identity with 90% HDIs. Predictions have been censored to
only include combinations of birth mass and relative parity which are supported by the original
data.
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APPENDIX D

PLOT OF OBSERVED MEAN DAILY DURATION BY TOTAL TIME IN THE WATER
DURING THE MONITORING PERIOD

68
Appendix D. Mean daily duration of pups grouped by their total time spent in the water during
monitoring. Groups of total time in the water correspond to individuals with a total duration less
than or equal to 1 standard deviation below the mean (left panel), within 1 standard deviation of
the mean (center panel), or greater than or equal to 1 standard deviation above the mean (right
panel). The group-specific median daily duration is portrayed by the solid black line.

