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Abstract

Predicting the impacts of environmental changes on animal populations requires a 

comprehensive understanding of the life history and physiological ecology of organisms in the 

wild, including the precise timing and regulation of annual biological events. In this dissertation, 

I assess how intrinsic factors including serum hormone concentrations and nutritional status 

relate to the critical annual events of reproduction, seasonal foraging, and pelage molt in an 

Antarctic marine predator, the Weddell seal (Leptonychotes weddellii). A large component of 

these assessments are comparisons between female Weddell seals that pupped in the current 

season (postpartum females) and females that have pupped in the past but did not give birth in 

the most recent pupping period (skip females). First, I examine how reproductive hormone 

profiles (serum progesterone, estrogen, prolactin, luteinizing hormone and follicle-stimulating 

hormone) vary between postpartum females and skip females across the austral summer. I found 

that skip females ovulated earlier than postpartum females and had higher serum estrogen and 

progesterone concentrations during early pregnancy. I also report a distinct midsummer decline 

in serum prolactin concentrations in both skip and postpartum seals. This decline may be due to 

seals becoming photorefractory at the time that the breeding period ends. Second, I characterize 

patterns in body mass changes and associated metabolic hormones and serum binding proteins 

(cortisol, growth hormone, insulin-like growth factor-1 (IGF-1), total and free thyroxine, total 

triiodothyronine, and IGF binding proteins 2 and 3) in Weddell seals across summer. I found 

that endocrine profiles of lactating seals reflected their depleted nutritional states, though their 

serum cortisol remained low. Postpartum females rapidly gained lean mass after weaning, which 

was likely supported by high serum growth hormone concentrations, while skip females lost 

body mass, probably due in part to their low serum concentrations of growth hormone. Next, I 
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detail the Weddell seal hair cycle and molt, using histology to determine the timing of hair 

follicle activation, hair growth, and shedding of old fur, and the relationship between molt and 

wound healing. Hair follicle activity began at a similar time (~October) in all seals but proceeded 

significantly faster in skip females; the full molt process took 131±23 days in postpartum seals 

and 86±11 days in skip females. Seals that spent more time hauled out molted more quickly, 

indicating behavior likely drove the variation in molt timing between postpartum and skip 

females by affecting their exposure to different thermal conditions. Finally, I examined 

differential gene expression in skin across the Weddell seal hair cycle using next generation 

RNA sequencing (RNA-Seq). I report large shifts in the skin transcriptome between hair cycle 

phases, including changes in expression of genes related to hormone signaling. Together, my 

findings provide an in-depth examination of annual life history events in adult female Weddell 

seals. Findings identify physiological drivers and reflections of critical seasonal processes, which 

may be applied to predict future life history outcomes for Weddell seals and similar species.
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Chapter 1. General introduction

The life histories of most long-lived vertebrates in seasonal environments include annual 

physiological and behavioral events that are coordinated at specific times of the year to maintain 

fitness. These critical annual life history events include reproductive processes (e.g., 

spermatogenesis, estrus, breeding, birth, and parental care periods) as well as migrations, 

seasonal body mass gains or losses, hibernation or reduced activity periods, and pelage or 

plumage molts (Beltran et al., 2018; Bronson, 1989; Ebling & Barrett, 2008; Geiser, 2020; 

Kauffman et al., 2021). It is important that these events occur in the appropriate seasonal window 

when conditions in the physical and biological environment can meet requirements (Miller

Rushing et al., 2010). For example, birth timing may need to align with a period when weather is 

sufficiently warm and calm to maximize neonate survival, and weaning or fledging may need to 

occur when there is a seasonal peak in the abundance of prey or forage for newly independent 

juveniles (Holekamp et al., 1999; Laidre et al., 2008; Shirakihara et al., 2008). Cues in the 

environment—most often photoperiod—help align the timing of these events by directly 

triggering organismal responses and by entraining circannual rhythms under hypothalamic and 

endocrine control (Lincoln, 2019; Paul et al., 2008).

One significant ecological concern presented by anthropogenic climate change, however, 

is the potential for widespread shifts in seasonal conditions that lead to phenological mismatches, 

where a decoupling occurs between the timing of seasonal processes in organisms and the 

seasonal conditions upon which they depend (Miller-Rushing et al., 2010). In polar regions, 

earlier sea ice breakout and later sea ice formation may lead to substantial phenological 

mismatches that compromise the fitness of ice-dependent species, ranging from fishes that 
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depend on sea ice-driven plankton blooms to marine mammals that require stable ice as a 

breeding platform (Kovacs et al., 2011; Post, 2017; Sydeman & Bograd, 2009).

In addition to patterns in environmental conditions, a range of intrinsic factors impacts 

the timing of annual life history events within populations. For example, negative energy balance 

or poor body condition can delay life history events, allowing animals to conserve energy to 

improve their nutritional statuses prior to completing an energetically costly process (Beltran et 

al., 2018; Cook et al., 2004; Robbins et al., 2012). Completion of certain life history events can 

impact the timing of subsequent events through carry-over effects mediated by energetics or 

other mechanisms (Harrison et al., 2011; O'Connor et al., 2014). Carry-over effects, such as a 

change in migration timing driven by rearing offspring, can impact fitness by reducing survival 

rates or success of future reproduction (Inger et al., 2010).

To predict the future annual life history patterns of wildlife populations and the potential 

for phenological mismatch, it is important to understand how both intrinsic and extrinsic factors 

impact events. Characterizing the regulation of life history events can allow us to predict 

potential delays, advancements, disruptions, or failures in these events. Many organisms skip 

annual reproduction on an intermittent basis (Shaw & Levin, 2013), and identifying the drivers 

of skipped reproduction is vital to estimating reproductive rates under various scenarios. Other 

annual life history events may also be missed and impact fitness. For example, beginning in 

2010, a substantial number of Arctic pinnipeds stranded with alopecia and skin lesions that 

apparently resulted from failure to complete the annual molt process; this led to the declaration 

of an Unusual Mortality Event under the Marine Mammal Protection Act (NOAA, 2014).

Annual life history events, including reproduction and molt, are regulated in large part by 

hormones (Bronson, 1989; Ling, 1970). Hormones are secreted in response to internal or external 
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signals and relay messages throughout the body. They act by binding to hormone receptors in 

target tissues, which can enhance or suppress expression of specific genes or mediate impacts 

through non-genomic mechanisms (Brann et al., 1995). The magnitude of a hormone signal 

depends on the circulating concentration of the specific hormone in question; the quantity of 

bioavailable hormone, which can depend on its binding to carrier proteins; and the concentration 

of hormone receptors or other molecules that impact hormone-receptor binding within target 

tissues (Aranda & Pascual, 2001). Studies of hormone dynamics in a wide range of species have 

revealed endocrine functions that are conserved across taxa, as well as unique dynamics in 

various organisms (Denver et al., 2009). In wildlife biology, much work has focused on 

reproduction hormone signaling via the hypothalamic-pituitary-gonadal (HPG) axis, the adrenal 

stress response via the hypothalamic-pituitary-adrenal (HPA) axis, and thyroid hormone 

signaling via the hypothalamic-pituitary-thyroid (HPT) axis (Denver et al., 2009). The 

somatotropic axis, another important hormone signaling pathway that regulates growth and 

nutrition, including seasonal dynamics, has received less scientific attention in non-domestic 

species (Etherton & Bauman, 1998). Measuring suites of hormone concentrations in serum or 

other matrices can offer a comprehensive picture of wild organisms' physiology, including life 

history stage, reproductive phase, stress levels, and nutritional status (Walker, 2005), and 

wildlife endocrinology has grown as a robust field of study (Norris, 2018).

Hormone studies can answer important ecophysiological questions on the regulation of 

annual life history events in any species, but some organisms present particularly valuable 

opportunities to study drivers of life history patterns. The Weddell seal (Leptonychotes weddellii) 

is an Antarctic phocid well-suited for this type of research based on its ecology, behavior, and 

logistical considerations. Weddell seals are ice-dependent marine predators found throughout 
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Antarctic waters, with an estimated global population of 202,000 (LaRue et al., 2021). They feed 

primarily on notothenioid fishes, namely the Antarctic silverfish (Pleuragramma antarcticum 

(Burns et al., 1998; Goetz et al., 2016). Weddell seals live in close association with land-fast ice, 

and they are able to inhabit the most southerly ice-covered waters because they can maintain 

openings in the ice along tidal cracks with their prominent canine and incisor teeth (Stirling, 

1969). These holes allow Weddell seals to breath and to exit and enter the water in areas that 

their primary predator, killer whales (Orcinus orca), cannot access.

Weddell seals' high latitude Antarctic environment presents extreme seasonal shifts. The

Ross Sea, the most southerly portion of their range (up to 78°S), sees no daylight from April 25th 

to August 18th, while the sun does not set between October 24th and February 20th. The austral 

summer is a brief period when temperatures are relatively warm and foraging is relatively easy 

because of increased light availability and movement of prey (Beltran et al., 2021; Davis et al., 

1999). In October/November when sea ice is at its greatest extent, it offers maximal protection 

from killer whale predation and a stable platform for resting. Summer is when the major annual 

events in Weddell seal life history occur, starting with pupping. Pregnant Weddell seals return to 

breeding colony sites in September-October shortly before giving birth to a single pup that they 

nurse for 6 to 7 weeks (Stirling, 1969; Tedman & Bryden, 1979; Wheatley et al., 2006). Adult 

female Weddell seals that are not pregnant and adult males also attend breeding colonies, 

arriving at similar times as pregnant seals, and breeding occurs between October and December 

(Bartsh & Siniff, 1991; Hill, 1987). After the breeding period, Weddell seals complete an annual 

molt, growing new pelage and shedding all of their old pelage, like other phocid species (Ling, 

1970; Smith, 1966). Molting Weddell seals shed only their fur and do not undergo the

4



“catastrophic molt” that elephant seals (Mirounga spp.) and monk seals (Monachus spp.) 

experience, where sheets of epidermis are also shed (Ling, 1970).

Reproduction and molt are critical annual life history events, yet much about their 

specific timing and regulation in pinnipeds remains unknown. This knowledge gap limits 

scientists' ability to predict how reductions in sea ice will impact seal populations in both polar 

regions. Weddell seals are an opportune species in which to study reproduction and molt 

physiology because they have high site fidelity to breeding and molting colonies on land-fast ice 

(Stirling, 1969; Testa & Siniff, 1987) and do not have a strong flight response to researchers, and 

so are easily approached on ice. These factors have allowed for long-term study of Weddell seals 

in the McMurdo Sound, Antarctica population. Since the 1960s, Weddell seals born in colonies 

near the McMurdo and Scott Base Antarctic research stations (77.8°S, 166.7°E) have been 

equipped with individual identifier tags and monitored throughout their lifetimes through 

intensive spring and summer surveys (Garrott et al., 2012; Stirling, 1969; Testa & Siniff, 1987). 

Most of the adult Weddell seals that attend these colonies today are of known age and, for 

females, known reproductive history (including parturition dates) (e.g., Paterson et al., 2016; 

Rotella et al., 2016; Stauffer et al., 2014). Female Weddell seals in this population therefore 

present an excellent study system for examining life history events. There are few populations of 

free-ranging mammals for which so much demographic and individual information is available.

In this dissertation, I use the exceptional study system of McMurdo Sound Weddell seals 

to examine the precise phenology and associated endocrine dynamics of polar phocid life history 

events. My overall aims are to assess intraspecific variation in the timing of estrus and molt, 

post-weaning mass recovery patterns, and dynamics in related hormones to learn what drives 

these seasonal processes and how they can be monitored through endocrine biomarkers. A large 
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component of these assessments is comparison between female Weddell seals that pupped in the 

current season (postpartum females) and females that have pupped in the past but did not give 

birth in the most recent pupping period (skip females). Skipped reproduction is relatively 

common in McMurdo Sound Weddell seals, with about one third of adult females “skipping” 

each year (Hadley et al., 2007; Testa, 1987). Skip females effectively comprise a natural control 

group that contrasts with postpartum females and can highlight how reproduction impacts 

Weddell seal physiology and subsequent life history.

In the first research chapter of this dissertation, Chapter 2, I examine how the timing of 

estrus and ovulation in McMurdo Sound Weddell seals varies between seals that pup at different 

times and skip females. I also examine how skipped reproduction may enhance future 

reproductive success through impacts on breeding phenology and impacts to body condition and 

endocrine profiles during early pregnancy. By examining these processes, I aim to characterize 

how, mechanistically, reproductive rest can affect future reproductive outcomes in Weddell 

seals. I additionally assess how patterns in prolactin, a hormone known to regulate seasonal 

physiology in vertebrates, may relate to seasonal reproduction in skip and postpartum Weddell 

seals.

My second research chapter, Chapter 3 of this dissertation, focuses on over-summer mass 

and body condition dynamics in Weddell seals. I describe mass gain patterns after weaning in 

postpartum seals to determine how quickly lean and fat mass lost during lactation is recovered 

during summer months. I also examine how metabolic hormones involved in the HPA, HPT, and 

somatotropic axes (cortisol, thyroid hormones, growth hormone, and insulin-like growth factor 1 

(IGF-1)) and IGF binding proteins (IGFBP-2 and IGFBP-3) relate to Weddell seal body mass, 

percent lipid, and mass fluxes. Further, I show how mass and endocrine dynamics in skip 
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females compare to those in postpartum seals and what patterns in both groups suggest about 

broader regulation of body stores in Weddell seals.

In Chapter 4, I examine the Weddell seal annual molt in detail. I describe the full 

chronology of the hair cycle in Weddell seals and determine the histological and gross features 

of hair follicles in each cycle phase. I demonstrate when hair follicles become active and how 

quickly hair grows in both postpartum and skip females and at different Weddell seal body sites. 

I also test how different factors including body mass, body condition, circulating hormone 

concentrations, reproductive history, and haul-out behavior relate to the pace of hair growth and 

timing of molt completion in Weddell seals.

My final research chapter, Chapter 5, examines how Weddell seal molt is regulated at the 

molecular scale. I characterize how gene expression changes in skin across the Weddell seal hair 

cycle by using next generation RNA sequencing (RNA-Seq) to profile the transcriptomes of skin 

samples reflecting three different hair cycle phases. Analyses of differential gene expression and 

Gene Ontology enrichment are used to identify processes that are upregulated in each hair cycle 

phase, and I compare molecular dynamics of Weddell seal hair cycling to dynamics in other 

mammals. I specifically examine how expression of genes related to hormone signaling in skin 

varies across the Weddell seal hair cycle and whether gene expression is linked to hair cycle 

phase or changes in serum hormone concentrations. To my knowledge, there is only a single 

study that has previously examined molecular aspects of molt in seals to date (Keith, 2021), and 

my goal in this chapter is to address foundational knowledge gaps that remain on the regulation 

of molt within the skin.

Across my four research chapters, I aim to develop a comprehensive picture of the 

physiology underlying events in the reproductive and pelage cycles of adult female Weddell 
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seals in McMurdo Sound, Antarctica. I aim to add important findings to a robust existing body of 

work on physiology and behavior in this population, made possible by dedicated Antarctic 

research and support spanning decades. The questions I ask in this dissertation relate to the 

broader topics of phenology and environmental mismatches, carry-over effects of reproduction, 

and the utility of hormones as biomarkers in wildlife. These questions are critical during this 

period of rapid anthropogenic-induced environmental change, especially as they relate to marine 

predators, like Weddell seals, that play key ecological roles in sensitive high latitude 

environments.
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Chapter 2. Hormones reflect the impacts of reproductive rest on subsequent pregnancy in a 

marine predator1

1 A modified version of this chapter is in preparation for submission for publication. Kirkham A.L., Shero M.R., 
Adams G., McCorkell R., Thompson D., Beltran R.S., Atkinson S., and Burns J.M. Hormones reflect the impacts of 
reproductive rest on subsequent pregnancy in a marine predator. Target journal: Functional Ecology (in prep)

2.1 Abstract

1. After reaching sexual maturity, iteroparous female vertebrates may intermittently skip 

producing offspring, effectively taking a year of rest from reproduction. Intermittent skipped 

reproduction may confer benefits to lifetime fitness by enhancing future reproductive success.

2. To identify physiological links between reproductive rest and subsequent reproductive 

outcomes, female Weddell seals (Leptonychotes weddellii) that skipped pupping in the current 

year (skip females, n=45) and seals that gave birth (postpartum females, n=87) were compared. 

Serum concentrations of hormones (progesterone, estrogen, luteinizing hormone (LH), follicle

stimulating hormone (FSH), prolactin, thyroxine (T4) and cortisol) were measured during the 

pupping period, breeding period, and early gestation along with body mass and body condition 

(percent lipid). Field ultrasonography was used to image ovaries and detect early pregnancies. 

Range-wide censuses conducted the next year determined if females successfully gave birth.

3. Hormone dynamics varied considerably between skip and postpartum females. Skip 

females ovulated up to four weeks earlier than postpartum seals, corresponding with earlier 

parturition the following year. Postpartum seals that gave birth late in the pupping season 

appeared to face temporal constraints: they ovulated at fewer days postpartum than seals that 

gave birth early, and they had the lowest rates of pregnancy and successful birth. These late-birth 
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females were therefore most likely to become skip females the following year, thus shifting their 

reproductive timing forward and improving subsequent reproductive success.

4. Postpartum females had higher serum prolactin concentrations than skip females in the 

pupping and breeding periods. However, serum prolactin concentrations declined across all study 

animals in midsummer, likely reflecting a seasonal transition from breeding to non-breeding 

physiology.

5. Skip females had larger body masses and fat stores than postpartum females in both the 

breeding and early gestation periods, as well as higher serum T4, estrogen, and progesterone and 

lower serum cortisol in early gestation. Higher serum T4 concentrations were linked to higher 

likelihoods that seals were pregnant and would carry the embryo to term and give birth, 

regardless of whether they were skip or postpartum females.

6. This study reveals large physiological differences between skip and postpartum female 

Weddell seals that persist months after the pupping period and well into gestation. It highlights 

that reproductive rest may plastically shift reproductive phenology, allowing birth times to 

advance. Skipped reproduction may help buffer population effects of declining birth rates in 

certain environmental change scenarios.

2.2 Introduction

Life history theory predicts that organisms invest in reproduction when doing so will 

maximize their lifetime fitness (Stearns, 1989; Stearns, 2000). Reproductive investments, which 

include energy expenditures and behavioral changes necessary to produce and rear offspring, can 

be significant. For example, breeding, gestation, lactation, and rearing of young may lower 

survival rates of parents through depletion of energy stores and increased predation risk and 

disease (Clutton-Brock et al., 1983; Cox et al., 2010; Magnhagen, 1991; Mills et al., 2010). They

14



may also reduce survival rates of extant dependent offspring or reduce the likelihood of 

successful future reproduction (Boyd et al., 1995; Emery Thompson et al., 2016; Green & 

Rothstein, 1991; Testa, 2004).

While many seasonally breeding, iteroparous female mammals reproduce each year 

despite these costs, on occasion, females that have recruited to reproductive populations will not 

have offspring in a particular season. Instead, they will fail to become pregnant or carry an 

embryo to term and experience a period of effective reproductive rest. By skipping all or most of 

the costs associated with reproduction, these skip females may experience higher survival rates 

or benefits to their future reproductive efforts (Shaw & Levin, 2013). Skip females are relatively 

unconstrained in their opportunities to mate, while recent birth and lactation may prevent a 

female from breeding at the optimal time by altering its behavior or physiology (Adam et al., 

1985; Craig et al., 2003; Gerhart et al., 1997). For example, ovulation may be inhibited by 

elevated prolactin levels or neural feedback from suckling stimulus, delaying mating until after 

weaning (Ladyman et al., 2020; Prandi et al., 1987). Female mammals that skip reproduction 

also do not expend energy on milk production, which can leave them with larger lipid and 

protein stores at the onset of the next reproductive cycle (Cook et al., 2013; Hilderbrand et al., 

2000; Millesi et al., 1999; Toni et al., 2020). In contrast, reproductive females that nurse young 

may lose more than a third of their mass during lactation (Oftedal, 1993). This body mass loss 

can compromise future reproduction, as poor condition can lead to a failure to ovulate, become 

pregnant, bring a pregnancy to term, or rear offspring that can survive to adulthood (Bronson, 

1989; Wade & Schneider, 1992).

The benefits of reproductive rest on future reproduction have been documented in 

Weddell seals (Leptonychotes weddellii), long-lived Antarctic phocids, which have been 
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documented to have as many as 19 pups (1 per year) in a lifetime (Chambert et al. 2013). 

Weddell seal life history is well understood due to a long-term mark-recapture study of 

individuals living in Erebus Bay near the United States research base McMurdo Station (Rotella 

et al. 2009; Garrott et al. 2012). The Weddell seal reproductive cycle is typical of phocids: 

females enter estrus and mate in the spring (November-December, ~35 days after birth if 

postpartum), experience a period of embryonic diapause, and commence active gestation after 

embryo attachment in mid to late summer (~January) (Hill, 1987; Smith, 1966). After having 

their first pup at ~7 years of age, female Weddell seals skip pupping, on average, once every 

three years (Hadley et al., 2007; Testa, 1987). While some females pup more frequently than 

others, seals are about 6-10% more likely to give birth following a year of reproductive rest 

when accounting for individual heterogeneity (Chambert et al., 2013; Paterson et al., 2018). 

Females that skipped pupping the prior year give birth earlier and have larger pups than those 

that reproduced in consecutive years, which likely enhances offspring survival (Paterson et al., 

2016; Rotella et al., 2016).

Female Weddell seals may give birth earlier after a season of reproductive rest due to 

skip females entering estrus and ovulating earlier than seals that gave birth in the current season 

(postpartum females). Advanced estrus in skip females has been reported in harbor seals (Phoca 

vitulina), where females that did not pup ovulated about two weeks before postpartum seals 

(Reijnders, 1990). Since the length of embryonic diapause appears to be constant in Weddell 

seals (M.R. Shero, unpublished data), earlier ovulation would translate to an earlier start of 

gestation and potentially earlier birth. Early ovulation could also drive a longer gestation period 

that increases pup size.
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The timing of estrus and ovulation in free-ranging mammals can be tracked by 

measuring hormones that follow well-established patterns (Atkinson, 1997; Bronson, 1989; Silva 

et al., 2017). Estrogen typically increases across proestrus as ovarian follicles develop, reaching 

maximum concentrations near the onset of estrus when females become receptive to mating. At 

this same time, circulating concentrations of luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) rise, and the LH surge triggers ovulation and the formation of the corpus luteum 

(CL). Serum progesterone concentrations increase at ovulation and remain elevated during 

diestrus or pregnancy. Ovulation may be inhibited by lactation-induced increases in circulating 

prolactin in some species, however, and prolactin additionally can regulate seasonal and 

circannual reproductive patterns (Curlewis, 1992; Noel & Woodside, 1993).

Along with potential differences in estrus timing, differences in body mass and body 

condition between postpartum and skip females could also impact their reproductive outcomes. 

Postpartum female and skip female Weddell seals are similar in condition when they arrive at 

summer breeding colonies (Shero et al., 2015a), but postpartum females lose about 40% of their 

body mass during lactation (Wheatley et al., 2006). Depleted nutritional reserves could 

negatively impact reproductive success in postpartum seals through effects on serum levels of 

hormones including cortisol, thyroxine (T4), estrogen or progesterone. High circulating 

concentrations of cortisol and low concentrations of T4, estrogen, and progesterone may 

collectively function to decrease the likelihood of a female mammal successfully giving birth 

(Nakamura et al., 2008; Redmond, 2004).

The present study assesses how reproductive rest affects future offspring production in 

female Weddell seals through impacts on phenology, body stores, and circulating hormone 

concentrations. Specifically, we examine the potential physiological mechanisms that increase 
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the likelihood of giving birth and that shift parturition dates earlier and increase birth weights 

after a year of reproductive rest. It is possible to compare reproductive physiology of skip 

females and postpartum females during the pupping, breeding, and early gestational periods 

because nearly all reproductively mature female Weddell seals return to summer colonies each 

year. While characterizing possible mechanisms of reproductive tradeoffs, we also describe 

baseline patterns in hormone dynamics. We determined which seals were pregnant during the 

early gestational period using field ultrasonography (Shero et al., 2015b), which allowed us to 

compare serum hormone concentrations between pregnant and non-pregnant females and assess 

whether hormones were linked to the likelihood of embryo loss versus successful birth. As 

pinnipeds and other ecologically important predators face growing anthropogenic threats 

(Kovacs et al., 2012; Nelms et al., 2021), it is increasingly vital to understand how reproduction 

is regulated and what drives its success in free-ranging wildlife populations.

2.3 Methods

2.3.1 Study animals

To determine how skipping reproduction may affect the subsequent reproductive cycle in 

Weddell seals, we examined physiological parameters in free-ranging Weddell seals in Erebus 

Bay, Antarctica (77°S, 165°E) during austral summers. Hormone profiles were characterized for 

female Weddell seals handled in the pupping period (n=18, October 12-November 14 [2006

2012]), the breeding period (n=96, November 15-December 13 [2013-2016]), and the early 

gestation period (n=92 January 16-February 16 [2014-2017]). Female study animals were either 

skip females (seals that gave birth in past years, but not the current year) or seals that had pupped 

both in the previous year and the current summer (postpartum females). In the pupping period, 

postpartum females were handled at approximately 7 days postpartum (DPP), and all but one 
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pupping period study animal were of known age (6 or older). All seals handled in the breeding 

period were females 10-20 years old that had pupped at least twice in their lifetimes. Breeding 

period postpartum females were handled at approximately 35 DPP and had given birth either in 

the first (early birthing) or last (late birthing) quartile of population birthdates, allowing for tests 

of parturition date effects on body mass and hormone dynamics, ovulation, and pregnancy. Seals 

handled during the breeding period were recaptured ~2 months later in the early gestation period 

(7-75 days gestational age). When animals could not be relocated, seals of equivalent ages, 

parities, and parturition dates were handled instead. Ages and reproductive histories were 

provided by a long-term population monitoring project (Rotella et al., 2009; Garrott et al., 2012). 

A smaller number of male Weddell seals (n=21), previously handled during the pupping period 

and early gestation period and for which serum samples were available, were also included in 

this study to compare seasonal prolactin dynamics between the sexes.

2.3.2 Field handling

For each handling, animals were restrained with a hoop net and sedated with an 

intramuscular injection of ketamine and midazolam (2.0 and 0.1 mg⅛-1). Additional doses of 

ketamine and midazolam were administered intravenously as necessary to maintain appropriate 

depth of anesthesia until procedures were complete (Mellish et al., 2010). Animals were weighed 

using an electronic scale (MSI-7300 Dyna-Link 2, ±1 kg) while suspended in a sling from a 

tripod. Body composition (percent lipid) was measured using the isotope dilution technique with 

tritiated water following Shero et al. (2014) (see Chapter 3). Blood samples were collected from 

the extradural vein in serum separator tube vacutainers, which were kept cool until serum was 

isolated by centrifugation 2-8 hours post collection. Serum was stored at -80°C until analyzed 1 

month to 10 years later (within 3 years for the majority of samples). Seals handled during the 
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breeding period were outfitted with a Sirtrack VHF radio transmitter (Sirtrack, Havelock North, 

New Zealand) to facilitate recapture during early gestation (Frankfurter et al., 2019).

2.3.3 Ultrasonography and pregnancy detection

Female seals were examined by transrectal ultrasonography during the breeding period 

(subset, n=24) and during the early gestation period (n=85). As described in Shero et al. (2015b), 

an Esaote MyLab5 (Canadian Veterinary Imaging, CVI, Georgetown, Ontario, Canada) or a 

SonoSite Edge (SonoSite Inc., Bothell, Washington, USA) ultrasound with a 5-10 MHz linear- 

array probe attached to a 70-100 cm extender was used to visualize the female reproductive 

tract. Ovaries were examined for follicles and corpora lutea (CLs). In the early gestation period, 

animals were diagnosed as pregnant if either an embryonic vesicle or embryo proper was 

detected and non-pregnant if no embryonic structures were seen during a thorough examination 

of both uterine horns.

Whether pregnancies were successful was determined by colony censuses the following 

pupping period. If a pregnant female was not present or was observed without a pup, she was 

assumed to have undergone embryo loss. Animals that did not have conclusive ultrasound exams 

but gave birth the following year were considered to have been pregnant at handling. Pregnancy 

status was not assigned to four animals with inconclusive ultrasound exams that were not 

observed with a pup the next year.

2.3.4 Hormone assays

Commercial radioimmunoassay (RIA) kits were used to determine circulating 

concentrations of sex steroids (total estrogens (estradiol plus estrone), MP Biomedicals (Solon, 

OH), 07-140202, and progesterone, MP Biomedicals, 07-270102)), total thyroxine (T4) (Siemens 

(Munich, Germany), TKC41 (canine T4 RIA) and IVD Technologies (Santa Ana, CA), TT4- 
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1000V (veterinary T4 RIA)), and cortisol (Siemens, TKC01 and MP Biomedical 06B-256440). 

All assay cross-reactivities and sensitivities are listed in Supplementary Table 2.1. Total T4 and 

cortisol were measured with two different kits because Siemens kits became unavailable partway 

through the study; however, 46 samples were run using both the Siemens and replacement kits, 

and values produced from both kits used were correlated for T4 (R2=0.85, p<0.0001) and for 

cortisol (R2=0.60, p<0.0001). T4 and cortisol values for 19 samples (all from the pupping period) 

that were measured only with Siemens kits were adjusted using regression equations and 

included in analyses with the remainder of the values (183 total). Commercial assays were 

conducted according to manufacturer instructions with two modifications: for the estrogen assay, 

volumes of serum extracted in ethyl acetate:hexane were reduced from 600 uL to 300 mL, and 

for the progesterone assay, sample and standard volumes were reduced from 100 ul to 50 ul. 

Extraction efficiency for the estrogen assay using the reduced serum volume was measured as 

74±6% (mean±SEM) using a tritiated steroid tracer (MP Biomedicals). For all assays conducted 

for estrogen, samples were measured in duplicate, and samples analyzed for progesterone, T4, 

and cortisol were measured in triplicate. The Siemens cortisol and thyroxine RIAs were 

previously validated for use with Weddell seal serum (Shero et al., 2015a), and all other 

commercial assays underwent parallelism and addition-recovery validation tests using pooled 

Weddell seal serum for this study (Supplementary Figures 2.1 and 2.3).

Pituitary hormones (prolactin, LH, and FSH) were measured in duplicate with in-house 

(non-commercial) heterologous RIAs at Louisiana State University. The prolactin assay, 

described by Colborn et al. (1991), used equine prolactin as a standard, iodinated equine 

prolactin as a tracer, and a rabbit-generated antiserum against porcine prolactin as the primary 

antibody. Parallelism and addition-recovery tests were used to assess this assay's validity for use 
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with Weddell seal serum (Supplementary Figures 2.2 and 2.3). To validate the LH and FSH 

assays, Weddell seal pituitary extract was prepared by homogenizing pituitary tissue (obtained 

from a dead female in November 2016) in assay buffer at 1 mg·mL-1. Dilutions of this extract 

were assayed as described by Thompson et al. (1983a and 1983b) using radioiodinated ovine LH 

and equine FSH as tracers and rabbit-generated antiserum against equine hormones. The seal 

pituitary extract completely inhibited the binding of radiolabeled LH and FSH. Despite minor 

differences in the shape of the binding curves of equine standards and seal pituitary extract, 

parallelism was sufficient to warrant assuming that the hormone concentration that resulted in 

50% binding in the LH and FSH assays was equivalent between the pituitary extract and equine 

standards (Supplementary Figure 2.3). Dilutions of seal pituitary extract, rather than equine 

hormones, were then used as the standard curve in LH and FSH assays of Weddell seal serum. 

Parallelism was tested between Weddell seal serum and pituitary extract binding curves 

(Supplementary Figure 2.3). All serum samples were assayed for LH and FSH twice, first in 

singlet (initial measurement) and later in duplicate (final measurement). Correlation between 

samples' initial and final hormone concentration measurements was assessed as an indicator of 

assay precision (Supplementary Figure 2.4).

The Weddell seal serum pool was used to measure inter and intra-assay variation for the 

four commercial RIAs and the prolactin assay. Inter- and intra-assay coefficients of variation 

were calculated as 5% and 7% for progesterone; 8% and 10% for estrogen; 8% and 9% for T4; 

6% and 7% for cortisol; and 11% and 6% for prolactin. Published inter- and intra-assay 

coefficients of variation (CVs) for the LH and FSH assays were 13% and 9% (LH) and 10% and 

7% (FSH), respectively (Thompson et al., 1983b; Thompson et al., 1983a).
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2.3.5 Ovulation status

Serum progesterone and LH data from breeding period seals were used to assign an 

ovulation status of pre-ovulation (low progesterone and LH), peri-ovulation (high progesterone 

and LH), or post-ovulation (high progesterone, low LH) to each animal. Cut-off concentrations 

for these categorizations were selected based on the bimodal distributions of progesterone and 

LH concentration data. The validity of these cut-off values was confirmed by assessing how 

progesterone and LH concentrations corresponded with the presence of a large dominant ovarian 

follicle or a CL in the subset of Weddell seals examined by ultrasound in the breeding period.

2.3.6 Statistical methods

All statistical analyses were conducted using R version 3.6.2 (R Core Team 2019). Data 

were screened for outliers and assessed for normality prior to analysis. A single outlier animal, 

identified clearly through data visualization (Supplementary Figure 2.5), had anomalously high 

progesterone and estrogen concentrations and was excluded from all hormone analyses. 

Descriptive results are presented as mean±SEM in text unless otherwise indicated. Statistical 

models were developed using the R package mgcv (Wood, 2000), and significance was assessed 

at α=0.05. Non-significant trends (p<0.10) were also identified for serum hormone concentration 

comparisons.

Body mass and percent lipid, which were normally distributed, were compared between 

skip females, early birthing postpartum females, and late birthing postpartum seals during the 

breeding period (November/December) and early gestation period (January/February) using 

ANOVAs and post-hoc Tukey's HSD tests. Generalized linear models (GLMs) were used to 

compare serum hormone concentrations between skip and postpartum females in each period 

(pupping, breeding, and early gestation) and to assess how hormones varied with reproductive 
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phase (ovulation or pregnancy status) in the breeding and early gestation periods. Early and late 

birthing postpartum females were considered as a single group in these GLMs because they had 

similar hormone concentrations. Models for the breeding and gestation periods also tested for 

significant interaction effects between pupping group (skip versus postpartum) and reproductive 

phase. When interaction effects were insignificant, models were refit without them; when they 

were significant, additional separate GLMs for postpartum and skip females were developed to 

compare hormones across reproductive phases within each group. GLMs were fitted using 

gamma distributions with log link functions (exponentiated linear predictors) when hormone data 

had right-skewed, non-normal distributions. Ninety-five percent confidence intervals for mean 

serum hormone concentrations in postpartum and skip females in each reproductive phase were 

generated with bias-corrected and accelerated bootstrapping with 10,000 bootstrap replicates 

using the R package boot (Canty & Ripley, 2020; Davison & Hinkley, 1997). Regression 

analysis was used to test for correlations between different hormone concentrations, between 

hormones, body mass, and body condition during early gestation, and between sampling date and 

serum estrogen concentrations leading up to ovulation.

Serum prolactin concentrations in all study animals, including an additional set of male 

Weddell seals, were analyzed with a generalized additive mixed-effect model (GAMM) to assess 

seasonal prolactin trends. The GAMM included a smoothed day of year term for each group and 

individual ID as a random effect. Generalized additive models (GAMs) were also used to test 

whether prolactin concentrations in female Weddell seals within the October-December and 

January-February periods varied with smooth terms of handling date or DPP.

To determine when ovulation occurred in postpartum and skip female seals and whether 

ovulation timing was related to prolactin concentrations or body stores, a series of binomial
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GLMs were developed. These models predicted whether seals were pre-ovulation or peri/post- 

ovulation in November-December using date of handling (skip females) or date of pupping and 

DPP (postpartum females), mass, body condition, and prolactin concentrations as predictive 

variables. Top models were identified by comparing Aicc, and models were used to predict 

when skip females and postpartum seals that gave birth at different times were likely to ovulate.

An information criterion approach was also used to assess which combination of factors 

best predicted whether females were pregnant and whether they would carry their pregnancies to 

term (i.e., whether their January/February reproductive phase or pregnancy status was pregnant

successful, pregnant-failed, or non-pregnant). A global multinomial GLM predicting pregnancy 

status was developed including the following variables: serum progesterone, estrogen, prolactin, 

LH, FSH, T4, and cortisol concentrations; both current and previous (November/December) body 

mass and body condition and mass change rate; age and standard length; pupping group (skip 

female, early birth female, late birth female); and interactions between pupping group and all 

other factors. The R package MuMIN (Barton, 2012) was used to identify which models best 

predicted pregnancy status. When a factor that constrained sample size (e.g., previous mass, 

which was not known for all study animals since some were handled only once) was shown to 

have no predictive value, it was removed from the global model and the analysis was repeated 

with the larger sample set. To prevent overfitting models, no more than one predictive variable 

was included for every ten animals used to fit each model. Model fits were also assessed using 

McFadden's R-squared (McFadden, 1974).

To test whether pupping and its timing were linked to when study animals gave birth the 

following year, parturition dates in year t+1 for Weddell seals that carried pregnancies to term 

were compared among skip females, early birth postpartum females, and late birth postpartum 
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females by ANOVA. The number of days between parturition in year t and year t+1 was 

additionally compared between early and late birthing seals using a t-test.

2.4 Results

2.4.1 Animal handlings

Data from 227 animal handling procedures of 160 unique individuals conducted across 

the pupping period, breeding period, and early gestation period were included in this study. 

Females handled during the breeding period (n=96) were relocated and rehandled during the 

early gestation period when possible; 69 of these females were successfully recaptured ~60 days 

later (range: 39-85). Additional female seals underwent a single handling procedure in the 

pupping period (n=18) or the early gestation period (n=23), and samples from 21 handlings of 

male Weddell seals were also included in prolactin analysis. Table 2.1 reports handling details by 

sex, reproductive phase, and date.

2.4.2 Hormone assay validations

Parallelism and accuracy tests supported the validity of the progesterone, estrogen, T4, 

cortisol, and prolactin assays for measuring hormones in Weddell seal serum (Supplementary 

Figures 2.1-2.3). For LH and FSH assays, binding curves of Weddell seal pituitary extract and 

serum appeared parallel by visual assessment, though parallelism could only be tested for a small 

portion of the FSH binding curve because serum FSH concentrations were all relatively low 

(Supplementary Figure 2.2). FSH concentrations measured in two separate assays were 

correlated (R2=0.35, p<0.0001; Supplementary Figure 2.4), but the lack of a tighter correlation 

suggests some limitation to the assay's precision for measuring these low FSH concentrations. 

LH values, which included high concentration samples, were very strongly correlated between 

separate assay runs (R2=0.97, p<0.0001; Supplementary Figure 2.4)
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2.4.3 Body mass and condition

In the breeding period, skip females had larger body masses and relative lipid stores than 

postpartum Weddell seals (both early and late birthing, Tukey's HSD, p>0.0001) (Table 2.2). 

Early and late birthing females were similar in body mass, but late birthing seals were leaner 

than those that gave birth earlier in the summer (Tukey's HSD, p=0.0221). While the magnitude 

of body mass differences between skip and postpartum females declined over summer (from a 

difference in means of 155 kg to 66 kg), skip females had higher body masses and greater 

relative lipid stores in the early gestation period than postpartum females (Table 2.2), and early 

birth seals had a higher percentage of body lipid than late birth seals (Tukey's HSD, p=0.0154).

2.4.4 Ultrasound exams, ovulation, and pregnancy

Ultrasound exams during the breeding period successfully imaged one (n=7) or both 

(n=14) ovaries in 21 seals. Four seals had a detectable CL in one ovary, two seals had an ovarian 

structure that was likely a CL, fourteen seals had a single large ovarian follicle 10-19 mm in 

diameter, and one seal had an irregular, well-perfused follicle-like structure with hyperechogenic 

bands, potentially a corpus hemorrhagicum (CH) (Figure 2.1). In all these animals, the ovary that 

did not contain the structure of note (confirmed or likely CL; large, presumably dominant 

follicle; or potential CH) either contained no visible structures or one or more small follicles 

(diameter <10 mm). Additional smaller follicles were also present in some (8 out of 14) ovaries 

that contained a single large follicle.

In the early gestation period, ultrasound exams diagnosed 65 individual Weddell seals as 

pregnant and 16 as non-pregnant. Five of the seals were determined to be pregnant based on the 

presence of an embryonic vesicle (no embryo proper visible), indicating that these females were 

in the earliest stages of active gestation. Sixty of the pregnant females had a measurable embryo 
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proper with crown-rump lengths ranging from 2-86 mm. Of the seals determined to be pregnant, 

43 successfully carried pregnancies to term, while 22 were not seen with a pup the following 

year and were assumed to have experienced embryo loss as a spontaneous abortion or fetal 

resorption. It is unlikely that skip females in the present study actually experienced still birth or 

perinatal mortality; these events would likely be observed during thorough censuses of maternal 

colonies during the pupping period and were not reported for any study animals. An additional 

nine animals that were not examined by ultrasound or that had inconclusive exams during 

January-February gave birth the following pupping period. Only a single Weddell seal assessed 

as non-pregnant by ultrasound gave birth the following year, and the animal was retroactively 

counted as pregnant. Complete ovarian scans were completed on 48 females during their 

pregnancy exams in late summer. With the exception of one non-pregnant seal handled late in 

the study period (February 13), all Weddell seals had a distinct CL (Figure 2.1). Ovaries 

contained up to 20 follicles of varying sizes, all smaller than the dominant follicles observed in 

the breeding period.

2.4.5 Hormone profiles

Hormone profiles revealed that sex steroids and pituitary hormones each varied 

dynamically across the reproductive cycle. Within each reproductive phase, hormone 

concentrations were similar between early and late birthing seals, so postpartum females were 

considered as a single group. As detailed below, there were large differences in hormones 

between postpartum females and skip females, suggesting pupping has substantial and lasting 

effects on reproductive endocrinology (Figure 2.2, Figure 2.3).
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2.4.5.1 Progesterone

Postpartum females had higher progesterone concentrations than skip females 

(F1,16=20.98, p=0.0003) during the pupping period, i.e., early lactation (Figure 2.2A). During the 

breeding period, when ovulation was expected to occur, progesterone concentrations were 

bimodally distributed with values either below 4 ng/ml (mean±SEM=1.9±0.1 ng/ml) or above 8 

ng/ml (48±3 ng/ml; Figure 2.4A). All Weddell seals observed with a CL had high progesterone, 

and the only Weddell seals with high progesterone that did not have a CL or CH had large 

ovarian follicles and high LH, suggesting ovulation was imminent (Figure 2.4C). Thus, high 

progesterone (>8 ng/ml) in the breeding period was determined to be a reliable indicator that a 

female was peri- or post-ovulation, while low progesterone indicated a Weddell seal was pre

ovulation. Serum LH in combination with progesterone distinguished peri- and post-ovulation 

seals, as further discussed below. Progesterone was higher in post-ovulation Weddell seals than 

peri-ovulation Weddell seals (Tukey's HSD, p=0.0128). There were no differences in 

progesterone concentrations between skip females and postpartum females within the pre-, peri-, 

and post-ovulation groups (Figure 2.2A). In the early gestation period, serum progesterone 

concentrations were higher in skip females than postpartum females (F1,82=7.79, p=0.006) but 

were not related to pregnancy status (F2,82=0.43, p=0.65) (Figure 2.2A). Serum progesterone was 

significantly positively correlated with percent lipid in early gestation across all females 

(R2=0.09, p=0.006), but no such correlation existed within the skip and postpartum groups, and 

there was no correlation between body mass and progesterone.

2.4.5.2 Total estrogens

Serum estrogen (estradiol plus estrone) concentrations were higher in postpartum 

(lactating) females than in skip females during both the pupping period (F1,16=8.58, p=0.0098) 

29



and breeding period (F1,92=52.23, p<0.0001) (Figure 2.2B). Estrogen concentration varied 

differently between pre-, peri-, and post-ovulation phases in skip and postpartum females, as 

indicated by a significant pupping group/reproductive phase interaction factor in the GLM 

predicting breeding period estrogen (F2,90=3.59, p=0.0098). In skip females that had not ovulated 

(i.e., had low progesterone), serum estrogen increased with day of year from the population 

pupping period (October) through the breeding period (November/December) (R2=0.42, 

p=0.003), suggesting that estrogen concentrations gradually rise across October-November and 

peak during estrus (Supplementary Figure 2.6). Estrogen concentrations declined significantly 

after serum progesterone increased (Tukey's HSD, p=0.001). In lactating females, serum 

estrogen concentrations were always higher and did not differ between pre- and post-ovulation 

phases.

While estrogen levels declined in all female Weddell seals from the breeding period into 

the early gestation period, declines were significantly greater in postpartum females, and their 

serum estrogen concentrations were lower than those of skip females by late summer 

(F1,82=38.48, p<0.0001; Figure 2.2A). Higher estrogen concentrations in skip females may have 

been related to their larger mass and fat stores, as there were significant positive correlations 

between estrogen and mass (R2=0.10, p=0.002) and estrogen and percent lipid (R2=0.21, p< 

0.0001) during this period. However, there was no correlation between estrogen and mass or 

condition within the skip or postpartum groups (Supplementary Figure 2.7). Across all females, 

estrogen levels during the early gestation period were positively correlated with progesterone 

(R2=0.1147, p=0.001) (Supplementary Figure 2.5). And, while early gestation period estrogen 

concentrations did not differ between females determined to be pregnant or not, those pregnant 
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females that went on to give birth tended to have higher serum estrogen than Weddell seals with 

unsuccessful pregnancies (Tukey's HSD, p=0.0875).

2.4.5.3 LH

Serum LH concentrations during the breeding period exhibited a bimodal distribution, 

similar to that observed for progesterone, though only a small number of animals (n=6) were in 

the high LH (>2 ng/mL) group (Figure 2.4B). Females with high LH concentrations also had 

high progesterone and large, dominant ovarian follicles (3 out of 3 females examined by 

ultrasound, Figure 2.4c). Therefore, all Weddell seals handled in the breeding period with high 

LH were considered to be in the peri-ovulation stage. Serum LH concentrations were, by 

definition, much lower in pre- and post-ovulation Weddell seals than in peri-ovulation Weddell 

seals, and LH concentrations were similarly low in pupping period and early gestation period 

seals (Figure 2.3A). Serum concentrations of LH were similar between skip and postpartum 

females across all periods and reproductive phases.

2.4.5.4 FSH

Serum FSH concentrations were lower in skip females than in postpartum Weddell seals 

during the pupping period (F1,16=8.6347, p=0.0096), but average concentrations in skip females 

increased after the pupping window and were equivalent with those of postpartum females 

during the breeding period (Figure 2.3B). Regardless of prior reproductive history, peri-ovulation 

Weddell seals had significantly higher serum FSH than pre-ovulation seals (Tukey's HSD, 

p=0.0141) and somewhat higher FSH than post-ovulation seals (Tukey's HSD, p=0.0859). In the 

early gestation period, serum FSH did not vary with pupping group (F1,83=0.1514, p=0.8597) or 

pregnancy status (F2,82=0.1134, p=0.1134).
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2.4.5.5 Prolactin

There was a strong seasonal trend in serum prolactin concentrations in all study animals, 

including a supplement of 21 male Weddell seals. While prolactin concentrations were higher in 

lactating females than in skip females (pupping period: F1,17=11.161, p=0.0039; breeding period: 

F1,92=38.26, p< 0.0001; Figure 2.3C) and males in early summer, there was a notable decline in 

prolactin across groups from relatively high concentrations sustained October-December to very 

low concentrations in January-February (Figure 2.5). During the breeding period, serum 

prolactin was higher in pre-ovulation versus post-ovulation seals (Tukey's HSD, p=0.0061). 

During the early gestation period, postpartum Weddell seals still had elevated serum prolactin 

relative to skip females (F1,82=8.4995, p=0.0046). Prolactin was also higher in Weddell seals that 

were pregnant and successfully gave birth than in non-pregnant females (Tukey's HSD, 

p=0.0437) (Figure 2.3C).

Among lactating Weddell seals, serum prolactin concentrations declined both with day of 

year (F1,58=11.87, p=0.001) and a smooth function of DPP (approximate smooth term 

significance, F=5.71, p=0.0008) (Supplementary Figure 2.8). Prolactin concentrations dropped 

steeply between 32 and 44 DPP, which spans the timeframe over which pups were weaned.

2.4.5.6 Total T4

Serum T4 concentrations were similar between skip and postpartum females in the 

pupping period (F1,17=2.9022, p=0.1067), but concentrations declined slightly across lactation in 

postpartum females, and they had lower serum T4 than skip females during the breeding period 

(F1,92=23.5699, p< 0.0001; Figure 2.2D). During the early gestation period, serum T4 remained 

higher in skip females (F1,82=5.1490, p=0.0259) and was higher in females that had successful 

pregnancies as compared to those that either did not get pregnant or did not carry to term
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(Tukey's HSD, p=0.0316; p=0.0199). T4 was weakly positively correlated with body mass 

(R2=0.06, p=0.018) and body condition (R2=0.14, p=0.0003) in the early gestation period across 

all females and within the postpartum female group (mass: R2=0.07, p=0.043; body condition: 

R2=0.15, p=0.0003), but not within the skip female group.

2.4.5.7 Cortisol

Skip females had higher serum cortisol concentrations than postpartum females in both 

the pupping period (F1,17=8.4269, p=0.0099) and the breeding period (F1,92=4.4713, p=0.0372; 

Figure 2.2C). However, cortisol concentrations increased in postpartum females between the 

breeding and early gestation period, such that by mid-January, they had higher serum cortisol 

than skip females (F1,82=20.3037, p<0.0001). Weddell seals with unsuccessful pregnancies also 

had higher cortisol than pregnant seals that successfully gave birth the following pupping season 

(Tukey's HSD, p=0.0146). Cortisol was weakly negatively correlated with body mass (R2=0.08, 

p=0.006) and body condition (R2=0.09, p=0.005) in the early gestation period across all study 

animals, but it was not correlated with body stores within the skip and postpartum female groups.

2.4.6 Ovulation and pupping timing

Binomial models used to predict whether animals were peri/post-ovulation revealed that 

for skip females, only date was significantly related to ovulation status (Table 2.3). The 

likelihood that a female had elevated progesterone increased with day of year and reached 50% 

on November 19 (95% CI: Nov 14-23) (Figure 2.6A). In contrast, the likelihood that postpartum 

females were peri- or post-ovulation was influenced by DPP, pupping date, and body condition 

(Table 2.3). DPP alone did not predict ovulation status (Figure 2.6B) because females that 

pupped later in the year and that had lower relative fat stores were likely to ovulate sooner after 

giving birth (Table 2.3). A seal that gave birth on the average “early birth” parturition date
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(October 20) reached a 50% chance of being peri/post-ovulation three days sooner after birth 

than a seal that gave birth on the average “late birth” parturition date (November 3) (Figure 2.7). 

The total window of likely Weddell seal ovulation dates, spanning from when an individual was 

first observed to be post-ovulation to the latest date any female was pre-ovulation, was 

November 17 to December 11. Early-birth females had similar predicted ovulation times to skip 

females, while late-birth females ovulated significantly later (Figure 2.8).

Relatively early ovulation timing in skip and early-birth females appears linked to earlier 

pupping dates the following year. The mean date of parturition the year following handling was 

similar for the early-birth (Oct 21±2 days) and skip females (Oct 24±1 day), but late-birth 

females pupped one to two weeks later (Nov 2±2 days) (Tukey's HSD, p<0.0001 vs. both early 

birthing and skip females). The mean number of days between parturition in the year of handling 

(t) and parturition in the next year (t+1) was almost exactly one full year in both late-birth 

(364.3±1.7 days) and early-birth (367.4±1.1 days, t(23)=1.52, p=0.15) females. For the three 

postpartum seals handled with high LH that went on to give birth the next year, the LH surge to 

parturition interval was 330.0±1.5 days (range: 328-333). No skip females handled during the 

LH surge gave birth the next year.

2.4.7 Pregnancy and pupping likelihoods

Of all female Weddell seals assigned a pregnancy status by ultrasound examination, 58% 

were pregnant and went on to give birth, 25% were pregnant but did not later successfully give 

birth, and 17% were non-pregnant (see Table 2.1). Late-birth females had the lowest rate of 

successful pregnancies (48%), while 63% of early birth females and 62% of skip females had 

successful pregnancies and gave birth. Among Weddell seals that were detected as pregnant, 
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rates of pregnancy failure were 36% for pregnant late birth females, 27% for early birth females, 

and 28% for skip females.

The information criterion approach used to assess which of the measured factors were 

predictive of pregnancy status revealed that higher serum T4 concentrations predicted a higher 

likelihood of successful pregnancies, while lower T4 concentrations were linked to greater 

likelihoods that a female was non-pregnant or had a failed pregnancy (Table 2.5). Model 

selection indicated that other hormones, body mass and condition, and pupping group (skip vs. 

early or late birth female) did not strongly predict pregnancy status in this study.

2.5 Discussion

We characterized hormone concentrations during the pupping, breeding, and early 

gestation periods in a high-latitude marine predator, the Weddell seal. Findings demonstrate that 

a season of reproductive rest significantly influences in-season hormone dynamics, ovulatory 

timing, and the subsequent reproductive cycle. Skip females were larger and in better condition, 

ovulated earlier, and had serum hormone concentrations during early gestation (relatively low 

serum cortisol and high serum T4) that probably enhanced their likelihood of successfully giving 

birth the following year.

During the pupping and breeding periods, hormone concentrations in postpartum female 

Weddell seals differed from those of skip females due to their recent pregnancies and the fact 

that they were lactating. Postpartum females' relatively elevated serum FSH and progesterone in 

the pupping period likely reflected a gradual decline in these hormones following birth, as 

reported in other mammals (Bonnar et al., 1976; Mellish & Iverson, 2005). The high serum 

prolactin measured in lactating postpartum females was expected, as prolactin supports milk 

production and is released in response to suckling stimulus (Freeman et al., 2000). The late- 
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lactation decline in prolactin (independent of prolactin patterns with calendar date, which are 

later discussed) likely reflects reduced nursing by pups as weaning approaches and females 

spend more time foraging (Sato et al., 2002; Testa et al., 1989). We did not find evidence that 

falling serum prolactin triggers ovulation, consistent with the finding that removal of a nursing 

pup does not advance estrus timing in southern elephant seals (Mirounga leonina) (Boyd, 1990). 

While elevated prolactin during lactation was consistent with our predictions, postpartum 

females' high serum total estrogen across the pupping and breeding periods was unexpected 

since estrogen can inhibit lactation in mammals (Tucker, 2000). The relatively low serum 

cortisol and T4 observed in lactating females likely support the complex metabolic demands of 

milk production coupled with reduced foraging. Lower T4 probably conserves maternal energy 

by reducing basal metabolic expenditures (Eales, 1988; Flier et al., 2000), and lower cortisol may 

enhance protein mobilization into milk and help maintain nursing behavior (Guinet et al., 2004).

All female Weddell seals showed similar hormonal changes in association with ovulation. 

An acute, simultaneous rise in LH and progesterone and smaller rise in FSH occurred prior to 

ovulation when ultrasound images indicated a single large follicle was present and presumably 

close to rupturing. This matches the pattern in domestic dogs (Canis lupus familiaris), where the 

spike in LH and progesterone ~2 days before ovulation marks the transition from proestrus to 

estrus (concannon et al., 2009). To our knowledge, this study is the first to capture the LH surge 

in free-ranging pinnipeds and shows that progesterone increased sharply before ovulation. 

unlike progesterone and LH, serum total estrogen was not a consistent marker of Weddell seal 

estrous cycling since it varied little with ovulation status in postpartum seals. Skip females, 

however, showed the expected pre-ovulation estrogen peak (Atkinson, 1997), suggesting serum 

total estrogen may reflect estrus in non-lactating phocids. The presence of cLs or elevated 
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progesterone in all females by late summer indicated a 100% ovulation rate. As in other 

pinnipeds (Boyd et al., 1995; Guinet et al., 1998), failure to ovulate was not the reason why some 

female Weddell seals did not become pregnant.

Seals in the present study ovulated near 35 days postpartum, consistent with a prior report 

of when progesterone increases and mating occurs in McMurdo Sound female Weddell seals 

(Hill, 1987). However, our findings show that females that give birth late in the season ovulate 

several days sooner after parturition than females that gave birth early. This shift in relative 

ovulation timing could be mediated by late birth females' lower percent body lipid; body store 

depletion has been suggested to cue estrus in seals (Mellish & Iverson, 2005). Ovulating at fewer 

days postpartum may also be an adaptive shift for late birth females that reduces the risk they 

enter estrus too late to successfully breed. While male Weddell seals produce sperm until late 

December (Smith, 1966), they may depart breeding colonies, become injured, or cease defending 

territories weeks earlier (Hill, 1987), increasing the chance that females entering estrus late 

would miss breeding or breed with a lower quality mate (i.e., a male with a lower probability of 

siring surviving offspring). At the opposite end of the timing spectrum, skip females undergoing 

a season of reproductive rest ovulated about three weeks earlier than late birth females. This 

likely gave them greater choice in healthy, available mates (Harcourt et al., 2007), as nearly all 

male Weddell seals arrive at McMurdo Sound colonies in late October or early November well 

before females enter estrus (Bartsh & Siniff, 1991; Hill, 1987). Earlier breeding has been linked 

to higher mate quality in a range of vertebrates (Aebischer et al., 1996; Craig et al., 2002; 

Johnstone, 1997).

Entering estrus and ovulating earlier also advanced Weddell seals' birth dates the 

following summer. Ovulation timing is likely the primary driver of birth timing because 
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embryonic diapause is similarly brief in all Weddell seals (M.R. Shero, unpublished data), and 

the length of active placental gestation usually varies little between individuals in a population 

(Kiltie, 1982). Pupping in McMurdo Sound is constrained to about a month from mid-October to 

mid-November (Rotella et al., 2016), similar in length to the 24 day ovulation window we 

observed. This pupping period has likely been selected for because it avoids the poorer weather 

conditions earlier in the season and poorer ice conditions later in the season, while also aligning 

the weanling independence period with a midsummer pulse in prey (Beltran et al., 2021; Stirling, 

1969). Pups born earlier in this window, which are more likely to be male (Rotella et al., 2016), 

likely have higher survival rates since they have larger body masses at weaning and more time to 

develop prior to conditions worsening in late summer (Mannas, 2011). By ovulating at fewer 

days postpartum, late birth seals may shift their birth timing for the next year slightly earlier, 

enhancing outcomes for their offspring. However, it seems the only way a late birth female can 

significantly advance her future reproductive timing without shortening active gestation is 

through a year of reproductive rest. This effectively resets when she will ovulate and give birth 

in the subsequent season (Figure 2.9). Skip and early birth females do not experience a similar 

change in future ovulation and birth timing if they skip pupping the following year (Figure 2.9).

The larger impact of reproductive rest on future pupping date in late birth females may be 

one ultimate reason that Weddell seals in this group were most likely to skip pupping the next 

year, with a birth rate of 48% in this study versus 62% and 63% in skip and early birth females, 

respectively. These different birth rates also suggest that a typical late birth female, but not an 

early birth or skip female, would have a higher chance of successfully pupping in year t+2 if she 

skips pupping in year t+1 (Figure 2.9). It is likely that all female Weddell seals can experience 

some marginal benefit to future reproduction from skipped pupping, given findings in 
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population-level studies (Chambert et al., 2013; Paterson et al., 2018), but our findings suggest 

there is substantial variation in how current versus future reproductive tradeoffs function in 

different individual Weddell seals, as in other mammals (Hamel, 2009). Compared to other 

female Weddell seals, late birthing individuals will experience a greater increase in their 

likelihood of having a pup and giving birth at a more advantageous time the next year if they 

skip pupping. While their reproductive quality and lifetime fitness is lower than Weddell seals 

that pup earlier (Rotella et al., 2016), females that tend to give birth late—a heritable trait (Réale 

et al., 2003; Sinervo & Doughty, 1996)—likely maintain important variation in reproductive 

phenology within the population. This variation may prevent births from shifting too early and 

provides adaptive capacity for birth timing to respond to environmental change (Bradshaw & 

Holzapfel, 2008).

In addition to allowing some females to pup earlier in a given year, reproductive rest also 

appears to slightly lengthen gestation in Weddell seals, as skip females ovulated about a week 

before early birth seals but gave birth at similar times. In mammal populations, relatively long 

gestation is associated with larger birth masses and better offspring outcomes (Mellado et al., 

2000; Mysterud et al., 2009). Pups born to female Weddell seals that skipped pupping the prior 

cycle are indeed larger at birth (Paterson et al., 2016). Skip females' larger body masses and fat 

stores during pregnancy could also contribute to their pups being heavier (Micke et al., 2010; 

Scott et al., 2015), though Weddell seal fetal growth rates are not related to maternal body mass 

or body condition through at least the first two months of gestation (M.R. Shero, unpublished 

data).

It is not surprising that skip females were significantly larger and fatter than postpartum 

Weddell seals during the early gestation period (January/February), given how much body mass 
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postpartum Weddell seals lose while lactating (Wheatley et al., 2006). However, we were 

surprised to find no clear link between mass or condition during this period and the likelihood 

that a Weddell seal was pregnant or would successfully bring a pregnancy to term. Maternal 

nutritional status is a major driver of reproductive outcomes in wildlife (Bronson, 1989; Wade & 

Schneider, 1992), and previous studies have indicated that better body condition or greater body 

mass enhances the likelihood of successful pupping in pinnipeds (Boyd, 2000; Guinet et al., 

1998; Lunn & Boyd, 1993). The lack of a relationship between body mass or condition and 

pupping in the present study suggests that nutritional status during early gestation does not 

strongly predict whether a female Weddell seal can meet the energetic demands of producing and 

rearing a healthy pup. Females still have a long winter foraging period over which to gain body 

mass that will help support lactation, the most costly stage of reproduction (Beltran et al., 2017;

Shero et al., 2015a). Later in gestation, female Weddell seals' mass and body condition are likely 

more closely linked to whether they will pup and to whether their pup will survive post-weaning. 

Others have also suggested that pinniped fertility may be insensitive to nutritional status early in 

a pregnancy cycle, but abortion will occur if reserves are insufficient in mid or late gestation 

(Gibbens et al., 2010; Trites & Donnelly, 2003). The large body stores of skip females in late 

summer likely increase their chances of successful pupping to some degree by reducing the body 

mass gain needed over winter.

Skip females' distinct hormone profiles during late summer may also enhance their 

reproductive outcomes. Serum total T4 concentrations were higher in skip females than 

postpartum females, and higher T4 concentrations were linked to greater likelihoods both of 

being pregnant and of successfully bringing a pregnancy to term. Together, this suggests 

increased circulating total T4 likely mediates benefits of reproductive rest for future 
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reproduction. It is possible, however, that higher serum T4 did not have a causal role in the 

increased likelihood of pregnancy. Pregnant Weddell seals could have had higher total T4 

because pregnancy itself causes serum T4 to rise, as it does in humans due to a gestational 

increase in thyroid binding globulin (Glinoer, 1993; Lazarus, 2011). Yet there is good reason to 

believe Weddell seals with higher total T4 were more likely to become pregnant, given that 

hypothyroidism has been widely linked to infertility while increased concentrations of T4 can 

enhance embryo quality and facilitate implantation (Ashkar et al., 2010; Colicchia et al., 2014; 

Evers, 2012; Piccirilli et al., 2018). It is also very likely that the higher serum T4 concentrations 

of pregnant Weddell seals that carried to term helped sustain their pregnancies. T4 plays key 

roles in fetal development (Forhead & Fowden, 2014), and inducing hypothyroidism can cause 

fetal loss while treatment with supplemental T4 can decrease abortion risk (Abalovich et al., 

2002; Rao & Panda, 1980). The lower serum T4 of female Weddell seals that experienced fetal 

loss is consistent with patterns in humans, rodents, and dolphins (Choksi et al., 2003; Maraka et 

al., 2016; Ross et al., 1989; West et al., 2014).

Similar to T4, serum cortisol concentrations were also linked to both recent reproduction 

and subsequent pregnancy outcomes in Weddell seals. In the early gestation period, females that 

successfully pupped the next spring had lower serum cortisol than pregnant females that did not 

carry to term, and skip females had lower cortisol than postpartum seals. This suggests elevated 

cortisol increases the risk of unsuccessful pregnancy in Weddell seals, and the lower serum 

cortisol of skip females may be a benefit of reproductive rest that enhances future reproduction. 

Cortisol was not as strongly linked to pregnancy outcomes as T4 in this study, but 

glucocorticoids have been widely shown to regulate reproductive effort and can mediate 

carryover effects of reproducing on the next cycle (Crossin et al., 2013; Mark & Rubenstein, 
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2013; Sanderson et al., 2014). Higher circulating cortisol likely increases the chance of fetal loss 

in Weddell seals, as it does in pregnant women and other mammals (Nepomnaschy et al., 2006; 

Romero Ramírez et al., 1998). However, serum cortisol concentrations did not seem to impact 

the likelihood of healthy adult females becoming pregnant. Postpartum Weddell seals likely had 

higher cortisol concentrations than skip females in late summer due to their need to recover mass 

lost during lactation, as elevations in serum cortisol may stimulate foraging in pinnipeds (Guinet 

et al., 2004).

Serum progesterone and estrogen concentrations were also significantly higher in skip 

females than in postpartum females during the early gestation period. The larger lipid stores of 

skip females may have contributed to this difference, as serum estrogen concentrations can be 

greater in mammals with more body fat (Lukanova et al., 2004). However, we speculate that the 

higher concentration of progesterone and estrogen in skip versus postpartum females was 

primarily due to postpartum females having higher sex steroid clearance rates. Greater food 

intake and body mass gain is linked to faster progesterone and estrogen metabolism and lower 

titers of these hormones (Parr, 1992; Sangsritavong et al., 2002), and postpartum seals gained 

body mass rapidly over summer while skip females lost mass. Skip females' higher sex steroid 

levels were not a reflection of skip seals being further along in pregnancy, as there is no 

correlation between embryo size and progesterone or estrogen in Weddell seal early gestation 

(M.R. Shero, unpublished data).

Higher serum estrogen and progesterone concentrations in skip females could potentially 

increase their chances of successfully pupping since these hormones are vital to maintaining 

healthy pregnancies, and decreased concentrations increase the risk of fetal loss in other 

mammals (Arck et al., 2007; Beehner et al., 2006; Thuróczy et al., 2016). We did not find strong 
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evidence of this in our study animals, however; estrogen only tended to be higher in females that 

successfully pupped, and progesterone was no different between females with successful and 

unsuccessful pregnancies. Serum progesterone and estrogen also did not differ between pregnant 

and non-pregnant females, indicating they cannot be used to detect Weddell seal pregnancy at 

least for the first two to three months of gestation, as in other seals (Greig et al., 2007; McKenzie 

et al., 2005; Villegas-Amtmann et al., 2009). This is likely because cLs, the primary sites of 

progesterone production in pregnant phocids (ishinazaka et al., 2002), do not regress in non

pregnant Weddell seals until late February or March (Smith, 1966). After this point, we expect 

that serum progesterone and perhaps estrogen can indicate whether a Weddell seal is pregnant.

in contrast to the sex steroids, circulating prolactin concentrations were higher in 

postpartum Weddell seals than skip females during the early gestation period, which was at least 

a month after weaning. This was unexpected, since in other mammals elevated prolactin does not 

persist after lactation ends, and prolactin concentrations in fact tend to be lower in females that 

recently weaned offspring than in those that did not (Bridges & Byrnes, 2006; carvalho-Freitas 

et al., 2007; Musey et al., 1987). Prolactin may be involved in cL maintenance in pinnipeds, as it 

is in terrestrial carnivores (concannon et al., 2009), and phocid cLs contain abundant prolactin 

receptors (ishinazaka et al., 2002). our most striking prolactin finding was that Weddell seal 

serum prolactin concentrations followed a distinct seasonal pattern: they were relatively elevated 

in all Weddell seals in the pupping and breeding seasons but declined steeply between early 

December and mid-January, remaining low through the end of the study window. in most 

mammals under natural conditions, serum prolactin concentrations rise in spring as daylength 

increases and fall when days get shorter, reaching their lowest levels in autumn or winter 

(curlewis, 1992). Serum prolactin levels will eventually decline in animals that are continuously 
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exposed to long photoperiods, however, reflecting a long-day photorefractory response and 

return to short-day physiology controlled by the pituitary pars tuberalis (Lincoln et al., 2005; 

Wood et al., 2015). The midsummer prolactin decline in McMurdo Sound Weddell seals strongly 

suggests they become photorefractory in December or January after two to three months of 

continuous daylight.

As expected for a long-day breeding species, the period when Weddell seals had 

relatively high prolactin corresponded with their seasonal reproductive activity, including 

ovarian follicle maturation, spermatogenesis, estrus, and breeding (Harcourt et al. 2008; Hill, 

1987; Smith, 1966). These all cease in the same window that the midsummer drop in prolactin 

occurred, presumably because a photorefractory switch in seasonal physiology suppresses GnRH 

secretion (Dardente et al., 2016; Wood et al., 2015). The midsummer prolactin decline also 

occurred during the time that embryonic diapause ends in Weddell seals (M.R. Shero, 

unpublished data). It is possible that prolactin plays a role in ending diapause, as changes in 

serum prolactin concentrations trigger embryo reactivation and attachment in other mammals 

(Berria et al., 1989; Hinds, 1989; Papke et al., 1980). Serum prolactin likely reaches baseline 

levels earlier in Weddell seals that did not lactate or that weaned their pups earlier, which could 

explain why embryo attachment timing is linked to recent birth timing in Weddell seals (M.R. 

Shero, unpublished data) if prolactin regulates diapause. Prolactin dynamics have not been 

widely examined in pinnipeds, and previous studies have used human prolactin assays that likely 

are not as sensitive and accurate for measuring seal prolactin as the equine assay used in our 

study (Boyd, 1991; Mellish et al., 1999). Examining prolactin in additional seal populations 

could reveal patterns that reflect reproductive phenology and its seasonal constraints.
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2.5.1 Conclusion

In iteroparous mammals, skipped reproduction can enhance lifetime fitness by allowing a 

trade-off between current reproduction and future reproduction. By comparing reproductive 

cycling and patterns of hormone secretion between female Weddell seals that skipped a year of 

pupping and those that did not, we identified physiological differences that may mediate the 

benefits of reproductive rest. We found that skipped pupping can shift reproductive timing earlier 

by advancing ovulation in females that would ovulate and give birth late if they reproduced in 

consecutive years. We also found that skip females have greater body stores and distinct 

hormone profiles in early gestation that may enhance their likelihood of giving birth. Females 

that have low reproductive quality skip pupping frequently by definition, and the positive 

impacts of skipped pupping on the next reproductive cycle are likely key to their production of 

surviving pups that maintain genetic diversity in the population. Because wildlife populations 

face anthropogenic threats that may reduce annual birth rates, it is important to understand the 

net fitness effects of missed reproduction by accounting for how it impacts the subsequent 

reproductive cycle and maternal health.
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2.7 Tables

Table 2.1. Total Weddell seals handled in the pupping period, breeding period, and early gestation period. 
The range of dates and days after birth (for postpartum females) of handlings in each period are shown. 
In the breeding period and early gestation period, the number of female Weddell seals in different 
reproductive cycle phases (i.e., ovulation and pregnancy statuses) are shown. Note male Weddell seals 
were included in the study only to characterize their serum prolactin dynamics, while a much broader 
suite of parameters was analyzed in female Weddell seals.

Pupping period Breeding period Early gestation period

Handling 
dates

Oct 23—Nov 13 Nov 15-Dec 12 Jan 16-Feb 16

Days after 
birth

3-17 29-44 71-126

Reproductive 
phase

Early 
lactation or N/A

Pre
ovulation

Peri
ovulation

Post
ovulation All Successful 

pregnancy
Failed 

pregnancy
Non

pregnant All1

Postpartum 
females

11 40 5 19 64 33 15 11 61

Skip females 7 9 1 22 32 18 7 4 31

Males 14 - - - 0 - - - 7
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1Includes two skip females and two postpartum females that were of unknown pregnancy status and were 
not seen with a pup the following year, which were not assigned a reproductive phase.



Table 2.2. Body mass (kg) and percent lipid (mean±SEM) of female Weddell seals by pupping group and 
season. Letters signify significant differences among pupping groups within seasons (Tukey's HSD, 
p<0.05)

Breeding Period Early gestation period

Reproductive 
status Skip female Postpartum, 

early birth
Postpartum, 

late birth Skip female Postpartum, 
early birth

Postpartum, 
late birth

Body mass 437±7 a 288±7 b 275±6 b 377±7 a 318±9 b 303±6 b

Percent lipid 38.2±0.6% a 33.1±0.7% b 30.6±0.6% c 33.6±0.6% a 26.6±0.8% b 24.0±0.5% c
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Postpartum 
females 
(55)

Skip females 
(33)

Table 2.3. Top binomial models, ranked by AICc, for predicting Weddell seal ovulation status in 
postpartum and skip females. The top five models (lowest AICc) for each pupping group (skip or 
postpartum) are shown, as well as any additional models that had a ΔAICc <2 and included fewer 
predictive variables than any of the top five models. Bold predictor variables were positively associated 
with the likelihood a female was peri/post-ovulation, while non-bolded variables reflect negative 
associations. Hormone variables reflect serum concentrations. Pseudo R2 values are McFadden's R2*. 
K=number of variables; DPP=days postpartum.

K Predictor variables AICc ΔAICc
Pseudo

R2*
1 Date 23.9 0 0.549
2 Date, Prolactin 25.7 1.75 0.564
2 Date, %lipid 26.1 2.16 0.555
2 Date, Mass 26.2 2.25 0.553
3 Date, Prolactin, Mass 28.2 4.32 0.565
3 DPP, Pup_Date, %lipid 51.6 0 0.407
2 DPP, %lipid 52.9 1.33 0.356
2 DPP, Pup_Date 53.3 1.77 0.350
4 DPP, Pup_Date, %lipid, Mass 53.7 2.11 0.411
4 DPP, Pup_Date, %lipid, Prolactin 54.0 2.42 0.407
1 DPP 61.0 9.39 0.213

*McFadden, D. (1974) Conditional logit analysis of qualitative choice behavior. Pp. 105-142 in P. Zarembka (ed.), 
Frontiers in Econometrics.
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All females 
(n=86)

Table 2.4. Top multinomial models, ranked by AICc, for predicting Weddell seal pregnancy status 
(pregnant-successful, pregnant-failed, or non-pregnant) in January-February. The top five models (lowest 
AICc) for each Weddell seal group (all females, skip females, or postpartum females) are shown. Bold 
predictor variables were positively associated with the likelihood of a female being pregnant and/or 
carrying a pregnancy to term, and non-bold variables were negatively associated with pregnancy or birth 
likelihood. Hormone variables reflect serum concentrations. Pseudo R2 values are McFadden's R2*. 
K=number of variables. Predictor variables tested were total estrogens, prolactin, progesterone, 
luteinizing hormone (LH), follicle-stimulating hormone (FSH), total thyroxine (T4), cortisol, percent lipid, 
mass, and pupping group and interactions between pupping group and all other variables.

K Predictor variables AICc ΔAICc
Pseudo

R2*
1 T4 165.0 0 0.065
2 T4, cortisol 165.7 0.69 0.089
2 T4, prolactin 166.8 1.78 0.082
3 T4, cortisol, progesterone 166.8 1.79 0.111
3 T4, cortisol, prolactin 167.5 2.51 0.107

*McFadden, D. (1974) Conditional logit analysis of qualitative choice behavior. Pp. 105-142 in P. Zarembka (ed.), 
Frontiers in Econometrics.
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Table 2.5. Model parameter specifications for the top-ranked multinomial model predicting pregnancy 
status in female Weddell seals (n=86) handled during the early gestation period. Serum total thyroxine 
(T4) is the sole predictive variable. Values in parentheses are standard error of the coefficient estimates, 
and p-values for coefficients were determined from z-tests.

Dependent variable
Pregnant, unsuccessful Non-pregnant

Coefficient p-value Coefficient p-value
T4 -1.844 (0.735) 0.012 -2.084 (0.857) 0.015

Intercept 2.858 (1.447) 0.048 2.915 (1.651) 0.077
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2.8 Figures

Figure 2.1. ultrasound images of ovarian structures across the reproductive cycle of female Weddell 
seals. A) Pre-ovulation dominant follicle. B) Potential corpus hemorrhagicum. c) Breeding season corpus 
luteum. D) Early gestation corpus luteum.
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Figure 2.2. Mean serum concentrations of progesterone, total estrogen, cortisol, and total thyroxine (T4) 
in Weddell seal postpartum females and skip females in different reproductive phases during the pupping 
period (mid October-mid November), breeding period (mid November-mid December), and early 
gestation (mid January-mid February). Early and late birthing postpartum females had similar hormone 
levels and so were considered as a single group. Total progesterone concentrations are shown in panel A, 
estrogen concentrations are shown in panel B, cortisol concentrations are shown in panel C, and total 
thyroxine (T4) concentrations are shown in panel D. Note that the pre-ovulation category was defined 
based on low serum progesterone. Error bars represent 95% confidence intervals generated by bias- 
corrected and accelerated bootstrapping with 10,000 bootstrap replicates. There are no error bars for peri
ovulation skip females because n=1. Generalized linear models (GLMs) were used to test for significant 
differences in hormone concentrations between groups within each period (pupping, breeding, and early 
gestation). Pupping group (postpartum vs. skip female) was included as a factor in GLMs for all periods, 
and in the breeding and early gestation periods, reproductive phase and the reproductive phase/pupping 
group interaction were also tested as predictive variables. Significant interaction effects (p<0.05, Wald 
test) are indicated in subpanels by Pup.group x Repro.phase = [significance symbol]. When the pupping 
group/reproductive phase interaction was not significant, it was dropped from GLMs, and serum hormone 
differences between pupping groups and between reproductive phases were determined. All differences 
with p<0.10 (Tukey's HSD) are listed in subpanels as [Group 1] v. [Group 2] = [significance symbol], 
where ∙=p<0.10 , *=p<0.05 , **=p<0.01, and ***=p<0.001. PP=Postpartum female; SF=Skip female; 
Pre=Pre-ovulation; Peri=Peri-ovulation; Post=Post-ovulation; Prg.S=Pregnant, successful (pregnant and 
carried to term); Prg.F=Pregnant, failed (diagnosed as pregnant but did not later give birth); N.Prg=Non- 
pregnant.
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Figure 2.2. Continued
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Figure 2.3. Mean serum concentrations of pituitary hormones (luteinizing hormone (LH), follicle
stimulating hormone (FSH), and prolactin) in Weddell seal postpartum females and skip females in 
different reproductive phases during the pupping period (mid October-mid November), breeding period 
(mid November-mid December), and early gestation (mid January-mid February). Early and late birthing 
postpartum females had similar hormone levels and so were considered as a single group. LH 
concentrations are shown in panel A, FSH concentrations are shown in panel B, and prolactin 
concentrations are shown in panel C. Note that the peri-ovulation category was defined based on high LH. 
Error bars represent 95% confidence intervals generated by bias-corrected and accelerated bootstrapping 
with 10000 bootstrap replicates. There are no error bars for peri-ovulation skip females because n=1.
Generalized linear models (GLMs) were used to test for significant differences in hormone levels between 
groups within each period (pupping, breeding, and early gestation). Pupping group (postpartum vs. skip 
female) was included as a factor in GLMs for all periods, and in the breeding and early gestation periods, 
reproductive phase and the reproductive phase/pupping group interaction were also tested as predictive 
variables. Significant interaction effects (p<0.05, Wald test) are indicated in subpanels by Pup.group x 
Repro.phase = [significance symbol]. When the pupping group/reproductive phase interaction was not 
significant, it was dropped from GLMs, and serum hormone differences between pupping groups and 
between reproductive phases were determined. All differences with p<0.10 (Tukey's HSD) are listed in 
subpanels as [Group 1] v. [Group 2] = [significance symbol], where •=p<0.10 , *=p<0.05 , **=p<0.01, 
and ***=p<0.001. PP=Postpartum female; SF=Skip female; Pre=Pre-ovulation; Peri=Peri-ovulation; 
Post=Post-ovulation; Prg.S=Pregnant, successful (pregnant and carried to term); Prg.F=Pregnant, failed 
(diagnosed as pregnant but did not later give birth); N.Prg=Non-pregnant.
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Figure 2.3. Continued
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Figure 2.4. Distributions of log-transformed circulating progesterone concentrations (A) and luteinizing 
hormone (LH) concentrations (B) (both ng/mL) for all females handled in the breeding period. 
Progesterone concentrations were coded as pre-ovulation or peri/post-ovulation and LH concentrations 
were coded as non-ovulation or peri-ovulation based on these binomial distributions and on C) ultrasound 
exams in a subset of seals (n=21) demonstrating the correspondence of high (>8 ng/mL) progesterone 
with either the presence of a corpus luteum (CL), likely CL, corpus hemmoragicum (CH), or high LH, 
and the correspondence of high LH (>2 ng/mL) with the presence of a large follicle and high 
progesterone.
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Figure 2.4. Continued
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Figure 2.5. Variation in circulating prolactin (ng/mL) in Weddell seals across summer. Points are serum 
prolactin concentrations, and lines represent predicted values from a fitted generalized additive mixed 
model (GAMM) (Prolactin1 = β0 + f1(day of year) ∙ Reproductive group + β1 Reproductive group + ¾ + 
ε), and shaded areas show 95% confidence intervals of model fits.
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Figure 2.6. Logistic regressions demonstrating when female Weddell seals were likely to be peri/post- 
ovulation. Likelihoods shown in skip females by date (A) and in postpartum females by days postpartum 
(DPP) (B), with 95% confidence intervals (dashed lines).
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Figure 2.7. Predicted likelihood, by days postpartum (DPP), of female Weddell seals being peri- or post
ovulation for early birth seals (A) and late birth seals (B) that gave birth on their groups' mean parturition 
dates. Dashed lines represent the 95% confidence interval. The dotted horizontal line reflects a 50% 
likelihood of being peri- or post-ovulation and the vertical line shows when, in DPP, early or late birth 
Weddell seals were predicted to reach the 50% likelihood.
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Figure 2.8. Ranges of calendar dates for when skip, early birth, and late birth female Weddell seals were 
predicted to ovulate or were observed post-ovulation. Outlined lines show the range of dates from when 
the first post-ovulation seal (high progesterone and low luteinizing hormone (LH)) was handled to one 
day after the latest date a pre-ovulation seal (low progesterone and LH) was handled. Thin lines show any 
additional days when any females in the specified pupping group were predicted to have a 50% chance of 
being post ovulation based on the binomial ovulation model including pupping date and days postpartum. 
The dashes show dates that seals were handled during their presumed LH surge.
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Figure 2.9. Diagram showing transitions between Weddell seal female reproductive categories across 
years if seals pup, i.e., have a successful pregnancy, or do not, i.e., seals take a year of reproductive rest. 
EB = early birth postpartum female; LB = late birth postpartum female; SF = skip female. Green circles 
indicate Weddell seals that ovulate early and red circles indicate Weddell seals that ovulate late. “Yes” 
and “No” refer to whether a Weddell seal had a pup in the subsequent year. Thick arrows indicate the 
more likely pupping outcome based on birth rates in this study, and thin arrows indicate the less likely 
outcome. Early birth females and skip females are assumed to be early birth females the following year if 
they pup due to their early ovulation timing, while late birth females are assumed to give birth late (i.e., 
remain late birth females) the following year due to their late ovulation.
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2.10 Appendix

Supplementary Table 2.1. Hormone assay specifications for all radioimmunoassays (RIAs) used in this 
study. Sensitivity values were provided by assay kit manufacturers for commercial RIAs and calculated 
for in-house (non-commercial) RIAs. Interassay variation is the coefficient of variation (CV) between 
Weddell seal sample pool run in each assay, and intra-assay variation was calculated as the maximum CV 
for pool samples assayed two or three times in a single assay run for all assays other than luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH). CVs for LH and FSH are published assay 
variation values. TSH=thyroid stimulating hormone; eCG=equine chorionic gonadotropin.

Hormone Kit / Assay Sensitivit 
y

Cross-reactivities
>1%

Intra-assay 
variation

Inter-assay 
variation

Progesterone
MP

Biomedical
07-270102

0.15 
ng/mL

17a-Hydroxy-
progesterone: 2.5%

7% 5%

Total
Estrogens

MP
Biomedical
07-140202

2.5pg/mL

Estradiol-17B 100% 
Estrone 100% 

Estriol 9% 
Estradiol-17a 7% 

Equilin 2.5%

10% 8%

Total T4

IVD
Technologies,

TT4-1000V
0.3 ug/dL None reported 9% 8%

Total T4
Siemens
TKC41 0.2 ug/dL

L-Thyroxine 100% 
D-Thyroxine 64% 

Tetraiodothyroacetic 
acid 104% 

Triiodo-L-thyronine 
2% 

Triiodothyroacetic acid 
2%

3% 3%

Cortisol
MP 

Biomedical 
06B-256440

0.1 ug/dL
Prednisolone 94%
Prednisone 1.2%

Corticosterone 1.2% 
11-Deoxycortisol 2.2%

7% 6%

Cortisol Siemens
TKC01 0.2 ug/dL

Prednisolone 76%
Prednisone 2.3% 

Methylprednisolone 
12% 

11-Deoxycortisol 
11.4% 

Betamethasone 1.6%

5% 3%

Prolactin
In-house 

Colborn et al. 
1991

0.1 ng/mL None >1% reported 6% 11%
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Supplementary Table 2.1. Continued

LH
In-house

Thompson et 
al. 1983a

0.2 ng∕mL
TSH 3.8%
FSH 2.4% 

eCG 28.7%
9% 13%

FSH
In-house

Thompson et
al. 1983b

1.4 ng∕mL TSH 18%
LH 3.5% 7% 11%

76
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Animal Science, 69(6), 2556-2562. Doi: 10.2527∕1991.6962556x

Thompson, D. L., Godke, R. A., & Squires, E. L. (1983). Testosterone effects on mares during 
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Animal Science, 56(3), 678-686. Doi: 10.2527∕jas1983.563678x
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administration to mares during estrus: duration of estrus and diestrus and concentrations of LH 
and FSH in plasma. Journal of Animal Science, 56(4), 911-918. Doi: 10.2527∕jas1983.564911x



Supplementary Figure 2.1. Curves developed to test for parallelism between dilutions of Weddell seal 
(WS) serum and commercial radioimmunoassay standards.
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Supplementary Figure 2.2. Curves developed to test for parallelism between equine hormone standards, 
Weddell seal (WS) pituitary extract, and Weddell seal serum for in-house (non-commercial) pituitary 
hormone radioimmunoassays completed at Louisiana State University.
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Supplementary Figure 2.3. Results from recovery validation tests for radioimmunoassays (RIA). For 
progesterone, total estrogens, cortisol, and T4, a known amount of hormone (RIA kit standard) was added 
to pooled Weddell seal (WS) serum and assayed; expected values = added, i.e., the known amount of 
hormone added plus the background hormone concentration of the pooled WS serum (measured by 
assaying the pooled serum+zero standard); observed values = measured, i.e., assay results. For prolactin, 
equivalent amounts of a high prolactin WS serum pool were added to both a low prolactin WS serum pool 
and to assay buffer; expected values = assay results for the additions to buffer; observed values = assay 
results for the additions to WS serum pool.
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Supplementary Figure 2.4. Correlations between Weddell seal serum hormone concentrations 
(luteinizing hormone (LH) or follicle-stimulating hormone (FSH)) measured in separate assays to roughly 
reflect interassay variation. Initial assays used singlet samples while the final assays were run in 
duplicate.
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Supplementary Figure 2.5. Serum concentrations of estrogen and progesterone measured in female 
Weddell seals during the early gestation period (January/February). Gray triangles are skip females and 
black circles are postpartum females. The arrow indicates an outlier individual excluded from hormone 
analyses. The dashed line, R2 value, and p value reflect the correlation between estrogen and progesterone 
concentrations.
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Supplementary Figure 2.6. Serum concentrations of estrogen in Weddell seal skip females approaching 
ovulation (i.e., skip females handled in the pupping period or in the breeding period before the luteinizing 
hormone surge). The dashed line, R2 value, and p value reflect the correlation between estrogen 
concentrations and date.
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Supplementary Figure 2.7. Body mass and serum concentrations of estrogen during the early 
gestation period of female Weddell seals. Gray triangles are skip females and black circles are 
postpartum females. The dashed line, R2 value, and p value reflect the correlation between 
estrogen concentrations and body mass.
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Supplementary Figure 2.8. Partial fits of a generalized additive model (GAM) demonstrating predicted 
prolactin concentrations (ng/ml) of female Weddell seals by A) handling date and B) days postpartum in 
lactating females. Dashed lines represent 95% confidence intervals. DPP = days postpartum.
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Chapter 3. Post-lactation mass recovery and metabolic hormone dynamics in adult female 

Weddell seals1

1 A modified version of this chapter is in preparation for submission for publication. Kirkham A.L., Avery J.P., 
Beltran R.S., and Burns J.M. Post-lactation mass recovery and metabolic hormone dynamics in adult female
Weddell seals. Target journal: General and Comparative Endocrinology (in prep)

3.1 Abstract

Female phocid seals that give birth and nurse young lose large amounts of body mass while 

lactating, but few studies have examined how mass is subsequently recovered and how patterns 

in hormones and binding proteins relate to this recovery. Body mass and endocrine dynamics 

over the same time period in adult female seals that skip pupping in a given year (skip females) 

are also not well understood. In this study, adult female Weddell seals (Leptonychotes weddellii) 

in McMurdo Sound, Antarctica were examined to determine how body mass and body 

composition change in the period after weaning and how metabolic hormones (growth hormone 

(GH), insulin-like growth factor-1 (IGF-1), cortisol, total thyroxine (tT4), free thyroxine (fT4), 

and total triiodothyronine (tT3)) and IGF binding proteins (IGFBP-2 and IGFBP-3) may regulate 

these changes. Both postpartum seals near weaning (~35 days postpartum, n=64) and skip 

females (n=32) were handled during the breeding period (November/December) and again 

during late summer (January/February). Between the estimated date of weaning in the breeding 

period and late summer, postpartum seals gained mass at a rate of 0.98±0.09 kg·day-1. Mass was 

gained as lean tissue rather than lipid, suggesting body protein is catabolized during lactation and 

must be recovered before seals regain lost body fat. During lactation, postpartum Weddell seals 

had relatively low serum concentrations of tT4 and fT4, cortisol, IGF-1, and IGFBP-3, but they 

had elevated serum concentrations of tT3, GH, and IGFBP-2. Endocrine profiles of postpartum 

seals changed significantly across summer as they recovered mass; concentrations of circulating 
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tT4 and fT4, IGF-1, and cortisol increased while circulating GH and IGFBP-2 decreased. Larger 

decreases in GH were correlated with more rapid mass gain, suggesting serum GH declines as 

more mass is recovered and the need to accrue protein diminishes. A body mass of 400 kg 

appears to be a threshold where GH concentrations reach a minimum and lean mass gains are no 

longer prioritized in female Weddell seals. Mass and hormone dynamics in skip females 

contrasted with those in postpartum seals. Skip females had greater body masses and higher body 

fat percentages (measured by isotope dilution) than postpartum females during the breeding 

period, but they lost mass across summer at a rate of 1.03±0.07 kg∙day-1, primarily from lipid 

stores. Their serum cortisol increased across summer, while other hormones and IGFBPs did not 

change significantly between handling periods. By late summer, the differences in body mass 

and percent lipid between skip females and postpartum Weddell seals had declined, likely 

reflecting a convergence to a seasonal body mass “set point” in both groups. This study reports 

interrelationships among hormone concentrations and body mass and condition at different 

annual life history stages of a high latitude predator, demonstrating how endocrine profiles may 

impact or reflect body store dynamics.

3.2 Introduction

A fundamental challenge in the life histories of wildlife is reconciling imbalances in 

energy supply and demand (McNab, 2002). These imbalances occur across a wide range of 

temporal scales, from a single day to years, and they require effective accrual, mobilization, and 

recovery of body stores that can provide metabolic fuels. For many female mammals, lactation is 

a period of heightened energetic demand that is met, in part or in full, by body stores gained 

before birth. Lactating females that rely on accrued stores for milk production and self

maintenance are considered capital breeders, in contrast to income breeders that meet demands 
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by foraging during the nursing period (Jonsson and Jonsson, 1997). There is a spectrum of 

strategies ranging from fully capital to fully income breeding, with different ecological factors 

tipping species or individuals toward either end (Williams et al., 2017). Capital breeding 

strategies that require females to store, expend, and regain large amounts of mass are relatively 

common in female marine mammals since many cannot simultaneously forage for marine prey 

and rear offspring due to the thermoregulatory and developmental constraints of pups or calves. 

Although some high latitude marine mammals such as sea lions and fur seals are income 

breeders, species that live in highly seasonal environments also tend to be capital breeders since 

it confers flexibility in the timing of lactation relative to comparatively short annual windows of 

food abundance (Atkinson, 1997; Sainmont et al., 2014).

The Weddell seal (Leptonychotes weddellii) is an Antarctic phocid that relies largely on 

stored energy to meet the metabolic demands of lactation (Eisert et al., 2005; Hindell et al., 2002; 

Sato et al., 2002; Tedman and Bryden, 1979; Wheatley et al., 2008). The cost of producing milk 

to support a growing pup is substantial; Weddell seal pups more than triple in mass during their 

five to seven week nursing period, growing from ~30 kg to >90 kg (Reijnders et al., 1990; 

Wheatley et al., 2006). Rapid mass gain is crucial for phocid pups, since they are weaned at no 

more than 3 months of age and require abundant energy stores as they develop diving capacity 

(Burns, 1999; Sapriza, 2019). Postpartum Weddell seals correspondingly lose more than a third 

of their body mass during lactation, up to ~200 kg (Reijnders et al., 1990; Wheatley et al., 2006). 

While this is similar to the relative mass losses of other fully or primarily capital-breeding 

female phocids, female Weddell seals lose a larger fraction of lean tissue than other phocids 

(Beck et al., 2003; Bowen et al., 2001; Crocker et al., 2001; Lydersen and Kovacs, 1999; Mellish 

et al., 1999a, 1999b).
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Many studies have documented the rate and efficiency of mass transfers during lactation 

of marine mammals, but few have closely examined how postpartum females regain lost body 

stores in the weeks to months following weaning. In polar phocids, such as Weddell seals, 

recovery of both lipid and protein stores is likely critical to meeting annual metabolic demands 

since weaning corresponds to a brief seasonal pulse in prey abundance (Beltran et al., 2021). 

Lipid stores facilitate thermoregulation as both a fuel source and as insulation, while protein 

stores support swimming performance and foraging (Rosen et al., 2007; Watts et al., 1993). In 

phocids, rapid mass recovery after weaning may also facilitate the completion of the annual molt, 

which follows the pupping season, and the initiation of pregnancy (Guinet et al., 1998; Lunn and 

Boyd, 1993; Wade and Schneider, 1992; Worthy et al., 1992).

Rapid recovery of body reserves is likely influenced by a suite of endocrine changes. For 

example, glucocorticoids, such as cortisol, trigger increased food intake and alter metabolic 

processes, and circulating glucocorticoids are commonly elevated in animals with depleted body 

stores or insufficient nutrition (Arlt and Stewart, 2005; Bergendahl et al., 1996; Guinet et al., 

2004). Similarly, circulating growth hormone (GH) concentrations are usually higher in animals 

in poor condition, and elevated GH promotes lipolysis to meet metabolic demands while 

preventing protein catabolism (Eigenmann et al., 1985; Kersten, 2001; M0ller et al., 2003). GH 

also facilitates lean mass accretion in well-fed animals, in part by stimulating production of 

insulin-like growth factor-1 (IGF-1); however, in animals under nutritional stress, the stimulatory 

effect of GH on IGF-1 ceases, and IGF-1 concentrations remain low even while serum GH is 

elevated (Breier, 1999; Burton et al., 1994; Carter-Su et al., 1996). The effects of circulating 

IGF-1 on metabolism are also influenced by serum concentrations of different IGF binding 

proteins (IGFBPs), which act to either decrease IGF-1 bioavailability during nutritional stress
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(IGFBP-2) or increase bioavailability during periods of high food intake (IGFBP-3) (Breier, 

1999; Clemmons and Underwood, 1991; Yau et al., 2015).

Additionally, metabolism dynamics are strongly influenced by the circulating 

concentrations of the thyroid hormones thyroxine (T4) and the more bioactive triiodothyronine 

(T3) (Brent, 2012). T4 is present in relatively high concentrations in serum, but most is bound to 

carrier proteins, primarily thyroid-binding globulin (TBG); free T4 (fT4) that is not bound to a 

carrier molecule is available to be modified by enzymes or bind with thyroid hormone receptors 

(Hulbert, 2000). While T4 is converted to T3 by deiodinases in many target tissues, circulating 

concentrations of T3 are important to physiological regulation (Abdalla and Bianco, 2014). 

Binding of T3 or T4 to thyroid hormone receptors induces biological effects such as increased 

basal metabolic rate, thermogenesis, and somatic growth (Hulbert, 2000; Yen, 2001). Mammals 

under nutritional stress or in need of mass recovery often have lowered serum concentrations of 

free or total serum T4 or T3 (Atkinson et al., 2015; Bishop et al., 2009; Danforth and Burger, 

1984; Renouf and Noseworthy, 1991; Verrier et al., 2012).

The aims of this study were to characterize patterns of mass and condition recovery in 

female Weddell seals in McMurdo Sound, Antarctica and examine how changes in body stores 

may be regulated by hormones and IGFBPs. Weddell seals in this population are of known age 

and reproductive history from long-term tagging records. We predicted that postpartum females 

would gain body mass quickly over summer and that their hormone concentrations would 

contrast with those of skip females, reflecting nutritional stress particularly during the breeding 

period (late lactation). We also predicted that endocrine profiles of postpartum seals in late 

summer would reflect high, positive energy balance (e.g., elevated serum concentrations of IGF- 

1, IGFBP-3, total T4 (tT4), fT4, and total T3 (tT3), and reduced concentrations of cortisol and
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IGFBP-2). Comparing dynamics between females that gave birth in the study year and females 

that did not reveal the impact of lactation on over-summer body store dynamics and hormone 

profiles. Assessments reveal how physiological factors help control the dramatic changes in body 

lipid and protein stores that Weddell seals experience as large-bodied mammals in a highly 

seasonal polar environment.

3.3 Methods

3.3.1 Study animals

To determine the patterns and drivers of post-weaning mass recovery and other body 

store dynamics in a polar pinniped, we handled adult female Weddell seals in McMurdo Sound, 

Antarctica in austral summers from 2013 to 2017. Study animals were between 10 and 20 years 

old and had given birth to at least two pups in their lifetimes. Ages and reproductive histories of 

seals were provided from an ongoing long-term population study (Rotella et al., 2009; Garrott et 

al., 2012). Seals that had given birth in the current year (postpartum females, n=64) as well as 

seals that had skipped pupping in the most recent reproductive cycle (skip females, n=32) were 

handled in November and December. For postpartum females, these handlings occurred at 

approximately 35 days postpartum, late in the 5-7 week lactation period. During handling, very 

high frequency (VHF) radio flipper tags (Sirtrack, Havelock North, NZ) weighing 22 g were 

attached to the hind flipper to facilitate relocation and recapture (Frankfurter et al., 2019). In 

January and February, approximately 60 days after initial handlings, most Weddell seals were 

relocated and handled a second time (n=44 postpartum females; n=23 skip females). When 

individuals could not be relocated, Weddell seals of similar ages and reproductive histories were 

handled to provide additional cross-sectional data (n=13 postpartum females; n=8 skip females).
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3.3.2 Field handling

During all animal handlings, seals were captured with a hoop net and sedated with an 

intramuscular (IM) injection of ketamine and midazolam (2.0 and 0.1 mg∙kg-1) (Mellish et al., 

2010). Ten minutes after the initial injection, an intravenous (IV) line was established in the 

extradural vein, and the seal was maintained at the appropriate plane of anesthesia throughout 

handling procedures (~2 hours) with IV injections as needed.

Seals were weighed (±1.0 kg) using a sling, tripod, and hanging scale (MSI-7300 Dyna

Link 2). Standard length, or the straight length from the tip of the nose to the tip of the tail, was 

measured (±1.0 cm). Body composition (percent lipid and total lipid mass, lean mass, and protein 

mass) was estimated using the isotope dilution method with tritiated water (detailed in Shero et 

al., 2014). Briefly, seals received an IV dose of tritiated water, which was allowed to equilibrate 

throughout the body water pool for 90 minutes before a serum sample was collected. Water was 

later distilled in triplicate from serum samples using the freeze-capture method described by 

Ortiz et al. (1978). The total activity of distillate samples in counts per minute (CPM) was 

assessed in a Packard Tri-Carb 2900TR liquid scintillation counter (Packard Bioscience Co., 

Meriden, CT). Background activity, as measured in the pre-injection sample, was subtracted 

from the post-equilibration sample, and total body water volume was calculated based on the 

known amount of activity injected in the seal. Injected activity was determined using standards 

which were diluted in six replicates and distilled in the same manner as the serum samples. A 

3.3% correction factor was applied to the total body water calculation to account for hydrogen 

ion exchange outside of the body water pool (Bowen and Iverson, 1998). The corrected total 

body water volume and body mass was used to estimate each animal's body fat percentage, total 
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lipid mass, and total protein mass following Reilly and Fedak (1990). See Supplementary Table

3.1 for equations.

Blood samples for tritium, hormone concentration (cortisol, GH, IGF-1, tT4, fT4, and 

tT3), and IGF-1 binding protein (IGFBP-2 and IGFBP-3) analyses were collected in vacutainer 

tubes. Tubes were kept at cool temperatures until serum was isolated by centrifugation 2-10 

hours later. Serum was subsequently frozen and stored at -80°C for between one month and three 

years prior to analysis. Comparing samples stored for different durations prior to centrifugation 

and analysis using linear models (including reproductive status and season as covariates) 

indicated there was no significant impact of storage time on measured hormone concentrations.

3.3.3 Hormone and binding protein assays

Hormone concentrations were measured using 125I radioimmunoassays that were 

validated for use with Weddell seal serum. These assays include commercial kits for tT4 (tT4; 

IVD Technologies, TT4-1000V), tT3 (tT3; IVD Technologies, TT3-1000V), fT4 (fT4; IVD DFT4- 

2000V), and cortisol (MP Biomedical 06B-256440). The fT4 assay included an equilibrium 

dialysis step in which samples were incubated in dialysis cells according to assay manufacturer 

instructions prior to the competitive binding assay. Free T3 was not assessed because it is present 

in very low concentrations and is difficult to measure. All hormone assay kits were validated for 

use with Weddell seal serum with parallelism and accuracy tests as part of the present study or a 

closely related study (A.L. Kirkham, unpublished data; see Chapter 2); validation details are 

shown in Supplementary Figures 3.1 and 3.2. Serum concentrations of IGF-1 and GH were 

measured in a subset of samples (n=96 for GH and n=104 for IGF-1) using heterologous in

house (non-commercial) radioimmunoassays previously validated for Weddell seal sera (Shero et 

al., 2015) and originally described in Richmond and Zinn (2009). Briefly, assays used rabbit- 
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anti-human IGF-1 antisera and human IGF-I standard and rabbit-anti-porcine GH antisera and 

porcine GH standard, respectively. Inter- and intra-assay variation were measured for hormones 

by repeatedly assaying a Weddell seal serum pool, giving the following values (interassay CV 

and intraassay CV): tT4 (8%, 9%); tT3 (9%, 12%); fT4 (7%, 11%); cortisol (6%, 7%). For IGF-1 

and GH, only intra-assay variation was assessed because all samples were analyzed in a single 

assay run. Intra-assay variation was 19.9% for GH and 4.5% for IGF-1. The GH intra-assay 

variation was calculated using a pool that had a relatively low concentration of GH (8.4 ng·m1-1), 

and assay precision may be higher for samples with greater GH concentrations.

IGFBP-2 and IGFBP-3 were analyzed in samples from a representative subset of Weddell 

seals (n=33) by Western ligand blot, as described by Richmond et al. (2010a). Briefly, 

polyacrylamide gel electrophoresis was used to separate proteins in serum samples. Proteins 

were transferred to a nitrocellulose membrane, incubated with 125I-labeled human IGF-I 

(Amersham Pharmacia Biotech, Piscataway, NJ), and washed to remove unbound ligand. 

Nitrocellulose membranes were then exposed to a phosphor screen (Packard Instrument 

Company, Meriden, CT) and bound radioactivity was visualized and quantified using 

ImageQuant TL software (Cytiva Life Sciences, USA). An IGFPB standard and a pooled 

Weddell seal serum sample were included on each gel along with study animal samples, and 

IGFBP concentrations were quantified as the percentage of digital light units (pixels per mm2) in 

each band relative to the digital light units for the standard band (Richmond et al., 2010a). The 

resulting values (70-322%) were then standardized among gels by determining the average 

relative band density for IGFBP-2 and IGFBP-3 pool values across all gels and then scaling 

individual pool values for each gel to develop gel-specific adjustment factors. All sample values 
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for each gel were multiplied by their adjustment factors to generate corrected IGFBP-2 and

IGFBP-3 concentrations.

3.3.4 Weaning and mass recovery calculations

Because postpartum females were handled late in lactation but prior to weaning, mass 

loss continued for several days beyond initial body mass measurement. Therefore, to predict 

post-weaning mass recovery rates, it was necessary to estimate the date of weaning and the 

amount of body mass lost between handling and weaning. Estimated weaning dates and weaning 

body masses were generated using equations developed for Weddell seals by Wheatley et al. 

(2006). Weaning dates and masses were estimated for all postpartum females handled in 

November/December that had known parturition dates (8 postpartum females had uncertain 

parturition dates due to disruption of colony surveys in 2013). First, each female's mass at 

parturition (kg) was estimated using Wheatley's average rate of daily mass loss during lactation 

(10.525±0.21 g-kg-1-day-1, calculated by combining data from two seasons) and the number of 

days since parturition (DPP) at the time of initial handling:

Based on this starting mass, the total duration of lactation for each female was calculated, 

assuming females less than 355 kg had a lactation duration of 33 days, and those larger than 355 

kg nursed their pups in accordance with the equation below (Wheatley et al., 2006):

Durationlactation = 0.07 • Masspostpartum + 6.98

Only four females in this study had estimated postpartum masses less than 355 kg and

were assigned initial lactation lengths of 33 days, per Wheatley et al. (2006). For 10 females, the 

94



predicted weaning date occurred prior to handling. Since all females had pups with them when 

they were handled, lactation durations for these females were adjusted to one day after handling 

to reflect the reality that weaning had not yet occurred (i.e., if Durationlactation - DPP was <1, 

Durationlactation was reassigned as DPP + 1).

To determine how much mass females lost between when they were handled and when 

they weaned their pups, we estimated a constant daily mass loss rate during lactation for each

female:

and this loss rate (4.68±0.09 kg·day-1) was applied to the days between handling and predicted 

weaning date to determine weaning mass:

Massweaning Masshandling — MassLossRatelactation · (Durationlactation — DPP)

Weaning mass and weaning date (Dateweaning = Dateparturition + Durationlactation) were then used to 

calculate post-lactation mass change rates in kg∙day-1 for females that were rehandled in late 

summer after a recovery period (Durationrecovery = days between weaning and late summer 

handling):
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Mass-specific post-lactation mass change rates in g∙kg 1∙day 1 were also calculated:



For females that did not give birth to a pup in the study year, mass change rates were calculated 

as the difference in mass between the November/December and January/February handling dates 

divided by the total number of days between handlings.

3.3.5 Statistical methods

All statistical analyses were completed using Rstudio and R version 4.1.0 (R Core Team, 

2019), and significance was assessed at p<0.05. Values are presented as mean±SEM unless 

otherwise noted. For analyses applying an information criterion approach, models were ranked 

based on Akaike's information criterion corrected for small sample size (AICc). When a single 

top model was selected, additional factors were maintained only if they lowered AICc by at least 

2. Mixed effects models were fitted using R packages lme4 (Bates et al., 2015) and mgcv (Wood, 

2011). For response variables with a right-skewed distribution, models were fitted as generalized 

linear models using a gamma distribution and log link functions (exponentiated linear 

predictors). Residuals for all top models were examined for patterns and high leverage data 

points to confirm proper fits.

To test for categorical differences between reproductive groups (postpartum and skip 

females) and seasons (breeding period, i.e., time of weaning, and late summer) in body mass, 

body condition, mass change rates, and serum hormone and IGFBP concentrations, suites of 

linear and generalized linear models were developed. Since most seals were handled twice, once 

in the breeding period (November/December) and again in late summer (January/February), 

models with data from both seasons included individual ID as a random factor. Post-hoc Tukey's 

HSD tests were used to make pairwise comparisons between groups and seasons.

An AICc-based model comparison approach was used to determine which factors out of 

age, standard length, season, date, birth date and days postpartum (for postpartum seals only) 
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best predicted body mass and condition in study animals. Models were developed separately for 

postpartum and skip females since their body masses and relative lipid stores were very different, 

and because certain factors (parturition date, DPP) only applied to postpartum females. A global 

linear model was developed for each group including all factors, animal ID as a random factor, 

and interactions between season and other variables as fixed factors. When models included 

significant interaction effects between mass and season or reproductive status, separate models 

were developed for the relevant groups to describe dynamics within them. Subset models were 

compared by AICc to identify the strongest predictive variables.

A similar approach was used to test which factors best predicted circulating hormone and 

IGFBP concentrations out of body mass, season, reproductive group, and lactation status. 

Lactation status reflected whether an animal was lactating when handled, i.e., was a postpartum 

female handled in November/December, and was not considered in models that included season 

or reproductive group as separate factors. Interactions between season and reproductive group 

and between body mass and the other variables were also tested as factors, and a random factor 

for animal ID was included in models. For fT4 and tT3 concentrations, a separate suite of models 

that included tT4 as a predictor instead of body mass was also developed to test for relationships 

between thyroid hormone concentrations.

To examine whether hormone concentrations appeared to drive mass changes, we tested 

which factors best predicted mass-specific mass change rates in postpartum females and skip 

females. For skip females, we developed models for mass change rates that included, as 

predictors, hormone concentrations (cortisol, GH, IGF-1, tT4, tT3, and fT4) during the breeding 

period and late summer, as well as late summer hormone concentrations relative to breeding 

period concentrations (i.e., late summer hormone concentration divided by breeding period 
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concentration) (Miro & Aspinall, 2005). Age and handling date in late summer were also 

included as predictors, as were fT4:tT4 and tT3:tT4 ratios to specifically assess effects of T4 

carrier protein binding and deiodination. For postpartum females, we tested all the same factors 

except for hormone concentrations during the breeding period and handling date. Breeding 

period hormone concentrations were left out of postpartum females' candidate models because 

they reflected physiology during lactation, not mass recovery, so they lacked a clear mechanistic 

link to over-summer mass gain rates. Days postpartum at late summer handling was included in 

candidate models instead of handling date to account for the variation in birth timing of 

postpartum seals. Since serum GH and IGF-1 were measured in a subset of animals, candidate 

models including these factors were assessed first, and then models without these factors were 

fitted with a larger sample size.

3.4 Results

3.4.1 Body mass and condition dynamics

At both initial and second handling, skip females had significantly higher body lipid 

percentages and were more massive than postpartum females (Table 3.1). However, the pattern 

of change in body mass and percent lipid across the season differed dramatically between 

postpartum and skip females (Figure 3.1). Between handlings in the breeding period and during 

late summer, skip females lost an average of 1.03±0.07 kg∙day-1, primarily from lipid stores 

(Table 3.1). In contrast, postpartum females gained an average of 0.60±0.09 kg∙day-1 between 

initial and subsequent handlings, accruing lean mass as their mean lipid mass declined (Table 

3.1). Accounting for the remaining duration of lactation after breeding period handlings indicated 

that postpartum females had post-weaning mass recovery rates averaging 0.98±0.09 kg∙day-1 

(Figure 3.2, Table 3.1). Despite this mass recovery and skip females' mass loss, postpartum 
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females were still significantly smaller (65 kg lower average body mass) and leaner (8.3% lower 

mean percent lipid) than skip females in late summer (Table 3.1; Tukey HSD, p<0.0001). 

However, postpartum females had total lean masses and total protein masses similar to those of 

skip females by late summer due to their rapid gains of lean mass specifically (Table 3.1).

Total body mass of skip females was best predicted by standard length of the animal 

(F1,20= 10.837, p=0.0036) and the season of handling (F1,20 = 143.560, p<0.0001) because longer 

seals were heavier, and skip females had greater masses during the breeding period (Table 3.2). 

Percent lipid varied only with season in skip females, who were leaner in late summer 

(F1,19=34.821, p<0.0001) (Table 3.2). In postpartum females, the factors that best predicted mass 

and condition differed by season. During the breeding period, the heaviest females at handling 

were the longest (F1,52=40.658, p<0.0001) and had earlier pupping dates (F1,52=8.709, p=0.0047). 

During late summer, postpartum females that were older (F1,47=4.287, p=0.0439), longer 

(F1,47=28.643, p<0.0001), and handled later after birth (F1,47=20.216, p<0.0001) were heavier. 

Postpartum seals handled at later DPP were leaner during both the breeding (F1,53=15.001, 

p=0.0003) and late summer seasons (F1,49=20.15, p<0.0001). The minimum body fat percentages 

observed during the breeding period and late summer, respectively, were 22.65% and 18.01%.

3.4.2 Endocrine dynamics

Serum concentrations of measured hormones and IGFBPs differed widely between 

postpartum and skip females, with mass and season also playing significant roles. Circulating 

cortisol concentrations were similar between postpartum and skip females in the breeding period 

but increased across summer in both groups (Figure 3.3A). This seasonal increase was more 

pronounced in postpartum seals, leading them to have greater serum concentrations of cortisol 

when compared to skip females in late summer (Tukey's HSD, p<0.001). Models further 
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indicated that season, reproductive group, and their interaction were better predictors of 

circulating cortisol than body mass and that serum cortisol was significantly higher in late 

summer versus the breeding period across groups (F1,136=210.2, p<0.0001) (Table 3.3).

In contrast to cortisol, serum GH concentrations were higher in animals with smaller 

body masses (Figure 3.4B). Postpartum females had much greater circulating GH concentrations 

than skip females in both the breeding period and late summer (Figure 3.3B). Models reflected 

the strong link between body mass and serum GH (F1,66=49.37, p<0.0001) and that serum GH 

was higher in postpartum females than skip females (F1,66=14.08, p=0.004) while accounting for 

the effect of mass (Table 3.3). A significant mass:reproductive group interaction effect 

(F1,66=11.34, p = 0.0013) also indicated that serum GH varied more with mass in postpartum 

seals than in skip females.

Serum concentrations of IGF-1 and IGFBP-2 and IGFBP-3 all significantly related to 

body mass, as expected, with more massive animals having higher circulating concentrations of 

IGF-1 (F1,92=11.05, p=0.0013) and IGFBP-3 (F1,31=4.29, p=0.0468) and lower concentrations of 

IGFBP-2 (F1,30=9.84, p=0.00382) (Figure 3.4C-E, Table 3.3). Lactating females had lower serum 

concentrations of IGF-1 (F1,92=21.07, p<0.0001) and higher serum concentrations of IGFBP-2 

(F1,30=25.21, p<0.0001) than non-lactating females while accounting for mass (Table 3.3). 

Overall, lactating females had lower mean serum concentrations of IGF-1 and IGFBP-3 and 

higher concentrations of IGFBP-2 as compared to postpartum females in late summer and skip 

females (Figure 3.3C-E).

Concentrations of the thyroid hormones (tT4, fT4, and tT3) indicated altered dynamics 

during lactation. Lactating seals had the lowest mean serum concentrations of tT4 and fT4 and the 

highest concentrations of tT3 (Figure 3.3F-H), resulting in the highest fT4:tT4 and tT3:tT4 ratios 
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(0.017±0.004 and 0.0026±0.0002, respectively). While serum tT4 was positively correlated with 

mass across all samples (F1,147=15.28, p=0.0001) (Figure 3.4F), females of similar masses had 

lower tT4 if they were lactating (F1,147=31.30, p<0.0001) (Figure 3.5, Table 3.3). For fT4 and tT3, 

no models that included mass predicted serum concentrations very well. However, when tT4 was 

included as a predictive factor instead of mass, lactation status once again emerged as a key 

explanatory variable (Table 3.4). Free T4 and tT3 concentrations both positively correlated with 

tT4 concentrations across all animals (fT4: F1,136 = 137.6, p <0.0001; tT3: F1,118=91.39, p<0.0001), 

and were higher in animals that were lactating (fT4: F1,136 = 9.85, p=0.0002; tT3: F1,118=91.48, 

p<0.0001) (Figure 5).

3.4.3 Links between hormones and mass changes

While body mass was frequently a significant factor in models of hormone 

concentrations, hormone concentrations were not strong predictors of mass change rates through 

the summer. For skip females, none of the measured endocrine parameters were predictive of 

mass-specific mass change rate. Among the relatively small sample of postpartum females 

(n=18) for which parturition date and serum GH concentrations in both periods was known, the 

proportional change in serum GH (late summer GH divided by breeding period GH) as well as 

animal age (F1,15=13.279, p=0.00240) were significant predictors of mass-specific mass recovery 

rates. In the larger sample (n=37) of postpartum seals with known parturition dates where all 

hormones except IGF-1 and GH were measured in both periods, the best model of post-weaning 

mass gain included age alone (F1,35=9.9366, p=0.0033). Post-weaning mass recovery rate 

increased with age, and lowess-smooth fitting indicated an apparent peak rate of ~5 g·kg-1·day-1 

reached at age 17, followed by a decline at older ages (Figure 3.6).
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3.5 Discussion

The present study of Weddell seal mass dynamics revealed that the importance of 

midsummer mass gain, and therefore foraging, differs between postpartum and skip females. 

Postpartum females, which lose substantial mass across lactation, accrued mass rapidly between 

the breeding period and late summer. In contrast, skip female Weddell seals lost mass during this 

period, suggesting they do not need to maintain large body masses through the summer. These 

contrasting patterns in mass and energy balance between reproductive groups were reflected in 

study animals' endocrine dynamics. Serum concentrations of cortisol, GH, IGF-1 and its binding 

proteins, and thyroid hormones differed markedly between postpartum and skip females, and 

concentrations of GH, IGF-1, tT4 and IGFBPs corresponded with body mass. Endocrine 

dynamics in each group suggest how mass trends in female Weddell seals relate to hormones, 

shedding light on the interrelationships between body mass and hormone secretion patterns in a 

top marine predator.

3.5.1 Postpartum females

For postpartum females in this study, summer foraging supported mass recovery at rates 

that are nearly five times higher than mass gain rates during the winter (~1.0 kg·day-1 Nov-Feb 

versus 0.2 kg·day-1 Feb-Oct; (Shero et al., 2015)). On a mass-specific basis, this rate (0.36% of 

starting body mass per day) is greater than is seen in female northern elephant seals (Mirounga 

angustirostris) during the post-breeding foraging trip (0.30%, Robinson et al. 2012) and close to 

that observed in female brown bears (Ursus arctos) in Katmai National Park, Alaska during their 

midsummer fattening period (0.40%, Erlenbach 2020). Such rapid mass recovery rates post

weaning are likely associated both with an increase in the availability of prey at shallow depths 

during late summer and the long daylengths that facilitate visual foraging (Beltran et al., 2021;
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Davis et al., 1999). In addition to environmental factors, dynamics of metabolic hormones likely 

support mass recovery (discussed below). Weddell seal age also emerged as a significant positive 

predictor of both late summer mass in postpartum seals and of maternal post-weaning mass gain 

rate, suggesting older postpartum Weddell seals are able to gain mass more efficiently across 

summer than younger Weddell seals, perhaps due to accrued foraging experience and skill. There 

is some indication that the relationship between age and mass gain rates declines after about age 

17, consistent with previous findings of senescence in Weddell seal body masses at older ages 

(Proffitt et al., 2007).

Notably, all postpartum Weddell seals gained significantly more lean mass than lipid 

mass during their midsummer foraging period despite having preferentially lost lipid during 

lactation. Weddell seals lose 35% of their body mass across their five to seven week lactation 

period, and 66% of this loss is comprised of lipid; total lipid stores decline, on average, by 56% 

while total protein stores decline by 29% between birth and weaning (Wheatley et al., 2006). 

Lost protein was likely mobilized from skeletal muscle, the liver, or/and the digestive tract, as 

these are labile lean tissue compartments that have been identified through postmortem 

measurements in cattle (Keogh et al., 2015). The total mass loss of lactating Weddell seals is 

similar (on a percent mass basis) to those of other large seals, but their relative protein losses are 

greater than those reported in any other phocid (Beck et al., 2003; Bowen et al., 2001; Crocker et 

al., 2001; Lydersen and Kovacs, 1999; Mellish et al., 1999a, 1999b). The large protein loss may 

be due to the fact that Weddell seal milk has a high percentage of protein (~10%) (Eisert et al., 

2013; Oftedal et al., 1987; Wheatley et al., 2008). Weddell seals' long lactation periods may also 

contribute to their high protein losses, though females forage during lactation, especially the 
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latter half (Sato et al., 2002). Interestingly, lactating seals that lose more of their body protein 

forage more, suggesting a need to defend lean mass (Wheatley et al., 2008).

Many studies have shown species that lose significant amounts of protein and fat during 

fasts or periods of low food availability gain back protein first (Byers, 1982; Chan-McLeod et 

al., 1994; Keogh et al., 2015; Sheriff et al., 2013; Skiba, 2010), and our findings confirm 

Weddell seals fit this pattern despite the additional insulative role blubber plays in this species. 

Though much of the marine mammal literature focuses on lipid dynamics during lactation 

(Fowler et al., 2016; Iverson et al., 1995; Mellish et al., 1999b), it is clear that maintaining and 

recovering lean body mass is also critical and may be protected by behavior and physiology. 

Postpartum females in this study regained so much lean mass that by late summer, their total 

protein masses and lean masses were similar to those of skip females, and only slightly smaller 

than those of postpartum seals immediately after birth (Wheatley et al., 2006). The fact that fat 

masses of postpartum females did not increase across summer suggests that they retained enough 

lipid throughout lactation to meet their thermoregulatory needs. Regaining lean mass early in the 

post-weaning period may also help sustain Weddell seal diving performance and expedite 

subsequent lipid gains by reducing atrophy or loss of swimming muscle fibers (Hindle et al., 

2009; Rehfeldt et al., 1999) and reducing diving metabolic rate and surface intervals, which 

increase in nutritionally stressed Steller sea lions (Eumetopias jubatus) (Gerlinsky et al., 2014).

The rapid mobilization of nutrients during lactation and rapid recovery of lean mass after 

weaning in Weddell seals are likely facilitated by hormones that modulate protein and fat 

utilization patterns. Circulating concentrations of somatotropic hormones, IGFBPs, cortisol and 

thyroid hormones measured in this study all likely contributed to successful lactation and 

subsequent lean mass gains in postpartum females. Across species, GH promotes protein 
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anabolism and growth of skeletal muscle by stimulating IGF-1 synthesis and modulating IGFBP 

concentrations (Breier, 1999; Burton et al., 1994). GH also increases lipolysis and reduces 

lipogenesis in adipocytes by suppressing expression of fatty acid synthase and impacting 

transcription factors that promote fat accumulation (Carter-Su et al., 1996; Eigenmann et al., 

1985; Kersten, 2001; M0ller et al., 2003). In Weddell seals, high serum concentrations of GH in 

lactating seals were likely important to protein sparing, protecting vital muscle and organ mass 

from being catabolized while females experienced negative energy balance. Circulating GH 

concentrations remained high in postpartum females into late summer and almost certainly 

helped drive their lean mass gains. However, seals with the highest rates of mass gain 

experienced larger reductions in circulating GH between the breeding period and late summer. 

This suggests that GH concentrations fall when sufficient lean mass has been recovered, 

disinhibiting fat accumulation and allowing a transition from protein to lipid recovery (Hayden et 

al., 1993) The inverse relationship between GH concentrations and mass in this study seemed to 

plateau at a body mass of about 400 kg, where serum GH reached a minimum baseline. Only a 

few postpartum females were able to recover sufficient mass reserves during summer to reach 

this size, and those females also regained proportionally more lipid than smaller females. A body 

mass of 400 kg therefore appears to be a threshold size, above which females have no need to 

accumulate further protein and can fully prioritize building fat stores. Conversely, females 

smaller than ~300 kg often had high (> 30 ng/ml) serum GH concentrations, which may reflect 

that lean mass recovery is especially critical in those smaller individuals who lost significant 

protein reserves during lactation. GH patterns in Weddell seals were consistent with those in 

harbor seals (Phoca vitulina) and Steller sea lions, where GH declined as mass was recovered 

(Dailey et al., 2020; Richmond et al., 2010a), but contrasted with those reported in northern 
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elephant seal pups and adult males, whose serum GH concentrations fell between the beginning 

and end of fasting periods (Crocker et al., 2012; Kelso et al., 2012).

Similar to circulating GH, serum IGF-1 also appears to play key roles in nutrient 

dynamics during lactation and post-weaning mass recovery in Weddell seals. Circulating IGF-1 

concentrations were likely low in lactating seals with high serum GH because hepatic GH 

receptors decrease during periods of nutritional restriction, reducing the ability of GH to 

stimulate IGF-1 release (Breier, 1999; Straus and Takemoto, 1990). Since elevated IGF-1 

suppresses protein catabolism (Breier, 1999), low serum IGF-1 concentrations may have been 

necessary to permit some mobilization of body protein stores to support milk production. 

Concentrations of IGF-1 appear to remain similar between early and late lactation, as values 

measured in female Weddell seals handled at ~5 days postpartum were close to those measured 

in the Weddell seals handled ~35 days postpartum in this study (Shero et al., 2015). Serum IGF- 

1 increased substantially in postpartum females after weaning, fitting with the fact that in well- 

fed mammals (sheep, cattle, rats, and humans), GH signaling elevates circulating concentrations 

of IGF-1 to levels that promote protein anabolism in multiple tissues (Bass et al., 1991; Elsasser 

et al., 1989; Estívariz and Ziegler, 1997; Laron, 2001; Lo and Ney, 1996). The link between IGF- 

1 and body mass in postpartum Weddell seals was therefore likely two-faceted: increased 

foraging after weaning caused serum IGF-1 concentrations to rise across summer, which in turn 

facilitated lean mass gain. Other studies examining serum IGF-1 in pinnipeds have similarly 

found low concentrations during nutritional restriction and elevated concentrations during re

alimentation (Dailey et al., 2020; du Dot et al., 2009; Richmond et al., 2010a).

In the Weddell seals in this study, the impact of circulating IGF-1 on mass flux during 

lactation and midsummer was likely influenced by binding proteins that increase (IGFBP-3) or 

106



decrease (IGFBP-2) bioavailability and activity. IGFBP-2 and IGFBP-3 modulate lean and lipid 

tissue metabolism through multiple mechanisms, including direct effects (e.g., promotion of gene 

transcription) independent of IGF-1 (Allard and Duan, 2018; Yau et al., 2015). Lactating female 

Weddell seals had the highest serum IGFBP-2 concentrations and lowest IGFBP-3 

concentrations; this was likely due to their reduced food intake, which stimulates IGFBP-2 

expression and reduces IGFBP-3 levels (Clemmons and Underwood, 1991). Elevated circulating 

IGFBP-2 and low IGFBP-3 probably facilitated protein catabolism and amino acid mobilization 

for milk protein synthesis and for glucose production by reducing IGF-1 signaling (Breier, 

1999). Increased IGFBP-2 expression leads to reduced muscle mass in mice (Rehfeldt et al., 

2010), suggesting elevated serum IGFBP-2 in lactating female Weddell seals contributed to their 

lean tissue loss. However, once lactation ended, postpartum Weddell seals exhibited a significant 

reduction in serum IGFBP-2 and a moderate increase in IGFBP-3. These changes occurred in 

association with substantial deposition of lean mass, consistent with each binding protein's 

known impacts on IGF-1 activity and muscle growth and with patterns in harbor seal pups 

recovering mass (Richmond et al., 2010b).

Along with dynamics of the somatotropic axis, serum cortisol concentrations appear to 

facilitate lactation and subsequent lean mass recovery in Weddell seals. Circulating cortisol 

concentrations in females during late lactation were similar to those in Weddell seal females 

handled ~5 days postpartum (Shero et al., 2015), and they were lower than we predicted, 

considering the poor nutritional condition of these females. Cortisol concentrations increase 

during periods of nutritional restriction, including lactation, in other free-ranging pinnipeds 

(Champagne et al., 2006; DiPoi et al. 2015; Fowler et al., 2016; Guinet et al., 2004; Ortiz et al., 

2001), but it may be necessary for serum cortisol concentrations to remain low during lactation 
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in Weddell seals to prevent excessive protein catabolism (Bennett et al., 2013; Crocker et al., 

2012). Low serum cortisol may also help sustain maternal behavior and limit foraging, as 

elevations in circulating cortisol can cause female mammals to leave offspring to feed (Guinet et 

al., 2004). High cortisol concentrations additionally can inhibit ovulation in mammals by 

suppressing release of GnRH and gonadotropins (Bronson, 1989; Tilbrook et al., 2000), so 

maintaining relatively low serum cortisol across lactation may facilitate ovulation for Weddell 

seals that breed in this timeframe. After weaning and breeding, however, serum cortisol can 

increase and promote foraging effort without impacting reproductive potential. In postpartum 

Weddell seals, serum cortisol concentrations increased substantially between the breeding period 

and late summer, and this increase corresponded with a large increase in diving and foraging 

activity and associated mass gain. Elevated cortisol generally stimulates both lipolysis and 

proteolysis to increase metabolic fuel availability (Douyon and Schteingart, 2002), so it was 

somewhat unexpected that cortisol increased so much during a period of rapid lean mass gain. 

However, the proteolytic effects of glucocorticoids can be prevented in humans by sufficient 

concentrations of GH (Horber and Haymond, 1990). High serum concentrations of GH in 

Weddell seals recovering from lactation may have prevented cortisol from causing protein 

catabolism over summer, while additive lipolytic effects of elevated serum cortisol and GH 

likely promoted accretion of lean mass specifically, as occurs in humans (Djurhuus et al., 2004).

Thyroid hormones also should play an important role in postpartum Weddell seal mass 

patterns, given their broad and universal effects on metabolism and nutrient allocation across life 

history stages in mammals (Hulbert, 2000; Yen, 2001). One of the more striking results of the 

present study is that lactating Weddell seals, which had low serum concentrations of serum tT4, 

had the highest serum concentrations of tT3 and highest ratios of tT3:tT4 and of fT4:tT4 compared 
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to non-lactating seals (skip females and postpartum females handled after weaning). Increases in 

concentrations of tT3 and fT4 relative to tT4 may be critical to milk production and maternal 

maintenance in lactating females, while serum tT4 concentrations likely decline during lactation 

in response to low food intake and depleted body condition (Eales, 1988). Weddell seals handled 

~5 days postpartum do not have elevated tT3 concentrations (Shero et al., 2015), suggesting tT3 

increases during the course of lactation. Elevations in serum tT3 have been correlated with 

increased protein catabolism in seals (Crocker et al., 2012), and high serum tT3 in late lactation 

may support necessary mobilization of protein stores as labile lipid reserves near depletion. After 

weaning, serum tT3 concentrations decreased in postpartum Weddell seals, which likely helped 

reduce some metabolic costs. Circulating tT4 increased concurrently, however, and may have 

stimulated mass gain by promoting food intake and supporting protein anabolism (Alva-Sánchez 

et al., 2012; Flaim et al., 1978; Macari et al., 1986). This post-weaning increase in tT4 fits the 

pattern in female arctic ground squirrels (Urocitellus parryii), whose serum tT4 concentrations 

rise sharply after lactation during seasonal fattening (Wilsterman et al., 2015). Increases in tT4 

between the breeding period and late summer in Weddell seals may also support successful hair 

cycling (molt) and establishment and maintenance of pregnancy, processes which have been 

shown in humans to depend on sufficient thyroid hormone signaling (Colicchia et al., 2014; van 

Beek et al., 2008).

3.5.2 Skip females

Skip females demonstrated mass and endocrine dynamics that differed markedly from 

postpartum female Weddell seals, shedding additional light on the regulation of body stores in 

Weddell seals. At the start of spring (October), skip females and postpartum Weddell seals that 

have just given birth have similar body masses (Shero et al., 2015); however, lactating females 

109



lose mass at rates between 2 and 6 kg·day-1 prior to regaining mass after weaning, as discussed 

above (Wheatley et al., 2006). The present study revealed that skip females also lose mass across 

midsummer, despite the fact that they did not nurse pups and continued to dive and forage 

through this period (Beltran et al., 2021). Skip females' rate of mass loss (~1 kg·day-1) was 

slower than that of lactating seals, and they maintained their lean mass stores, unlike postpartum 

seals that lost protein while nursing. While skip females were still heavier and fatter than 

postpartum Weddell seals in late summer, the difference in body stores between the two groups 

declined substantially from November/December to January/February.

The distinct summer mass dynamics of postpartum and skip female Weddell seals can be 

understood within the framework of seasonal body mass “set points” (Mrosovsky and Fisher, 

1970). Numerous studies have found that target masses of animals vary seasonally, often in 

response to photoperiod, and that these set points then influence foraging activities, metabolic 

rate, and mass flux (Mercer, 1998; Morgan and Mercer, 2001; Rosen et al., 2021). Since 

postpartum and skip females experience the same environmental cues across the winter, they 

likely share a spring body mass set point targeting a body size large enough to fuel lactation. 

However, in skip females, the very large fat stores they accrue by spring are not needed to 

support nursing pups. Maintaining such large stores across summer apparently is not necessary, 

given that all skip females lost mass during this timeframe. Metabolic hormones and IGFBPs did 

not prevent this fat loss from occurring; rather, patterns in hormones and binding proteins seem 

optimized to support lean mass recovery in postpartum Weddell seals and may incidentally cause 

skip females with large body stores to lose mass. For example, the seasonal increase in cortisol 

observed in all Weddell seals in this study is likely important for stimulating foraging and 

promoting lean mass prioritization in postpartum females, but in skip females with large body
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masses and low circulating GH, elevations in cortisol could contribute to mass loss (Arlt and 

Stewart, 2005). Overall, much lower serum GH concentrations in skip females as compared to 

postpartum females, along with skip females' less intensive foraging, at least partly explains why 

skip females lost mass over summer as quickly as postpartum Weddell seals gained mass 

(Beltran et al. 2021). Low circulating GH may ultimately drive body masses of skip females to a 

late summer set point that reflects the mass that postpartum females can achieve several months 

after weaning and that constitutes a “lean and fit” body size (Schultner et al., 2013).

3.5.3 Conclusions

In summary, the present study of summer mass, hormone, and growth factor dynamics in 

female Weddell seals showed that patterns differ substantially between reproductive groups. 

Postpartum Weddell seals regained lean mass at a rapid rate between the breeding period 

(November/December), when weaning occurs, and late summer (January/February). Recovery of 

lean mass is likely facilitated by endocrine factors known to support muscle anabolism, including 

elevated serum concentrations of GH, IGF-1, and IGFBP-3 and reduced serum IGFBP-2 

concentrations. Since postpartum Weddell seals preferentially gained lean mass, their percent 

lipid declined between the breeding period and late summer even as they recovered body weight, 

highlighting that relative fat stores do not always reflect nutritional status well when protein 

stores are also labile. Circulating cortisol concentrations, which are often interpreted as 

indicators of nutritional stress, also varied between seasons and were not predicted by body 

mass, nor were they predictors of body mass change. Total body stores, energy balance, and 

seasonal dynamics all impacted concentrations of the metabolic hormones measured in this 

study, which should be taken into consideration when analyzing hormone patterns as reflections 

of nutritional status. However, GH's tight correlation with body mass and relationship with mass 
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change in postpartum females suggest that GH may be a particularly useful nutritional biomarker 

in phocid seals. Low circulating GH in combination with elevated cortisol probably contributed 

to skip female seals' loss of body mass across the austral summer. Together, results from this 

study illustrate how metabolic hormones and binding proteins may help mediate changes in lean 

and lipid body stores in concert with seasonal life history events and environmental conditions.
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3.7 Tables

Table 3.1. Summary of body mass and body condition parameters in female Weddell seals across the 
austral summer, beginning in November/December and ending in January/February. Parameters include 
body mass, percent lipid, total lean mass, total fat mass, total protein mass, daily absolute and mass
specific body mass changes, and daily absolute and mass-specific body mass changes after weaning. 
Letters represent significant differences between groups and sample sizes are shown in parentheses.

Postpartum Females Skip Females

Season Nov/Dec Jan/Feb Nov/Dec Jan/Feb

Body mass
(kg)

282±5 a
(63)

311±6 b
(58)

437±7 c
(31)

376±7 d
(32)

Percent lipid
31.8±0.5% a

(62)
25.3±0.5% b

(58)
38.2.6±0.6% c 

(30)
33.6±0.6% a 

(29)

Total lean mass
(kg)

192±3 a
(62)

231±4 b
(58)

269±5 c
(30)

251±5 b
(29)

Total fat mass
(kg)

90±2 a
(62)

79±3 b
(58)

166±4c 
(30)

126±3 d
(29)

Total protein mass
(kg)

46±1 a
(62)

56±1 b
(58)

63±1 c 
(30)

59±1 b-c
(29)

Daily Δ mass
( kg∙day-1)

- 0.60±0.09 a 
(43) - -1.03±0.07 b 

(23)

Daily Δ mass-specific mass
(g∙kg-1∙day-1)

- 2.29±0.32 a
(43) - -2.318±0.16 b 

(23)

Daily Δ mass post-weaning
( kg∙day-1)

- 0.98±0.09
(37) - -

Daily Δ mass-specific mass post-weaning
(g∙kg-1∙day-1)

- 3.55±0.31
(37) - -

Daily Δ lean mass
(kg∙day-1)

- 0.74±0.06 a 
(42) - -0.31±0.08 b 

(20)

Daily Δ fat mass
(kg∙day-1)

- -0.16±0.06 a
(42) - -0.72±0.07 b 

(20)
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Table 3.2. Top linear models predicting total body mass (kg) and percent lipid of female Weddell seals. 
The models for skip females, which include both breeding period (Nov/Dec) and late summer (Jan/Feb) 
seasons and repeated handlings of individual seals, are linear mixed-effect models (LMMs) with animal 
ID as a random factor. The postpartum female models were developed separately for each period due to 
significant interaction factors with season and are linear models with no random effects. Top models were 
selected from a suite of models including all factors shown based on AICc, where models with an 
additional factor outranked models with fewer factors only if its AICc was lower by at least 2. For the 
skip female LMMs, R2 is the marginal R2 value (fixed effects only). Fields with “--” indicate factors that 
were tested but not included in top models, and “na” reflects that a factor was not applicable to the sample 
group of the model. Season is a binary (dummy) variable with a value of 1 in Jan/Feb and 0 in Nov/Dec. 
DPP= days postpartum; K=number of factors.

Group Model coefficients Model traits

Skips, 
both periods 

n=62

intercept age 
(yrs)

length 
(cm)

season pup 
date

date DPP K AICc R2

-51.18 -- 1.948 -65.83 na -- na 2 597.3 0.62

Postpartum,
Nov/Dec 
n = 56

149.4 2.171 na -1.304 2 537.5 0.47

Postpartum,
Jan/Feb 

n=51

-363.5 4.293 1.779 na 1.874 3 499.4 0.53

Skips, 
both periods 

n=59

38.20 -4.66 na na 1 309.7 0.36

Postpartum,
Nov/Dec 
n = 55

49.96 na -0.234 1 297.6 0.22

Postpartum,
Jan/Feb 

n=51

6.586 na 0.195 1 267.1 0.29
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Table 3.3. Top linear or generalized linear models predicting serum hormone (cortisol, insulin-like 
growth factor 1 (IGF-1), growth hormone (GH), total thyroxine (T4), free T4, and total triiodothyronine 
(T3)) and circulating IGF-1 binding protein 2 and 3 (IGFBP-2 and IGFBP-3) concentrations in female 
Weddell seals. Top models were selected from a suite of models including the factors body mass, season, 
reproductive group, and lactation status, and interactions between season and reproductive group and 
between body mass and the categorical factors. Note that lactation status reflected whether an animal was 
lactating when handled, i.e., was a postpartum female handled in Nov/Dec, and was not considered in 
models that included season and reproductive group as separate factors. Both linear models fitted with a 
gaussian distribution and identity link and generalized linear models fitted with a gamma distribution and 
log link were considered. Top models were selected based on AICc, and additional factors were 
maintained in models only if they lowered AICc by at least 2. K=number of fixed factors. R2 is the 
adjusted R2 calculated in the mgvc package (the proportion of variance explained, where unbiased 
estimators estimate original variance and residual variance). Samples sizes vary among hormones due to 
limited availability of serum for different hormone and binding protein assessments.

Hormone K Link Predictor variables AICc R2

Cortisol
(n=184)

3 Log
Season, Repro.group,
Season:Repro.group

1481.0 0.66

Total T4

(n=184)
2 Identity Mass, Lactation 289.6 0.48

IGF-1
(n=100)

2 Log Mass, Lactation 1061.2 0.40

GH
(n=94)

3 Log
Repro.group, Mass,
Mass:Repro.group

617.5 0.557

Total T3

(n=184)
1 Log Lactation 168.3 0.33

Free T4

(n=183)
1 Identity Mass 445.2 0.24

IGFBP-3
(n=33)

1 Log Mass 131.6 0.09

IGFBP-2
(n=33)

2 Log Mass, Lactation 29.1 0.59
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Table 3.4. Top linear or generalized linear models predicting serum total triiodothyronine (T3) and free 
thyroxine (T4) concentrations in female Weddell seals with serum total T4 concentration as a predictive 
factor. Top models were selected from a suite of models including serum total T4 and its interactions with 
season, reproductive group, and lactation status as factors. Note that lactation status reflected whether an 
animal was lactating when handled, i.e., was a postpartum female handled in Nov/Dec, and was not 
considered in candidate models that included season and reproductive group as separate factors. Both 
linear models fitted with a gaussian distribution and identity link and generalized linear models fitted with 
a gamma distribution and log link were considered. Top models were selected based on AICc, and 
additional factors were maintained in models only if they lowered AICc by at least 2. K=number of fixed 
factors. R2 is the adjusted R2 calculated in the mgvc package (the proportion of variance explained, where 
unbiased estimators estimate original variance and residual variance). Sample size for free T4 excludes 
one supplementary (non-recaptured) animal for which limited serum was available.

Hormone K Link Predictor variables AICc R2

Total Тз

(n=184)
2 log Lactation, Total T4 115.6 0.66

Free T4

(n=183)
2 identity Lactation, Total T4 348.2 0.60
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3.8 Figures

Figure 3.1. Patterns in body mass changes across austral summer in postpartum (blue) and skip (gray) 
female Weddell seals. Thin lines connect data points for individual seals handled in both the breeding period 
and late summer. Black lines, linear equations, and p-values reflect linear regressions for mass against 
handling date for all animals. X-axis labels show date as Month.Day.
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Figure 3.2. Body mass by days postpartum in postpartum female Weddell seals handled during the 
breeding period (late lactation; November/December) and in late summer (January/February). Thin blue 
lines connect points for body mass measured in late lactation, points for estimated weaning mass and 
estimated weaning date (in days postpartum), and points for body mass measured in late summer for 
individual seals. The heavy black line (y=0.9694x+221.1778, R2=0.451, p<0.0001) shows the linear 
relationship between body mass and days postpartum between estimated weaning dates and late summer 
handling dates (i.e., excludes late lactation masses in order to reflect post-weaning mass recovery rates).
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Figure 3.3. Serum concentrations of hormones (cortisol, growth hormone (GH), insulin-like growth 
factor-1 (IGF-1), total thyroxine (T4), total triiodothyronine (T3), and free T4) and IGF binding proteins 2 
and 3 (IGFBP-2 and IGFBP-3) in postpartum female and skip female Weddell seals. Concentrations of 
IGF binding proteins are in adjusted percentage of a gel standard quantified as digital light units per mm2, 
referred to here as arbitrary (arb.) units. Error bars reflect 95% confidence intervals and letters represent 
significant pairwise differences in concentrations (Tukey HSD, p<0.05)
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Figure 3.4. Serum concentrations of hormones (cortisol, growth hormone (GH), insulin-like growth 
factor-1 (IGF-1), total thyroxine (T4), total triiodothyronine (T3), and free T4) and IGF binding proteins 2 
and 3 (IGFBP-2 and IGFBP-3) in relation to body mass in postpartum female and skip female Weddell 
seals during the breeding period (November/December) and late summer (January/February). 
Concentrations of IGF binding proteins are in adjusted percentage of a gel standard quantified as digital 
light units per mm2, referred to here as arbitrary (arb.) units. Gray lines reflect a linear regression (total 
T4) or fits from generalized linear models fitted with a gamma distribution and log-link (all other 
variables), and they illustrate the overall relationships between body mass and serum analyte 
concentrations. Model type was picked based on data distributions and confirmed by comparing linear 
regression and generalized linear model AICc values.
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Figure 3.4. Continued
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Figure 3.5. Serum concentrations of total triiodothyronine (T3) and free thyroxine (T4) in relation to 
serum total T4 concentrations in female Weddell seals, which were handled in the breeding period 
(November/ December) and in late summer (January/February). Lines reflect generalized linear model fits 
(total T3) or linear regressions (free T4) showing the relationships between circulating hormone 
concentrations in lactating females (postpartum females handled in November/December) and non
lactating females (postpartum females handled after weaning in January/February, and females that did 
not pup in the current year handled in either period).
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Figure 3.6. Mass-specific mass gains between estimated weaning date and late summer for postpartum 
female Weddell seals in relation to age. The black line shows a linear regression (y=0.3239x - 1.0049, 
R2=0.22, p=0.003) and the green line shows a lowess smooth fit.
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3.10 Appendix

Supplementary Figure 3.1. Curves developed to test for parallelism between dilutions of Weddell seal 
serum and commercial radioimmunoassay standards.
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Supplementary Figure 3.2. Results from recovery validation tests for radioimmunoassays. A known 
amount of hormone (RIA kit standard) was added to pooled Weddell seal WS serum and assayed; Added 
values = the total known amount of hormone assayed (added standard plus the known background 
hormone concentration of the pooled WS serum); Measured values = assay results.
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Supplementary Table 3.1. Equations used to calculate Weddell seal body composition (lean, lipid, and 
protein percentages and masses). See the listed references for additional detail.

1) Using a scintillation counter, determine the activity (in counts per minute (CPM) per gram) of water 
distilled from seal serum that was collected after intravenously injected tritium equilibrated in the 
Weddell seal's body water pool, correcting for background activity by also distilling and assessing 
pre-injection samples and subtracting their activity. Concurrently determine the activity of tritiated 
water injectate that was administered to Weddell seals by analysing 6 independently diluted and 
distilled standards of injectate stock. BW = body water.

BW activity CORRECTED = BW activity POST-EQUILLIBRATION - BW activity PRE-INJECTION

2) Calculate the total body water mass of the Weddell seal by dividing the total activity injected (CPM) 
(determined from the CPM/g of standards made from injectate at a known dilution and the known 
mass of injectate administered) by the activity (CPM/g) of seal body water. TBW = total body water

References:

Bowen, W.D., Iverson, S.J., 1998. Estimation of total body water in pinnipeds using hydrogen-isotope dilution. Physiol. Zool. 71, 
329-32.

Reilly, J., Fedak, M., 1990. Measurement of the body composition of living gray seals by hydrogen isotope dilution. J. Appl. 
Physiol. 69, 885-891.

Shero, M.R., Pearson, L.E., Costa, D.P., Burns, J.M., 2014. Improving the precision of our ecosystem calipers: a modified 
morphometric technique for estimating marine mammal mass and body composition. PLoS One 9, e91233.
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3) Correct the total body water estimate for exchange of tritium outside the body water pool using a 
3.3% correction factor developed by Bowen and Iverson (1998).

4) Using corrected TBW, calculate the percentage of the Weddell seal's mass that is water.

5) Apply linear question developed by Reilly and Fedak to estimate percent lipid mass, percent lean 
mass, and percent protein mass

Total % lipid mass = 105.1 - (1.47 ∙ Total % water mass)

Total % lean mass = 1 - (Total % lipid mass)

Total % protein mass = (0.42 ∙ Total body water % of mass) - 4.75

6) Calculate total lean, lipid, and protein masses by multiplying the composition percentage of each 
tissue type by the Weddell seal's body mass.

Total [lean/lipid/protein] mass = Total % [lean/lipid/protein] mass • Body mass



Chapter 4. The chronology and regulation of hair growth and molt in the Weddell seal1

1 A modified version of this chapter is in preparation for submission for publication. Kirkham A.L., Walcott S.M., 
Beltran R.S., and Burns J.M. The chronology and regulation of hair growth and molt in the Weddell seal. Target 
journal: Journal of Mammalogy (in prep)

4.1 Abstract

Annual pelage replacement, or molt, is a vital life history event in pinnipeds that must 

occur during the correct seasonal window to minimize its energetic costs. Most studies of molt in 

seals have evaluated visible shedding, which is just one step of the coat replacement process. 

Tracking the full chronology of the pelage cycle is necessary to understand when the costs of 

active hair growth are incurred and the extent and drivers of intraspecific variation in molt 

phenology. To characterize the full molt process in a polar phocid, hair growth and shedding, 

endocrine profiles, haul-out behavior, and body mass and condition were examined in 105 adult 

female Weddell seals (Leptonychotes weddellii) across the austral summer. Over half of these 

seals (n=55) were monitored both early and late in the molt cycle. Study animals included both 

postpartum seals (n=70) and mature females that had not recently pupped (skip females, n=35). 

In early summer, molt stage was assessed through histological and gross examination of hair 

follicles in biopsies from dorsal and lateral body sites. In late summer, molt stage was 

determined from shedding pattern, hair follicle phases, and lengths of newly grown hair. 

Histological analysis of skin samples collected from females in early summer (Nov-Dec) 

revealed that the hair follicles of skip and postpartum females entered anagen (i.e., active hair 

growth) at a similar time. However, hair growth proceeded twice as fast in skip females as 

compared to postpartum females and faster on the dorsum than the flank. Old fur was shed from 

hair follicles after the new hairs were fully synthesized. Thus, the period when seals were visibly 
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shedding represented less than half of the time that seals possessed any anagen hair follicles. 

Integument maintenance (healing) was also linked with molt progression; skin biopsy sites 

healed faster in females that progressed through the molt more quickly (i.e., skip females). No 

single physiological factor emerged as the predominant driver of later molt completion in 

postpartum seals, although high serum cortisol in early summer was associated with delayed hair 

growth. Shorter haul-out durations in postpartum seals were strongly linked with slower hair 

growth and protracted molt cycles, suggesting behavior plays an important role in molt timing. 

As a result of their longer molt process, postpartum females likely incur higher thermoregulatory 

costs as compared to females that complete the molt more quickly and earlier in the summer. 

This highlights a potentially significant additional cost of reproduction in postpartum seals.

4.2 Introduction

Seals (Family Phocidae) undergo an annual molt, when they replace their pelage to 

maintain coats that conserve heat in air (i.e., out of the water), protect skin from abrasion, 

prevent slipping on land or ice, and create a hydrodynamic body surface (Sokolov 1962; Ling 

1970; Kvadsheim and Aarseth 2002). While the term molt often refers only to visible shedding 

of old fur or hair, it is used here to describe the full pelage replacement process, including the 

synthesis of new hair. Hair is produced in mammals through the hair cycle, an intricate process 

of development and regression of the hair follicle “dynamic mini-organ” (Schneider et al. 2009).

The hair cycle has been broadly divided into three phases: anagen, catagen, and telogen, 

which are the proliferative, transition, and maintenance phases of the hair follicle, respectively 

(Dry 1926). During anagen, the follicle elongates and extends deeper below the epidermis. Cell 

division in the hair matrix above the dermal papilla, a signaling center at the base of the follicle, 

leads to formation of a hair cone and eventually a keratinized, fully synthesized hair shaft that 
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extends above the surface of the skin. In catagen, cell division ceases and the new hair shaft 

moves upwards in the follicle, ultimately becoming a “club hair” firmly anchored in trichilemmal 

keratin. Telogen begins when this process is complete and the hair follicle is considered 

“resting” or relatively quiescent (Geyfman et al. 2015). Anagen and catagen can be further 

subdivided based on the specific states of the hair fiber, dermal papilla, and root sheaths (Chase 

et al. 1951; Straile et al. 1961; Müller-Röver et al. 2001). Shedding of old hairs is a separate 

event called exogen that may occur at different points in the cycle (Stenn et al. 1998). While 

many of the morphological traits associated with each hair cycle phase are shared across 

mammals, taxonomically-specific guides are needed in order to precisely characterize hair cycle 

dynamics in a given species (Müller-Röver et al. 2001; Müntener et al. 2011; Oh et al. 2016).

When seals undergo the annual molt, completing the hair cycle across their entire bodies, 

there are substantial impacts on their behavior and energy budgets. Seals may lose significantly 

more heat to the environment during molt because they must increase perfusion to skin to meet 

thermal, nutritional, and oxygen requirements for hair follicle cell division (Feltz and Fay 1966; 

Weinstein and Mooney 1980; Lavker et al. 1993; Paterson et al. 2012; Walcott et al. 2020). Heat 

loss from warm perfused skin occurs more rapidly in water than air due to greater thermal 

conductivity (Nadel 1984). Most phocids thus spend significantly more time hauled out during 

the annual molt, which reduces prey intake (Finley 1979; Watts 1992; Paterson et al. 2012). 

While direct anabolic costs of fur synthesis are low (Beltran et al. 2017), seals often lose mass 

while molting due to lost foraging opportunity or increased costs of thermoregulation (Riviere 

1978; Worthy et al. 1992; Boyd et al. 1993).

Numerous studies have examined how molt affects physiological parameters in 

pinnipeds. These have frequently focused on serum hormone concentrations, particularly 
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thyroxine (T4) and cortisol (Riviere et al. 1977; Ashwell-Erickson et al. 1986; John et al. 1987; 

Renouf and Brotea 1991; Boily 1996; Gardiner and Hall 1997; Routti et al. 2010). Both of these 

hormones directly impact mammalian hair growth (T4 stimulates, cortisol inhibits) (e.g., Baker 

and Whitaker 1948; Ebling and Johnson 1964; Rust et al. 1965; Stenn et al. 1993; van Beek et al. 

2008) in addition to regulating overall metabolism (Danforth and Burger 1984; Busch and 

Hayward 2009). Nearly all research on hormone levels during pinniped molt has focused on the 

visible molt period, which commences when old fur begins shedding. Unfortunately, since new 

hair growth is initiated well before old fur is shed, this approach provides an extremely truncated 

view of the full process—which may explain why studies have come to mixed conclusions on 

the endocrine dynamics of molt in seals (Riviere et al. 1977; Renouf and Brotea 1991; Boily

1996) . To our knowledge, only a single previous study has used histology to examine links 

between the full molt process and hormones in seals, and did so in a small number of captive 

animals (Ashwell-Erickson et al. 1986).

Tracking hair cycle progress is necessary to determine not only whether or when 

endocrine profiles are altered during molt, but also to learn how hormone concentrations regulate 

the rate of hair growth and molt completion. While photoperiod appears to trigger molt in seals 

(Mo et al. 2000; Schop et al. 2017), perhaps mediated through prolactin levels as in other 

seasonally molting species (Rose et al. 1985; Badura and Goldman 1992; Dicks et al. 1994), 

many studies show that the exact timing of pinniped hair growth and shedding varies with age 

and reproductive status (Thompson and Rothery 1987; Moss 1992; Stewart and Macdonald

1997) . Adult female phocids that have recently pupped typically complete molt later than same

age females that did not have a pup in that particular year (Boily 1996; Kirkman et al. 2003; 

Badosa et al. 2006; Beltran et al. 2019; de Kock et al. 2021). This phenomenon is also seen in 
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other mammals, and it could be caused by postpartum depleted body stores and related hormone 

dynamics (e.g., elevated cortisol and lowered thyroid hormones) or by hormones linked to 

lactation (e.g., elevated prolactin and estrogen) that are known to delay hair growth (Thornton 

2002; Craven et al. 2006; Beltran et al. 2018). The semi-aquatic life history of seals may also add 

a behavioral dimension to variable molt timing. Postpartum Weddell seals with depleted masses 

after weaning spend more time foraging during molt than females that did not pup (Beltran et al. 

2021), potentially limiting their ability to perfuse their skin enough to stimulate hair growth.

To better understand the role of the annual pelage molt in the life history of a polar 

phocid, we focused on two primary aims. First, we characterized the complete hair cycle in 

female Weddell seals from Erebus Bay, Antarctica, linking hair cycle phases, hair growth, 

integumentary repair, and visible shedding across the body. This foundational work is then used 

to test for proximate drivers of delayed molt in postpartum seals, which can be energetically 

expensive and amount to a sizeable reproductive cost (Walcott et al. 2020). Determining what 

regulates molt phenology in free-ranging pinniped populations is critical to predicting how molt 

patterns may shift under altered environmental conditions, including global change.

4.3 Methods

4.3.1 Ethics statement

All animal handling for this study was carried out in compliance with national and institutional 

standards; protocols were approved by the University of Alaska Anchorage and Fairbanks 

Institutional Animal Care and Use Committees (approvals #419971 and #854089). Permits from 

the National Marine Fisheries Service (#17411) and the Antarctic Conservation Act (# 2014-003) 

authorized research activities and sample import.
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4.3.2 Field methods

Weddell seal molt was investigated as part of a broader study on the annual life history of 

female Weddell seals in McMurdo Sound, Antarctica that ran during austral summers of 2013

2016 (Shero et al. 2015; Beltran et al. 2019; Walcott et al. 2020). Study animals were of prime 

reproductive age (10-20 years) and known reproductive history (lifetime parity ≥2), including 70 

postpartum seals and 35 females that did not pup in the most recent cycle (skip females). Seals 

were first handled at the approximate time of Weddell seal breeding (November and December, 

~35 days after birth for postpartum seals). Briefly, seals were restrained with a hoop net and 

sedated with an intramuscular injection of ketamine and midazolam (2.0 and 0.1 mg∙kg-1). 

Intravenous doses of ketamine and midazolam were administered during handling as necessary 

to maintain appropriate depth of anesthesia (Mellish et al. 2011). Seals were weighed using an 

electronic scale (MSI-7300 Dyna-Link 2, ±1.0 kg) while suspended in a sling from a tripod, and 

blood samples were collected from the extradural vein using vacutainers. Blood samples were 

kept chilled until serum was isolated by centrifugation 2-8 hours post-collection. Serum was 

stored at -80°C until analyses were completed (1 month-4 years later). Total percent lipid was 

measured using tritium dilution following the protocol described in Shero et al. (2014). Briefly, 

seals received an IV dose of tritiated water, which was allowed to equilibrate throughout the 

body water pool. Water was later distilled from serum samples and tritium activity was assessed 

to calculate total body water volume. This volume and body mass were used to estimate the body 

fat percentage of each animal following the equations of Reilly and Fedak (1990) (see Chapter 

3).

During each handling, skin biopsies were collected to assess the hair follicle phase. 

Samples were collected at the level of the pelvis from the mid-dorsal line (just offset from the 
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spine) and the lateral flank because these areas represent the near first and last places where hair 

is shed in Weddell seals (Beltran et al. 2019; Walcott et al. 2020). Prior to collecting a ~7.5 mm 

deep skin core with a 6-8 mm disposable Miltex biopsy punch, a ~5x7 cm rectangle of fur was 

trimmed with electronic clippers, closely shaved with a disposable razor, and cleaned with an 

alcohol wipe. An intradermal injection of 1 ml of lidocaine was also administered. After 

collection, the skin sample was placed in 10% neutral buffered formalin (NBF) until processed 

for histological and/or gross visible examination (described below). In 2015 and 2016, an 

additional patch of fur was shaved from the dorsal midline at the level of the axilla. This shaved 

patch, along with the pelvic patches shaved prior to biopsy, allowed new hair growth to be easily 

measured upon recapture. To facilitate relocation of study animals, Weddell seals were outfitted 

with a VHF tag (Sirtrack, Havelock North, New Zealand) on one hind flipper; a time-depth 

recorder (TDR; Lotek LAT1800 (Lotek, Newmarket, Ontario)) was attached on the other flipper 

to log diving and haul-out behavior by measuring pressure (depth) and wet/dry state 

(conductivity) at 6 second intervals (Frankfurter et al. 2019).

Approximately 60 days (range: 39-88) after initial capture (January and February, 

hereafter late summer), study animals (n=68) were relocated during the visible molt (shedding) 

period. Because not all Weddell seals could be relocated, this second sample set was 

supplemented with an additional 25 females of similar age and reproductive history. Mass and 

body condition measurements, serum samples, and skin biopsies were collected as during initial 

handlings. Weddell seals were assigned a visible shedding score ranging from 0 to 4 based on the 

extent to which they had shed old fur (Beltran et al. 2019; Walcott et al. 2020). The maximum 

length of the newly grown guard hairs was measured (±1.0 mm) in each area (patch) that had 

been shaved at prior handling in recaptured animals. Hair measurements were taken at least 2 cm 
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away from the biopsy location to avoid effects wound healing may have on localized hair 

growth. The degree to which each biopsy site had healed was assessed visually and assigned a 

healing score ranging from 1 to 4 based on the wound granulation, contraction, and scabbing 

(details below).

4.3.3 Histological preparation

In 2013, skin biopsies were stored in 10% NBF for several months after collection and 

then transferred to 70% denatured ethanol until processing for histology. Skin biopsies collected 

between 2014 and 2017 were fixed in 10% NBF for up to four days, then were bisected with a 

razor along the plane of hair follicles and transferred to 70% non-denatured ethanol for storage. 

Half of the biopsy was later dehydrated and paraffin-embedded according to standard 

histological protocols (Gurr 1958). Unfortunately, the 2013 collection and storage protocol 

resulted in loss of sample pigment which rendered samples unsuitable for analysis of hair follicle 

histological and gross features. This reduced the sample size for early summer molt stages from 

96 to 72.

To observe the histological features of the hair follicles and track progression of the molt, 

a total of 116 paraffin-embedded skin biopsies (Supplementary Table 4.1) were prepared for 

examination on microscope slides. Embedded skin samples were sectioned at 7 μm thickness 

using a rotary microtome. Five or more slides containing three to nine serial sections each were 

prepared for each sample (minimum 15 sections per sample). Slides were stained using the 

modified Sacpic method (Nixon 1993), which is useful for determining hair cycle stage because 

it differentially stains the advanced anagen inner root sheath (pink/red) and fully keratinized hair 

fiber (yellow).

145



Slides were examined under a standard compound microscope (Olympus, Southall, UK) 

with an ocular micrometer scaled with a stage micrometer at 40-400x magnification. Features of 

Weddell seal hair follicles were compared to those described across the hair cycle (anagen, 

catagen, and telogen phases and subphases) in other mammals (Dry 1926; Chase et al. 1951; 

Straile et al. 1961; Ling and Thomas 1967; Müller-Röver et al. 2001; Müntener et al. 2011; Oh et 

al. 2016). In this study, catagen was divided into early and late subphases. The defining 

histological traits of different hair cycle stages in Weddell seals were determined based on 

features including follicle length, pigmentation patterns, and hair fiber length and keratinization 

(Ling and Thomas 1967; Müntener et al. 2011).

For each histologically prepared skin sample, evaluation of numerous serial sections 

allowed multiple hair follicles (>3) in the sample to be assigned with confidence to a specific 

hair cycle phase. Weddell seals possess both primary (guard) hairs and smaller secondary 

(underfur) hairs; two to five secondary hair follicles are associated with each primary hair follicle 

in a “unit” or “bundle” (Scheffer 1964; Krmpotic et al. 2018). All follicles of both types in a 

single skin sample were typically in the same phase. In cases when multiple phases were 

observed in a single skin sample, the hair cycle phase assigned to the greatest number of primary 

hair follicles was considered the representative phase of the sample.

4.3.4 Correspondence between histology, gross hair follicle features, and visible shedding

To identify the grossly visible traits associated with each phase of the hair cycle, the 

unembedded halves of three to four skin biopsies representing each hair cycle phase (as assigned 

by histology) were evaluated. These biopsy halves were placed in a dish of water and examined 

at 10-40x magnification under a dissecting microscope. Traits of hair bulbs and hair fibers 

beneath the skin surface that were unique to individual hair cycle phases were noted. To validate 
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whether these traits could be used to reliably assign hair cycle phase to a skin sample, a blind 

comparison of gross staging and histological staging was undertaken. All skin samples in which 

hair bulbs or fibers were visible were examined and assigned a hair cycle phase. Five biopsies 

assigned to each of the observed grossly visible phases (Anagen IIIa, IIIb, IIIc, IV, and VI) were 

subsequently examined histologically and assigned phases based on histological criteria (follicle 

length, pigmentation patterns, and hair fiber length and keratinization). The proportion of 

correctly classified samples was then determined, where the correct phase was assumed to be 

that assigned histologically. A similar approach was used to test whether assigned visible 

shedding scores (see Beltran et al. 2019 or Walcott et al. 2020 for detailed descriptions) 

corresponded with specific hair cycle phases.

4.3.5 Molt and hair growth chronology

To compare the timing of the complete molt process among study animals, we developed 

a novel scale based on hair cycle phase and visible shedding pattern (Table 4.1). Molt stages 0-5 

were defined based on the status of hair follicles in the dorsal pelvic region; these stages only 

occurred during the early summer period and before seals had begun to visibly shed. Stages 6-10 

were defined based on the visible shedding status of Weddell seals and were only observed in 

seals handled after January 10.

Hair synthesis rates were calculated for postpartum and skip female Weddell seals at both 

the dorsal and lateral pelvis sites to characterize variation in growth rate. Rates were determined 

by dividing the total length of hair produced between handlings by the number of days between 

handlings, accounting for hair below the skin surface and, for late catagen samples, estimated 

time elapsed since growth was completed. Calculations are detailed in Supplementary Table 4.2.
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Hair synthesis rates were also used to estimate the durations of molt stages 2, 3, 4, 5, and 

6, when dorsal pelvis hair follicles were synthesizing hair (i.e., are in hair cycle phases anagen 

IIIb, IIIc, IV, V, and VI) in both postpartum and skip females. Durations of hair cycle phases 

(and thus corresponding molt stages) were calculated as the length of hair synthesized in each 

phase divided by the hair synthesis rate, which was assumed to be constant (linear) during 

anagen (Chamberlain and Dawber 2003). Hair lengths synthesized in each phase were estimated 

to the nearest 0.1 mm for anagen IIIb-anagen V based on histological measurements and to the 

nearest 1 mm for anagen VI based on in situ measurements of fur length.

The duration of molt stage 1, when the hair follicle just begins to develop a hair cone, 

was estimated by comparing the time between handlings for Weddell seals that were initially 

handled in either stage 1 or in stage 2 but were rehandled later in the same molt stage (7, 8, or 9). 

The number of additional days between handlings for Weddell seals first observed in stage 1 vs. 

stage 2 but then later observed in the same stage was assumed to approximate the time required 

for a Weddell seal to advance from stage 1 to stage 2 (i.e., the duration of stage 1) 

(Supplementary Table 4.3). A single estimate for both postpartum and skip females was 

calculated as sample sizes within groups were relatively small.

The durations of the visible shedding stages of the molt (stages 7 through 9) were 

previously estimated based on repeated observations of thousands of McMurdo Sound Weddell 

seals (Beltran et al. 2019). They were similar for postpartum and skip females and calculated as 

10.2±5.3 days, 9.4±4.0 days, and 9.6±3.8 days for stages 7, 8, and 9, respectively. These periods 

were summed with the estimated lengths of the other molt stages in postpartum and skip females 

to provide a rough estimate of the full molt duration.
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4.3.6 Physiological and behavioral drivers of molt

To examine how circulating hormone concentrations, body stores, and haul-out behavior 

may impact annual molt timing, a set of physiological and behavioral parameters measured in the 

same study animals during concurrent studies (Chapter 2, Chapter 3, Walcott 2019) were tested 

in statistical models predicting molt progress (molt stage, described below, relative to date). 

Briefly, for these concurrent studies, serum concentrations of total T4 (tT4) and free T4 (fT4), total 

triiodothyronine (tT3), cortisol, total estrogens, and prolactin were measured by 125I 

radioimmunoassays validated for use with Weddell seal serum (see Chapter 2 and Chapter 3). 

The following commercial kits were used: tT4, IVD Technologies, TT4-1000V; tT3; IVD 

Technologies, TT3-1000V; fT4, fT4 IVD DFT4-2000V; cortisol, MP Biomedical 06B-256440; 

and total estrogens, MP Biomedical, 07-140202. Prolactin was measured using a non

commercial heterologous radioimmunoassay originally described in Colborn et al. 1991. For all 

assays, inter- and intra-assay variation were measured by repeatedly assaying a Weddell seal 

serum pool, and all interassay and intraassay CVs were <12%. Summary statistics for all 

physiological parameters examined in relation to molt (e.g., mean serum hormone concentrations 

in each reproductive group in both handling periods) are shown in Table 4.2, along with 

references for additional methodological detail. Two haul-out behavior parameters were 

examined in relation to molt: total time spent hauled out (given as a percent) between handlings 

and mean haul-out duration. To better represent the length of daily haul-outs, mean haul-out 

duration was calculated excluding short haul-outs (those in the first mode of a Weddell seal's 

bimodal haul-out duration distribution, averaging 2.4±0.1 hours) and haul-outs longer than 24 

hours (see Walcott 2019 for details). Summary statistics for haul-out parameters are also listed in 

Table 4.2.
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4.3.7 Statistical analyses

All statistical analyses were completed using R version 3.6.2 (R Core Team 2019). Hair 

growth rates were compared between skip and postpartum females and dorsal and lateral body 

sites using a general linear model after confirming data were normally distributed. Newly grown 

hair lengths were similarly compared between molt stages and body sites.

An information criterion approach was used to test whether measured physiological 

parameters affected the timing of molt in Weddell seals. A series of biologically plausible 

cumulative link models were developed using the ordinal package (Christensen 2019) to predict 

the likelihoods that seals were in later molt stages, and models were compared and ranked by the 

small-sample corrected Akaike Information Criterion (AICc). Models with the smallest AICcs 

were considered to be the best, except when there was a model with fewer factors that had a 

ΔAICc less than two (Burnham and Anderson 2002). Factors in top models were assessed for 

collinearity by examining correlation plots. Analyses were completed separately for the early and 

late summer periods since there was a substantial time gap between them and no overlap in 

observed molt statuses. Mass, percent lipid, reproductive status (pupped or did not pup, i.e., is a 

postpartum or skip female), birth date for postpartum seals, and serum concentrations of 

prolactin, estrogen, cortisol, tT4, fT4, and tT3 were tested as predictive variables for molt stage.

For animals that were handled twice, separate models were developed to test whether 

parameters in early summer or changes across summer predicted molt status in late summer. 

These models also tested whether percent time spent hauled out or mean haul-out duration 

impacted molt stage in late summer. Handling date was fixed as a predictive variable in all 

models so molt status would appropriately reflect relative molt progress. To prevent overfitting 

models, no more than one predictive variable (including handling date) was included for every 
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ten animals used to fit each model. An exception was made for the models for recaptured skip 

females in late summer (n=16) since sample size was limited, and up to two predictive variables 

were tested.

Cumulative link models were also developed using the R package ordinal to test whether 

biopsy healing scores were related to molt and biopsy parameters. Predictive factors tested 

included study animals' molt scores, time elapsed since biopsy, biopsy site (pelvis lateral vs. 

dorsal), and length of hair growth near the site.

4.4 Results

4.4.1 Hair cycle phases in Weddell seals

We observed almost all hair follicle cycle phases defined in mammals in Weddell seal 

skin samples (i.e., all but anagen I and anagen V). Histological and gross traits used to 

differentiate between hair follicle phases ranging from anagen II through telogen are shown in 

detail in Table 4.3. General hair follicle morphology is shown in a larger diagram in 

Supplementary Figure 4.1. Anagen subphases could be distinguished by the presence of melanin 

granules in the hair bulb and the degree of inner root sheath and hair shaft keratinization. 

Shedding of old club hairs, or exogen, occurred around the time that new hair growth was 

complete and follicles transitioned from anagen VI to early catagen. Secondary club hairs were 

shed earlier, as they were absent from most anagen VI follicle units.

There was near perfect (24 of 25) correspondence between gross and histological 

categorizations for the samples examined in the cross-validation study for assigning phases 

anagen IIIa, IIIb, IIIc, IV and VI (Supplementary Table 4.4). As a result, an additional 141 skin 

samples were assigned a hair cycle phase based on gross skin biopsy appearance alone, saving 

materials and approximately 60 minutes of processing time per sample.
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4.4.2 Weddell seal molt chronology

The comprehensive molt progress scale developed for Weddell seals in this study 

spanned from the presence of hair follicles in early anagen to completion of visible shedding 

across the body (Table 4.1). Defining early summer molt stages based on hair cycle phase 

allowed molt progress to be assessed prior to the onset of visible shedding and across the austral 

summer (Figure 4.1). The only molt stage not directly observed was stage 5 (anagen V at dorsal 

pelvis), the period when new hairs on the dorsum are just shy of emerging above the skin. This 

likely is a very brief stage that occurred between our two fieldwork periods. The later molt stages 

(6-10), defined based on visible shedding status after Beltran (2019), corresponded with anagen 

VI, early and late catagen, and telogen hair cycle phases, with more advanced phases along the 

dorsal sites than the lateral sites (Figure 4.2). Comparing dorsal and lateral hair cycle phases in 

individual study animals showed that follicles at both sites were most often in the same phase 

early in the hair cycle (Figure 4.3). However, the hair cycle progressed more rapidly along the 

dorsum, and by the time the dorsal hair follicles were in later phases (catagen or telogen), the 

majority of lateral follicles were at least one stage behind. A generalized diagram of the hair 

cycle phases at different body sites across molt stages and the timing of shedding is shown in 

Figure 4.4.

Lateral hair follicles had significantly slower hair growth (synthesis) rates than dorsal 

hair follicles, which explains why lateral hair follicles entered catagen and telogen and shed old 

fur later than follicles on the dorsum (Figure 4.5). Dorsal hairs reached full-grown length by molt 

stage 7, but lateral pelvis hair was not full length until molt stage 8 (Figure 4.6). Hair synthesis 

rates were also two times faster in skip females than in postpartum females (Figure 4.5). Based 

on these rates, the total period (mean±SD) of hair fiber synthesis, or anagen IIIb - anagen VI, in 
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a dorsal hair follicle is 45±7 days in skip females and 89±21 days in postpartum Weddell seals. 

Specific anagen subphase durations for both reproductive groups are listed in Figure 4.7, which 

shows the growth and emergence pattern of a typical dorsal pelvis guard hair.

The duration of molt stage 1 (i.e., anagen IIIa in dorsal hair follicles), which could not be 

calculated from hair growth rates, was roughly 12±3 days (Supplementary Table 4.3). Summing 

this estimate with the durations of the hair synthesis phases and visible shedding phases indicates 

that molt, beginning with easily identifiable anagen IIIa at the dorsal pelvis and finishing when 

shedding is complete, lasts an average of 131±23 days in postpartum Weddell seals and 86±11 

days in skip females.

4.4.3 Drivers of molt timing

Model comparisons revealed several relationships between observed molt stages (while 

accounting for handling date) and concurrently observed hormone concentrations, mass, and 

body condition as well as reproductive status (skip vs. postpartum female and pupping date) 

(Table 4.4). In early summer, females in more advanced molt stages had significantly lower 

concentrations of serum cortisol than females in earlier stages. In late summer, pupping status 

was the most powerful molt stage predictor; skip females progressed through the molt more 

quickly than postpartum females, as did larger females and those with higher estrogen levels. 

However, when models were separately fitted for skip and postpartum females the effect of mass 

and endocrine signals became less clear. While lighter skip females were further along in the 

molt, the opposite pattern was present for postpartum females. Instead, the strongest predictor of 

molt progress in postpartum females in late summer was pupping date, as females that gave birth 

later tended to be less advanced in the molt. There were no clear endocrine predictors of late- 

summer molt stage in the skip female or post-partum female groups (Table 4.4).
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In the subset of females that were handled twice, the most consistent predictor of molt 

stage in late summer was the mean duration of haul-outs. Skip females hauled out for longer 

periods (Table 4.2), and this behavior was associated with more advanced molt status (Table 

4.5). However, when females were separated by reproductive status, variation in total time spent 

hauled out did not account for differences in molt stage in skip females. In contrast, greater 

percent time hauled out in combination with greater mass gains across summer or higher mass in 

late summer was associated with more advanced molt in postpartum seals (Table 4.5).

4.4.4 Integumentary healing and the molt

Recaptured seals showed a wide range of healing at skin biopsy sites (Table 4.6), and 

there was a clear correlation between healing score and molt status. Ordinal models that 

accounted for days elapsed since biopsy indicated that healing score was significantly affected 

by molt stage (p<0.01), body site (p<0.01), and the length of newly grown hair near the biopsy 

site (hair was measured ~3 cm away from the biopsy site, which was far enough away that the 

hair growth was not measurably affected by the biopsy itself) (p<0.0001). In combination, 

healing proceeded most rapidly where hair had grown the longest, which was at dorsal sites in 

Weddell seals that advanced through the molt more quickly (Figure 4.8). Biopsies did appear to 

have direct, localized effects on hair growth, as newly grown hair was longer (~0.5 cm, n=3) 

within ~1 cm of the biopsy site as compared to hair at least 2 cm away.

4.5 Discussion

4.5.1 Hair cycle phases in Weddell seals

In the present study, we show that the hair cycle in Weddell seals follows the general 

anatomical pattern that has been observed across mammals. We were able to identify nearly all 

hair cycle phases from anagen II to telogen through histological observations using Sacpic 
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differential staining (Nixon 1993), adding finer resolution to Ling and Thomas's (1967) 

description of the seal hair cycle. We also identified features in grossly fixed skin tissue that 

could be used to distinguish among hair cycle phases (anagen IIIa-IV and anagen VI). While 

histology offers the most comprehensive view of hair follicle state, histological analysis of hair 

follicles is time consuming, methodologically difficult, and not available for field use. The 

discovery that hair cycle phases could be correctly assigned using gross traits offers the potential 

to track the complete molt cycle in wild populations more easily. With the exception of specific 

follicle depths, pigmentation patterns, and club hair exogen (shedding) timing that may vary 

among phocids, the distinguishing features of hair cycle phases identified and illustrated in the 

present study can be used to precisely track and assess the hair cycle in other seal species.

4.5.2 Weddell seal molt chronology

Weddell seal females return to McMurdo Sound from winter foraging beginning in early 

October and give birth to pups between mid-October and mid-November (Paterson et al. 2016), 

approximately the same time the annual hair cycle starts. While no females were handled in this 

study prior to 15 November, all females had hair follicles that had activated and progressed into 

anagen II or a more advanced phase at first handling. The durations of anagen I and II in 

Weddell seals could not be measured, but we estimate they sum to ~3 weeks because that is how 

long it took for hair follicles stimulated by plucking to develop hair bulbs (i.e., reach anagen IIIa) 

in harbor seals (Phoca vitulina) (Montagna and Harrison 1957). Therefore, McMurdo Sound 

Weddell seals likely entered anagen I, or began seasonal hair cycling activity, in October, near 

the time of pupping and months before the onset of any visible shedding. Hair follicle activation 

coincides with increased day length in austral spring and increases in serum prolactin levels in 

both skip and postpartum females (A.L. Kirkham unpublished data; see Chapter 2). It is likely 
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that prolactin triggers the onset of anagen in Weddell seals, since hair follicle regulatory 

compartments contain prolactin receptors (Nixon et al. 2002) and rising prolactin levels in spring 

initiate anagen in mammals with long-day molts (Dicks et al. 1994; Rose et al. 1998). A link 

between photoperiod, prolactin and molt in phocids that is even more direct than links between 

seasonal factors and breeding may explain why populations of harbor seals that live at the same 

latitude but pup at different times still molt during the same window (Moss 1992). It also 

suggests that Weddell seal populations living in areas where there are longer day lengths earlier 

in late winter (i.e., at lower latitudes than McMurdo Sound, located 77.5°S) may begin molt 

earlier. Such a latitudinal cline in molt timing has been observed in eastern Pacific harbor seals 

(P. vitulina richardii) (Moss 1992; Daniel et al. 2003; Allen et al. 2004; Tapia-Harris and Heckel 

2017).

While increasing day length seems to have triggered anagen in hair follicles of all study 

animals at approximately the same time, there was substantial variation in the length of hair 

cycle phases—particularly of late anagen—between sampling sites on the body. Differences in 

hair cycle phenology across the body cannot be caused by circulating hormones and are likely 

due to differences within follicles' intrinsic molecular timing mechanisms and/or perfusion 

patterns (Nay and Fraser 1954; Paus et al. 1999; Paterson et al. 2012). It is possible that different 

microenvironments of hair follicles at different body sites also contribute to variation in hair 

cycle phenology, for example if more direct sunlight and less contact with sea ice increases 

temperature and growth rate in dorsal follicles. Ultimately, variation in hair cycling rates 

manifests as slower hair growth and later shedding in the slower cycling areas like the lateral 

pelvis, driving the wave-like shedding pattern that Weddell seals share with other phocids (Ling 

1970; Beltran et al. 2019). Shedding of old, dull brown primary hair fibers (exogen) in Weddell 
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seals occurred when hair follicles transitioned from anagen into catagen and hair synthesis was 

complete. This is in contrast to shedding in spotted seals (Phoca largha) and harbor seals, which 

occurs shortly after new hairs first emerge above the skin early in anagen VI (Ashwell-Erickson 

et al. 1986). Weddell seals' longer retention of old fur until new fur has finished growing may be 

an adaptation to their colder, higher latitude environment.

Hair synthesis (anagen IIIa-catagen) on the dorsum also proceeded more quickly in 

Weddell seals (~50-85 days) than in captive spotted and harbor seals (91-116 days), the only 

other phocids in which the full hair cycle has been tracked longitudinally with histology, to our 

knowledge (Ashwell-Erickson et al. 1986). Fast hair growth in Weddell seals may help minimize 

the thermoregulatory cost of molting. Heat loss increases with apparent increased dermal 

perfusion during mid Weddell seal molt stages (Walcott et al. 2020), when skin microvasculature 

is likely most developed following anagen-associated angiogenesis and prior to late catagen 

capillary degradation (Ellis and Moretti 1959; Stenn and Paus 2001). Completing molt quickly 

can allow skin perfusion to decline to base levels before late in the season when colder and 

windier conditions would amplify heat loss (Walcott et al. 2020). Postpartum females grew hair 

at half the rate of skip females, spending more time in molt stages with elevated heat flux and 

failing to complete the molt before conditions became colder, windier, and more humid later in 

the season (Walcott et al. 2020). This increased their total heat loss across molt (up to 8% greater 

energy expenditure), which amounted to significant additional metabolic costs of reproduction 

on top of gestation and lactation costs (Walcott 2019). Unlike differences in hair growth rate 

across an individual seals' body, variation in molt timing between skip and postpartum females 

must be the result of behavioral, endocrine, or energetic factors that themselves differ by 

reproductive class.
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Our findings on timing of Weddell seal hair synthesis at different locations on the body 

and in different reproductive classes have important practical applications. Hair collected from 

wildlife is commonly analyzed to understand foraging ecology, stress and reproductive status, 

and exposure to contaminants. Numerous studies have used hair from seals to examine diets with 

stable isotope ratios (Hobson et al. 1997; Karamanlidis et al. 2014; Young and Ferguson 2014) 

and to analyze heavy metal exposure (Brookens et al. 2007; Aubail et al. 2011; McHuron et al. 

2014). Understanding the periods when hair actually grew, which differ from periods of 

shedding or visual molt, is vital to correctly interpreting data. Clearly, some Weddell seal hairs 

integrate chemical signals across significantly longer synthesis periods than others. It would 

therefore be inappropriate to compare hormone concentrations in Weddell seal hair collected 

from the dorsum and from the lateral flank without considering that hair from the lateral flank 

was grown across a longer period. Similarly, any comparisons between analytes measured in hair 

collected from skip females and from postpartum females must account for the fact that the 

faster-grown skip female hair represents a narrower timeframe. Hormones likely accumulate 

similarly in fast- or slow-growing hair, but hairs would reflect the average circulating hormone 

concentrations across different periods (e.g., average cortisol from November-December versus 

from November-February).

4.5.3 Drivers of molt timing

While we initially predicted that the most significant drivers of molt timing were intrinsic 

variables of mass, condition, or endocrine profiles, molt progression did not consistently vary in 

response to these factors. Instead, the most consistent driver of differential molt rate was haul-out 

behavior, with faster molts occurring in seals that hauled out of the water for greater total 

durations and longer continuous periods. Extended haul-outs allow fur to dry and skin 
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temperature to exceed ambient temperatures without incurring excessive thermoregulatory costs 

(Kvadsheim and Aarseth 2002; Paterson et al. 2012). Warmer, better perfused skin allows for 

faster cell division and hair fiber production (Feltz and Fay 1966).

Skin temperature and perfusion mechanistically linking molt timing to ambient 

conditions explains several divergent findings. Most notably, the longer haul-outs of skip 

females and more favorable, sunny conditions during these haul-outs are likely primary drivers 

of their faster molts (Walcott 2019). Skip females may be able to optimize their haul-out 

behavior to complete molt quickly, which would explain the limited variation in haul-out 

duration among skip females and the absence of a haul-out duration effect on molt within this 

class alone. However, haul-out duration remained a significant contributor to molt speed within 

the postpartum female group, as those females that were able to spend more time hauled out 

molted faster.

Postpartum Weddell seals face constraints in their haul-out behavior that skip females do 

not because skip females have much larger masses and lipid stores in early summer, allowing 

them to forgo intensive foraging and lose mass during molt (A.L. Kirkham unpublished data; see 

Chapter 3). The negative relationship between molt progress and mass in skip females suggests 

that spending less time foraging in the water, and perhaps dedicating more body reserves to 

thermoregulatory and anabolic costs of molt, allows some skip female Weddell seals to complete 

molt more quickly. In contrast, postpartum Weddell seals generally gain mass over summer as 

they recover from the intense mass loss incurred during lactation (Chapter 3, Wheatley et al. 

2006). Postpartum seals that gained weight more rapidly and had larger masses in late summer 

were more advanced in the molt, showing the opposite pattern as skip females. These Weddell 

seals may have been more efficient foragers and able to dedicate more time and energy to molt 
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than postpartum seals that failed to quickly recover mass. Smaller postpartum Weddell seals that 

struggled to gain mass likely molted slowly because their foraging needs precluded them from 

hauling out when conditions were best, and they could not directly allocate as much energy to 

warming skin and growing hair. Currently, foraging conditions are favorable during the 

McMurdo Sound Weddell seal molt due to a midsummer resource pulse associated with regional 

sea ice break outs (Beltran et al. 2021). If shifting sea ice dynamics were to adversely affect the 

midsummer prey field, postpartum seals would likely need to forage more and haul out less, 

experiencing more protracted, energetically expensive molts as a result.

Unlike haul-out behavior and mass dynamics, endocrine profiles showed almost no clear 

links to intraspecific variation in molt timing, despite clear differences in baseline levels of many 

of the measured hormones in skip and postpartum females (Table 4.2; see Chapter 2 and Chapter 

3). The sole exception to this was that molt progress during its first few stages in early summer 

was apparently delayed in response to higher cortisol concentrations across all females. This 

supports prior studies showing elevated glucocorticoids typically delay hair synthesis (Stenn et 

al. 1993), likely to conserve energy resources for more immediately critical processes associated 

with stress (Busch and Hayward 2009). Larger increases in cortisol levels across the summer in 

postpartum Weddell seals may have also contributed somewhat to their slower hair growth, 

though at our sampling time in late summer there was no significant relationship between 

cortisol concentrations and molt progress.

Similarly, no strong direct link between thyroid hormone levels and molt timing in study 

animals was evident. This was surprising given wide-ranging reports that elevated T4 stimulates 

hair growth (Maurel et al. 1987; Hulbert 2000; van Beek et al. 2008) and the fact that postpartum 

females, which molted more slowly, had consistently lower free and total T4 levels than skip 
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females (A.L. Kirkham unpublished data; see Chapter 3). Previous studies on the role of thyroid 

hormones in pinniped molt have focused on whether they are elevated during molt, rather than 

whether they affect its pace, with mixed conclusions (e.g., Riviere et al. 1977; Renouf and Brotea 

1991). There does not appear to be a molt-specific elevation of T4 or T3 in Weddell seals, though 

tT4 did increase across summer in postpartum females as molt progressed. This seasonal increase 

in T4 may be more important for supporting pregnancy than for stimulating hair growth. The 

majority of Weddell seals handled in late summer were pregnant, and sufficient T4 is critical for 

gestation (Glinoer 1997). Pregnancy and molt in pinnipeds were once thought to be temporally 

separated by embryonic diapause, with active placental gestation delayed until after molt was 

finished (Laws 1956). However, active hair growth and gestation do in fact overlap in southern 

elephant seals (Mirounga leonina) (Ling 2012) and do so to an even greater degree in Weddell 

seals: embryonic attachment occurs in McMurdo Sound Weddell seals as early as late November 

while Weddell seals are still early in the molt process (Shero et al. 2015; M.R. Shero, 

unpublished data). Meeting the physiological demands of pregnancy and pelage replacement at 

the same time may affect how hormones regulate molt in Weddell seals and explain why molt 

appears more sensitive to behavioral versus endocrine factors.

4.5.4 Integumentary healing and the molt

The annual molt plays a critical role in the maintenance of integumentary health. Wound 

healing was completed significantly faster in those Weddell seals that molted faster. Anagen and 

its specific transcription factors are known to promote epidermal repair (Ansell et al. 2011), but 

this shows that the pace of anagen, and not only its occurrence, is connected to healing rates in 

Weddell seals. The strong link between anagen and healing in Weddell seals is also apparent 

from observations that wounds incurred after or late in molt persist largely unhealed until the 
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following year's molt, just as patches shaved of fur after molt remain bare until the next cycle 

(J.M. Burns and A.L. Kirkham, unpublished data).

Annual pelage regeneration in pinnipeds, then, is important not only for replacing 

weathered hair, but also for repairing epidermal damage and thereby reducing the risk of 

infection. Pinnipeds are most likely to be wounded during the breeding period when intraspecific 

aggression peaks among males and when breeding males may injure females (Campagna 2008). 

The molt in phocids follows this period, accelerating healing coincident with when healing may 

be most needed. Along with anagen-specific molecular signaling, enhanced dermal perfusion 

during molt likely contributes to faster healing (Jonsson et al. 1991; Walcott et al. 2020). It may 

not be possible for seals to intensively perfuse skin for rapid healing outside of the molt if such 

perfusion requires dermal microvasculature only present when hair follicles are active 

(Montagna and Harrison 1957; Stenn and Paus 2001).

Given the connection between hair growth and healing, dysregulation of the hair cycle or 

failure to re-enter anagen would likely have health impacts in phocids beyond direct 

consequences of lacking new fur. Failed hair growth was observed in Arctic ice seals with 

alopecia during a 2011-2016 Unusual Mortality Event, and these seals also presented with skin 

lesions (Burek-Huntington et al. 2012; NOAA 2016). These lesions and associated pathologies 

may have been a result of compromised annual skin maintenance and healing caused by 

disrupted hair cycling. Similar health issues may arise in phocid populations that are not able to 

haul-out sufficiently during molt due to diminishing sea ice platforms or other factors (Kovacs et 

al. 2011).
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4.5.5 Conclusions

The present study offers a baseline portrait of the molt in Weddell seals, as well as 

diagnostic tools for tracking the hair cycle in future studies. The pelage cycle has received less 

scientific attention than the reproductive cycle in evaluations of how changing seasonal 

conditions stand to impact mammalian populations (Visser and Gienapp 2019). However, our 

finding that haul-out behavior is a major driver of molt progress underlines that Weddell seals, 

and presumably other phocids, require substrate and time for long haul-outs to molt successfully; 

climate change-associated reductions in sea ice may negatively impact Weddell seals and other 

polar phocids by limiting their ability to haul-out and complete the molt efficiently. Increases in 

the frequency or intensity of storms that reduce sea ice stability or otherwise constrain haul-out 

behavior may also slow or inhibit molt, negatively affecting integumentary health. Even if seals 

have access to haul-out platforms, their prey intake needs may preclude them from budgeting 

time for haul-outs if foraging conditions are poor during molt as the result of shifts in the 

seasonal environment that affect prey distribution and quality. Findings from this study, the first 

to longitudinally track hair cycling in free-ranging phocids, highlight that molt in polar seals is 

likely vulnerable to multiple negative impacts from rising global temperatures.
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4.7 Tables

Table 4.1. Molt stage scale for Weddell seals. Stages 1 through 5 (pre-shedding) are defined by hair cycle 
phase at the dorsal pelvis. The extent of visible shedding, as described by Beltran et al. (2019), was used 
to define stages 6 through 10. For these stages the dominant hair cycle phase reflects the follicle phase 
observed most frequently. Lateral pelvis hair cycle phases also reflect most frequently observed phases. 
Months of occurrence are based on observations in this study and when stages are estimated to be 
completed in the population based on their duration. The timing of the transition from stage 10 to stage 0 
is assumed to occur in October but is unknown. MC=molt code as defined in Beltran et al. (2019).

1 Late catagen and telogen were observed in equal numbers at the lateral pelvis for Molt Stage 10 seals handled in 
this study in January and February. However, telogen must become the dominant lateral pelvis phase for Molt Stage 
10 seals later in the season beyond this handling period.
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Molt 
stage

Months of 
occurrence

Fur appearance Dominant hair cycle 
phase

Dorsal Lateral
pelvis pelvis

Sample 
size

0 Oct - Nov pre-shedding Anagen I-II Anagen II 1
1 Oct - Nov pre-shedding Anagen IIIa Anagen IIIa 11
2 Nov - Dec pre-shedding Anagen IIIb Anagen IIIb 38
3 Nov - Dec pre-shedding Anagen IIIc Anagen IIIb 12
4 Nov - Dec pre-shedding Anagen IV Anagen IIIc 9
5 Dec - Jan pre-shedding Anagen V Not observed 0
6 Dec - Feb pre-shedding (MC 0) Anagen VI Anagen VI 33
7 Dec - Feb Narrow dorsal shed stripe (MC 1) Early catagen Anagen VI 26
8 Jan - Mar Wide dorsal shed stripe (MC 2) Late catagen Anagen VI 9
9 Jan - Mar Old fur remains only on flanks (MC 3) Telogen Early catagen 9
10 Jan - Oct Shedding complete (MC 4) Telogen Late catagen/Teloge  13



Table 4.2. Summary table of physiological parameters and haul-out behavior in female Weddell seal 
study animals, which were analyzed in detail in separate studies. Values measured during handlings are 
shown for skip and postpartum females separately for early (Nov-Dec) and late (Jan-Feb) summer; haul- 
out parameter values reflect the entire period between handlings when time-depth recorders were 
deployed. Hormone values reflect serum concentrations. Percent lipid was calculated using the tritium 
isotope dilution method. Values shown are mean±SD, the full observed range of values, and sample sizes 
in parentheses. T4=thyroxine; T3=triiodothyronine; estrogen = estradiol+estrone (total estrogen assay).

Parameter Early Summer Late Summer Reference

Skip Postpartum Skip Postpartum

Body mass (kg)
437±38

381 - 554 
(32)

282±37
211 - 375 

(63)

377±40
300 - 513

(31)

311±43
241 - 455 

(58)

Chapter 3

Percent lipid (%)
38.2±3.3

31.8 - 45.7 
(29)

31.8±4.0
22.7 - 40.4 

(62)

33.6±3.1
26.3 - 38.4 

(30)

25.3±4.0
18.0 - 34.8

(58)

Chapter 3

Cortisol (μg∕dL)
54±13
36 - 88 

(32)

52±11
28 - 73 

(64)

69±12
45 - 96

(31)

82±13
60-124 

(59)

Chapter 3

Total T4 (μg∕dL)
2.24±0.52
1.15 - 3.21

(32)

1.40±0.59
0.06 - 2.63 

(64)

2.14±0.30
1.57 - 2.78

(31)

1.94±0.45
1.04 - 3.10

(59)

Chapter 3

Free T4 (ng/dL)
3.59±0.75

2.28 - 5.81 
(32)

3.06±0.94
0.52 - 4.72

(64)

3.40±0.59
2.48 - 5.31

(31)

3.28±0.60
2.34 - 4.59

(58)

Chapter 3

Total T3 (ng/mL)
1.39±0.31

0.90 - 2.11
(32)

1.58±0.40
0.55 - 2.49 

(64)

1.31±0.30
0.83 - 2.04 

(31)

1.35±0.33
0.67 - 2.16

(59)

Chapter 3

Estrogen (pg/mL)

Prolactin (ng/mL)

282±115
134 - 600 

(32)

17.5±12.9
1.9 - 63.3 

(32)

507±141
240 - 888 

(64)

63.3±42.5
4.7 - 208 

(64)

236±60
155 - 406 

(31)

0.79±0.77
0.0 - 3.1 

(31)

175±38
101 - 251

(58)

1.39±1.37
0.0 - 5.0

(59)

Chapter 2

Chapter 2

Haul-out duration 
(hrs) - -

13.7±1.3
11.7 - 16.3

(18)

10.5±1.1
8.1 - 12.6 

(37)

Walcott 2019

Percent time 
hauled out (%) - -

63±8
43 - 74

(18)

44±6
30 - 63

(37)

Walcott 2019
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Table 4.3. Phases of the hair follicle cycle in Weddell seal skin. In column one, a diagram of the phase is 
shown. Column 2 contains histological photographs of one or more Weddell seal primary hair follicles in 
the given phase. Micrographs were taken at 42-160x; scale bars in micrographs are 200 μm. All slides 
were stained with the modified Sacpic method, and higher magnification micrographs are annotated with 
numbers corresponding to identifying features described in column 3. Total follicle length represents the 
approximate total distance from the bottom of the dermal papilla to the surface of the epidermis, 
measured following the hair follicle's trajectory. The length between the widest point of the dermal 
papilla and the bottom of the club hair capsule is also shown as a useful metric that can be measured 
relatively consistently even when the sectioning angle is misaligned with the plane of the hair follicle. 
Column 4 shows photographs of unstained, formalin-fixed bisected skin biopsies magnified under a 
dissection microscope and brief descriptions of grossly visible features. Scale bars in gross pictures are 2 
mm. Abbreviations: CH, club hair; CHC, club hair capsule; DP, dermal papilla; HC, hair cone; HS, hair 
shaft; IRS, inner root sheath; KZ, keratogenous zone; MG, melanin granules; ORS, outer root sheath. 
Figure is based on classification guides by Müller-Röver et al. (2001) and Müntener et al. (2011).
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Table 4.3. Continued
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Table 4.3. Continued
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Table 4.3. Continued
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Table 4.3. Continued
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Table 4.4. Top ordinal models, ranked by AICc, for predicting Weddell seal molt stages based on 
physiological factors measured at the time molt stage was observed. Handling date was fixed as a factor 
in all models so they would reflect relative molt progress. Separate models were developed to predict 
stages for early and late summer because there was a significant gap in sampling between these periods 
and no overlap in observed stages. For late summer, when molt stages were very different between 
postpartum and skip females, models were developed for each group separately in addition to for all 
Weddell seals in combination. Sample size used for each set of models is shown in italics. The top five 
models (lowest AICc) for each animal group and season are shown, as well as any additional models that 
had a ΔAICc <2 and included fewer predictive variables than any of the top five models. Bold predictor 
variables were positively associated with more advanced molt stages, while non-bolded variables reflect 
negative associations. Hormone variables reflect serum concentrations. Pseudo R2 values are McFadden's 
R2*. K=number of variables. Cort=cortisol; PRL=prolactin; T4=total thyroxine; Free.T4=free thyroxine;
T3=total triiodothyronine; Estrogen=total estrogens (estradiol and estrone); %.lipid=total body percent 
lipid by mass; Mean.HO.duration=mean duration of haul-outs; %.Time.HO=percent of time spent hauled 
out.

*McFadden, D. (1974) Conditional logit analysis of qualitative choice behavior. Pp. 105-142 in P. Zarembka (ed.), Frontiers in Econometrics.

Molt stage predicted for: Highest Ranked Models

Season Study animals
Pseudo 

K Predictor variables AICc ΔAICc ,.R2*

Early
summer

All
(70)

2 Date, Cortisol 174.2 0 0.13
3 Date, Cortisol, T4 175.3 1.09 0.14
3 Date, Cortisol, Mass 175.4 1.21 0.14
3 Date, Cortisol, Free.T4 175.4 1.24 0.14
3 Date, Cortisol, Did.not.pup 176.0 1.78 0.14

Late 
summer

All
(87)

3 Date, Did.not.pup, Estrogen 179.5 0 0.36
2 Date, Did.not.pup 179.7 0.27 0.35
4 Date, Did.not.pup, Estrogen, Mass 180.2 0.72 0.36
3 Date, Did.not.pup, Mass 180.3 0.85 0.35
3 Date, Did.not.pup, %.lipid 180.5 1.05 0.35
3 Date, Did.not.pup, T4 181.2 1.78 0.35
3 Date, Did.not.pup, Cort 181.3 1.81 0.35

Late 
summer

Skip females
(30)

2 Date, Mass 67.4 0 0.32
3 Date, Mass, Prolactin 68 0.55 0.36
3 Date, Mass, Cortisol 70.4 3.00 0.32
3 Date, Mass, T3 70.5 3.04 0.32
1 Date 70.5 3.05 0.25

Late 
summer

Post-partum 
females

(51)

2 Date, Pup.date 94.8 0 0.16
3 Date, Pup.date, Mass 95.3 0.50 0.19
2 Date, Mass 95.6 0.75 0.16
3 Date, Pup.date, T3 95.6 0.75 0.18
4 Date, Pup.date, Mass, T3 95.7 0.91 0.21
3 Date, Mass, T3 95.7 0.92 0.18
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Table 4.5. Top ordinal models, ranked by AICc, for predicting Weddell seal molt stages in late summer 
in seals that were handled twice (in both early and late summer). Handling date was fixed as a factor in all 
models so they would reflect relative molt progress. Predictive variables include physiological 
measurements from both handlings, calculated mass change rate between handlings, and several metrics 
of over-summer haul out behavior (mean haul-out duration, haul-outs per day, and percent of all time 
between handlings spent hauled out). Models were developed for postpartum and skip females separately, 
as well as for all Weddell seals regardless of reproductive status. Sample size used for each set of models 
is shown in italics. The top five models (lowest AICc) for each animal group and season are shown, as 
well as any additional models that had a ΔAICc <2 and included fewer predictive variables than any of 
the top five models. Bold predictor variables were positively associated with more advanced molt stages, 
while non-bolded variables reflect negative associations. Hormone variables reflect serum concentrations. 
Pseudo R2* values are McFadden's R2. K=number of variables. Cort=cortisol; PRL=prolactin; tT4=total 
thyroxine; Free.T4=free thyroxine; Estrogen=total estrogens (estradiol and estrone); %.lipid=total body 
percent lipid by mass; Mean.HO.duration=mean duration of haul-outs; %.Time.HO=percent of time spent 
hauled out.

*McFadden, D. (1974) Conditional logit analysis of qualitative choice behavior. Pp. 105-142 in P. Zarembka (ed.), Frontiers in Econometrics.

Molt stage predicted for: Highest Ranked Models

Season Study animals
Pseudo

K Predictor variables AICc ΔAICc \
R2*

Late 
summer

All recaptured 
seals
(48)

4 Date, Mean.HO.duration, Free.T4, Mass 114.5 0 0.29

4 Date, Mean.HO.duration, Did.not.pup, 
Prev.Free.T4

114.9 0.31 0.28

4
Date, Mean.HO.duration, Free.T4,
Prev.Free.T4,

114.9 0.4 0.28

3 Date, Mean.HO.duration, Prev.mass 115.3 0.75 0.26
3 Date. Mean.HO.duration, Mass 115.5 0.97 0.26
3 Date, Did.not.pup, Mass 115.6 1.05 0.26
3 Date. Mean.HO.duration, Did.not.pup 115.6 1.09 0.26
3 Date. Mean.HO.duration, %.lipid 116.0 1.42 0.25
2 Date, Did.not.pup 116.3 1.8 0.23

Late 
summer

Recaptured 
skip females

(16)

2 Date, Mass.change.rate 51.4 0 0.15
1 Date 51.6 0.21 0.04
2 Date, Estrogen 53.3 1.87 0.11
2 Date, Prolactin 54.0 2.65 0.09
2 Date, Mass 54.5 3.15 0.08

Late 
summer

Recaptured 
post-partum 
females (30)

3 Date, %.Time.HO, Mass.change.rate 49.7 0 0.37
3 Date, %.Time.HO, Mass 51.6 1.98 0.34
3 Date, Free.T4, Pup.date 53.4 3.73 0.30
3 Date, Mean.HO.duration, Mass 53.6 3.95 0.30
3 Date, Mean.HO.duration, Pup.date 54.4 4.70 0.29
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Table 4.6. Criteria used to define skin biopsy healing categories for female Weddell seals that were 
handled twice (in both early and late summer). The total number of observed biopsy sites (including both 
dorsal and lateral pelvis sites) in each category is shown, as well as separate totals for postpartum and 
skip females.

Biopsy
Score

Description Sample Size 
(Postpartum / Skip)

1 Biopsy site visible as a circle or ellipse of pink to red granulation tissue with a 27
maximum diameter ≥6 mm. (27 / 0)

2 Biopsy site visible as a circle or ellipse of pink or red granulation tissue with a 25
maximum diameter ≤6 mm. Scabbing may be visible near wound margins. (22 / 3)

3 Biopsy site visible as an elliptical or irregularly shaped yellowish scab, which 33
is strongly adhered to the wound surface. No granulation tissue is visible. (12 / 11)

4 Biopsy site visible as a very loosely adhered, flaky yellow scab or a small 16
smooth area of hairless skin. Biopsy wound is fully contracted and epithelized. (3 / 13)

174



4.8 Figures

Figure 4.1. Molt stages of female Weddell seals across the austral summer. X-axis labels show date as 
Month.Day. The time period between field deployments when no animals were handled is shown in gray. 
(Note that the categorical molt stages values have been slightly jittered to reduce overlap of symbols so 
that individual points are easier to discern.)
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Figure 4.2. Hair follicle phases determined by histological examination (magnification 40-100x) for five 
Weddell seals in each of the late summer molt stages. Phases at dorsal and lateral pelvis sites are shown 
separately. Females were not separated by reproductive status because the relationship between hair 
follicle phase and visible shedding was assumed to be independent of pupping history, and because there 
was limited overlap in the late summer molt stages observed in postpartum and skip females.
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Figure 4.3. Correspondence between dorsal and lateral hair phases in individual Weddell seals. Larger 
bubble sizes indicate a greater proportion of Weddell seals observed to have a particular lateral follicle 
phase out of all Weddell seals with a particular dorsal follicle phase. Shading indicates how many phases 
“ahead” dorsal follicles were relative to lateral phases (-1, 0, 1, 2, or 3 phases), with darker shading 
indicating a higher number. The dashed line demonstrates where phases at both locations are the same. 
An = anagen, E.Cat = early catagen, L.Cat = late catagen, Telo=telogen.
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Figure 4.4. Diagram of hair cycle progression at different body sites of a postpartum Weddell seal, 
collectively representing the full pelage replacement process. Hair cycle phases for four different body 
sites are shown. The head and mid lateral flank represent the first and last areas to shed fur, respectively, 
and the dorsal and lateral pelvis sites are relatively early (dorsal) and relatively late (lateral) shedding 
areas where hair cycle phase was tracked in this study. Based on observations at these two sites, anagen 
appears to begin at similar times regardless of body site but progresses more quickly at sites that shed fur 
earlier, and shedding occurs at the onset of catagen. The estimated relative length of each hair cycle phase 
for each body site is represented by box width. Anagen phases are shown in green, catagen in yellow or 
light orange, and telogen in dark orange. The relative durations of pre-shedding follicle activity and the 
visible shedding period are shown, as well as the specific timing of visible shedding scores (i.e., “molt 
codes”) 0-4 described by Beltran et al. (2019).
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Figure 4.5. Mean hair growth rates in skip and postpartum female Weddell seals at dorsal and lateral sites 
at the level of the pelvis. Sample sizes are shown at the base of each bar, and error bars reflect standard 
error. Letters reflect significant differences between rates (Tukey's HSD, p<0.05).
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Figure 4.6. Mean total length of newly grown hair at three body sites (axillary, dorsal; pelvis, dorsal; 
pelvis, lateral) on female Weddell seals in each late summer molt stage, as well as full lengths of hair for 
each body site (measured in November, long after hair growth was completed). Hair lengths were 
measured as the distance from the skin surface to the tip of the longest hairs. Newly grown hair 
measurements were made in a patch where old fur had been shaved off during a prior handling. Sample 
sizes are shown at the base of each bar, and error bars reflect standard error (there are no error bars for 
Stage 10 because sample size was 1). Letters, numbers, and roman numerals reflect significant differences 
between molt stages for the dorsal axillary, dorsal pelvis, and lateral pelvis sites, respectively (Tukey's 
HSD, p<0.05).
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Phase hair
emerged

Phase
hair synthesized

Estimated
phase duration (days)

Dates phase 
occurs in population

Postpartum Skip

1.4mm —Anagen IIIb 9.0±3.3 4.5±0.7 Nov 7 - Dec 12

1.4 mm —Anagen IHc 9.0±3.3 4.5=0.7 Nov 13 - Dec 21

Anagen— 9.0 mm 1.4 mm —Anagen IV 9.0±2.2 4.5=0.7 Nov 17 - Dec 30

0.7 mm —Anagen V 4.5±1.1 2.2±0.4 Nov 22 - Jan 8

9.0 mm — Anagen VI 58±14 29±5 Nov 24 - Mar 5
Catagen— 2.6 mm

Remains 2.3 mm
under skin ((

Figure 4.7. Summary diagram of hair growth for a Weddell seal dorsal pelvis guard hair. The first 
column, “Phase hair emerged,” indicates when during the hair cycle that section of the hair appears above 
the surface of the skin. The second column, “Phase hair synthesized,” lists when the indicated portion of 
the hair was synthesized within the hair follicle. Estimated phase durations (mean±SD) are shown for skip 
and postpartum females separately. “Dates phase occurs in population” reports when the given anagen 
subphase was observed or estimated to have occurred.
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Figure 4.8. Healing scores assigned to dorsal and lateral skin biopsy sites shown by molt stage of 
Weddell seals when handled. Darker shading indicates a more advanced healing score in a range of 1 to 4. 
Sample sizes are shown at the base of each bar. Healing scores are not shown separately for skip females 
and postpartum females because the relationship between molt progress and biopsy healing was assumed 
to be independent of pupping history and because there was limited overlap in the observed late summer 
molt stages of postpartum and skip females.
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4.10 Appendix

Supplementary Table 4.1. Total sample sizes of hair cycle phase assignments made for Weddell seal 
skin samples collected from postpartum and skip females in early (November/December) and late 
(January/February) summer from dorsal and lateral pelvis sample sites. Total assignments made based on 
histological examination of slides and assignments made based only on gross examination of skin 
biopsies are shown separately. In late summer, only the phase anagen VI could be assigned based on 
gross appearance.

Study animals Sample Early Summer Late Summer

site Histological Gross only Histological Gross only

Postpartum Dorsal 19 29 14 24
Lateral 14 34 10 27

Skip Dorsal 15 9 20 2
Lateral 8 16 16 0

Totals phase 
assignments 56 88 60 53
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Supplementary Table 4.2. Defined terms and formula used to calculate hair growth rates in Weddell 
seals that were handled twice (both early and late in the molt).

New hair above skin: The length of hair above the skin surface grown in the current molt cycle 
that was measured, to the nearest 1 mm, during the second handling*. Measurements were 
taken in a patch that was shaved during first handling to remove hair grown in the prior molt 
cycle.

New hair below skin: The length of hair grown in the current molt cycle that was below the 
surface of the skin during the second handling, estimated to the nearest 1 mm based on the 
site's hair cycle phaset (anagen VI, 5 mm; early catagen, 4 mm; or late catagen, 3 mm).

Previous hair below skin: The length of hair that had already been synthesized (during the current 
molt cycle) at the time of the first handling, estimated to the nearest 1 mm based on the site's 
hair cycle phase at the first handling (anagen IIIb, 1 mm; anagen IIIc, 2 mm; or anagen IV, 3 
mm).

Days of growth: Days between handlings, with a correction applied if growth was completed 
prior to the second handling. Growth was assumed to be ongoing or just ceased for follicles 
in anagen VI or early catagen, so for sample sites in those phases, days of growth = days 
between handlings. For hair follicles in late catagen, growth was assumed to have ceased 10 
days prior to handling during early catagen, so days of growth = days between handling - 10. 
Progressing from early catagen to late catagen was estimated to take 10 days since that is the 
average duration of molt stage 7, which corresponds well with completion of early catagen at 
the dorsum.

[New hair above skin]_____ + ∣ New hair below skin] — [Previous hair below skin]
[Days of growth] Days between handlings with correction applied if necessary

*For two postpartum seals in molt stage 7, new dorsal hair length was not measured, but was assumed to 
be 1.0 cm since this was the length of new dorsal hair in all molt stage 7 postpartum seals where dorsal 
hair was measured (n=3).

t For four postpartum seals in molt stage 7, dorsal pelvis hair cycle phase was not determined from 
histology but assumed to be early catagen based on the strong correspondence between molt stage 7 
(based on visible shedding) and early catagen at the dorsal pelvis. The gross appearance of these skin 
biopsies (no pigmented hair visible below the skin) was consistent with this categorization.
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Supplementary Table 4.3. Calculations for roughly estimating the duration of molt stage 1, or anagen 
IIIa at the dorsum of Weddell seals. These included many assumptions but offer an approximation of 
how long it takes for female Weddell seals to progress from molt stage 1 to molt stage 2.

1) The representative number of days* it took for skip and postpartum female seals to progress 
from molt stage 1 (anagen IIIa at the dorsum) to a later molt stage (stage 8 for skip females, 
or stage 7 for postpartum females) were determined, generating two values: duration from 
molt stage 1, skip and Duration from molt stage 1, postpartum.

*This number was calculated as a mean for skip females (n=3). For postpartum seals, only a single value 
(n=1) was available and assumed to be representative.

Duration from molt stage 1, skip = 73 days (66-78, n=3) 
Duration from molt stage 2, postpartum = 69 days (n=1)

2) The numbers of days it took individual skip and postpartum female Weddell seals to 
progress from molt stage 2 (anagen IIIb at the dorsum) to a later molt stage (stage 8 for 
skip females, or stage 7 for postpartum females) were collated.

Days between handlings: 
Molt stage 2 to molt stage 
8 in skip females

Days between handlings: 
Molt stage 2 to molt 
stage 7 in postpartum 
females

52 62
53 63

64
84

3) Duration from molt stage 1, skip or duration from molt stage 1, postpartum was 
subtracted from each of these numbers to approximate how much longer it took to progress 
from molt stage 1 versus molt stage 2 to a given stage, generating molt stage 1-2 
differences.

Molt stage 1-2 differences: 21, 20, 7, 6, 5,-15

4) Molt stage 1-2 differences were averaged, excluding one negative outlier (-15), to 
calculate estimated molt stage 1 duration:

Estimated molt stage 1 duration: 12 days 
(SD=8)
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Supplementary Table 4.4. Correspondence between hair follicle phases of Weddell seals assigned to 
individual skin biopsies based on gross observations of fixed biopsy portions (Magnification 4-16x) and 
histological observations of skin (20-40 Sacpic-stained serial sections) (Magnification 40-100x).

Histology phase

Anagen 
IIIa

Anagen 
IIIb

Anagen 
IIIc

Anagen 
IV

Anagen 
VI

G
ro

ss
 p

ha
se

Anagen IIIa 4 1* - - -
Anagen 

IIIb - 5 - - -

Anagen IIIc - - 5 - -

Anagen IV - - - 5 -

Anagen VI - - - - 5

*A single sample (WS14-04 lateral) was categorized as an Anagen IIIa biopsy based on gross appearance, 
but histology revealed Anagen IIIb was the dominant follicle phase.
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Supplementary Figure 4.1. Diagram of a Weddell seal hair follicle with major components labeled. The 
follicle is shown in the anagen VI phase of the hair cycle, containing both an actively growing hair that has 
reached the skin surface and a club hair from the previous hair cycle that has not yet been shed.
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Chapter 5. Differential gene expression across the hair cycle in seasonally molting Weddell 

seals1

1 A modified version of this chapter is in preparation for submission for publication. Kirkham A.L., Sundararajan A., 
Ramaraj T., Schilkey F.D., Beltran R.S., and Burns J.M. Differential gene expression across the hair cycle in 
seasonally molting Weddell seals. Target journal: Gene (in prep)

5.1 Abstract

Most pinnipeds replace their fur each year in an annual pelage molt to maintain a healthy 

integument, and the role of tissue-specific gene expression within the integument in the control 

of molt is not well understood. To characterize how the skin transcriptome changes across molt 

and potential patterns in hormone-related genes, we analyzed the skin transcriptome from tissue 

collected during three distinct stages of the hair cycle in prime-age female Weddell seals 

(Leptonychotes weddellii) during the Antarctic summer (November-February). Hair cycle phases 

of Weddell seals were determined histologically from skin biopsies, and skin transcriptomes 

were profiled with next generation RNA sequencing (RNA-Seq) during three of the observed 

hair cycle phases: early anagen (initiation of hair growth), late anagen (rapid hair growth), and 

telogen (quiescence) (n=3 per phase). The Weddell seal skin transcriptome changed 

significantly across the molt, with >6000 genes differentially expressed between hair cycle 

phases. Gene Ontology term analysis of differentially expressed genes indicated that pathways 

related to animal organ morphogenesis were upregulated during early anagen, cornification 

pathways were upregulated during late anagen, and cell division pathways were upregulated 

during both anagen phases. In telogen skin, upregulated genes indicated enrichment in cell

substrate adhesion and nucleoside biphosphate metabolism. Examining the most significantly 

upregulated genes in each hair cycle phase further revealed commonalities with other species as 

well as signals that may be unique to pinnipeds, such as an upregulation of sebum-related genes 
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during telogen. Genes related to cortisol, estrogen, prolactin, and thyroid hormone signaling 

varied across the molt, suggesting that expression of several endocrine genes is directly linked to 

the hair cycle. The present study is the first to examine how skin transcriptomes analyzed by 

RNA-Seq reflect the mechanisms of molt in pinnipeds, and it provides molecular context for 

interpreting the roles of hormones in regulating this life history event.

5.2 Introduction

The hair follicle is a “dynamic mini-organ” that exhibits cycles throughout its lifetime 

(Schneider et al. 2009). These cycles include an active phase when a new hair is produced 

(anagen), a regression phase (catagen), and a resting phase (telogen) (Chase et al. 1951). All 

mammals complete these hair cycle phases, though there is variation in the spatial patterns and 

frequencies of cycling. Species with synchronized, seasonal hair cycling are considered to 

undergo annual molts. Antarctic Weddell seals (Leptonychotes weddellii), like all phocid seals, 

molt once a year (Smith 1966; Ling 1970). Replacing their coat ensures that their pelage can 

provide insulation, protection, and an efficient surface for locomotion in and out of water (Ling 

1970). Hair growth requires relatively warm and well perfused skin (Feltz and Fay 1966), and 

molting seals spend an increased proportion of their time hauled out on land or ice, where they 

can perfuse their skin without losing significant heat to the highly thermally conductive aquatic 

environment (Paterson et al. 2012). The molt period is also a critical window for integumentary 

repair in seals: in Weddell seals, small wounds (skin biopsy sites) healed quickly leaving no scar 

if wounding occurred prior to or during the molt, but those inflicted after molt remained visible 

until during the next molt cycle (J.M. Burns, unpublished data). Similarly, there is evidence for a 

direct relationship between anagen phase hair follicles and accelerated wound healing in mice 

(Ansell et al. 2011).
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While the hair cycle occurs in all mammals, mechanistic studies of its regulation have 

focused almost exclusively on humans, rodents, and domesticated fur and wool-bearing species. 

These studies have highlighted that hormones related to stress, reproduction, and nutrition—such 

as cortisol, thyroid hormones, prolactin, and estrogen—are important regulators of hair cycling 

(Hale and Ebling 1975; Alonso and Rosenfield 2003). However, there is species-specific 

variation in how hormones influence hair growth, as well as changes in regulation between 

phases of the hair cycle (e.g., Rust et al. 1965; Maurel et al. 1986). This variation may be driven 

by differences in expression of genes in the skin that regulate hormone signaling, along with 

seasonal changes in circulating hormone concentrations. When expressed at different levels, 

genes for hormone receptors and for enzymes that activate or deactivate hormones, particularly 

thyroid and steroid hormones, can control whether a hormone in circulation stimulates or 

suppresses hair growth within the skin (Grymowicz et al. 2020). Previous studies in mice (Mus 

musculus) and sheep (Ovis aries) have shown that hormone receptor expression changes in hair 

follicles across their cycles (Oh and Smart 1996; Choy et al. 1997). Therefore, expression of 

genes related to hormone production or binding may reveal how the impacts of circulating 

hormones are mediated in skin.

In addition to hormone-associated genes, there are many genes and signaling pathways 

that play important roles in the progression of the mammalian hair cycle (Stenn and Paus 2001; 

Schneider et al. 2009). For example, two pathways that are critical to the initiation of anagen and 

hair growth are the canonical Wnt (“Wingless-related integration site”) and Shh (“Sonic 

hedgehog”) morphogenic signaling pathways (Stenn and Paus 2001). Briefly, Wnt expression in 

hair follicle stem cells leads to accumulation of β-catenin, which in turn cues the onset of anagen. 

Shh signaling in the hair follicle and the associated dermal papilla is necessary for anagen to 
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proceed beyond the formation of small hair bulbs, and it stimulates hair growth by ultimately 

activating transcription factors in the Gli family (Oro and Higgins 2003). Additional genes and 

pathways important to hair growth have been identified through DNA microarray and RNA-Seq 

studies that profiled changes in skin tissue gene expression across the hair cycles of mice, dogs 

(Canis lupus familiaris), cashmere goats (Capra hircus), and humans (Lin et al. 2004; Geng et 

al. 2013; Xu et al. 2013; Fan et al. 2015; Wang et al. 2016; Yang et al. 2017; Takahashi et al. 

2020). While these studies have provided a great deal of insight on molecular dynamics of the 

hair cycle, similar differential expression analyses of skin have not yet been conducted in 

pinnipeds. Seals are unique in molting once a year within the constraints of a semi-aquatic life 

history; high thermal conductance in water makes it is difficult for seals to perfuse and warm 

their skin while submerged, but hair growth requires blood supply and relatively warm skin 

temperatures (Feltz and Fay 1966; Weinstein and Mooney 1980; Paterson et al. 2012). Seals thus 

spend more time hauled out of the water while molting, and this behavioral constraint lends hair 

cycling in seals particular ecological importance (Paterson et al. 2012). Further, a syndrome 

involving disrupted molt in Arctic pinnipeds was reported beginning in 2011, with ringed seals 

(Pusa hispida), spotted seals (Phoca largha), bearded seals (Erignathus barbatus), and Pacific 

walruses (Odobenus rosmarus divergens) observed with unusual hair loss and/or skin lesions. 

The cause of this pathology was never identified (NOAA 2016). Increased understanding of hair 

follicle regulation in seals may provide insight on how and when the hair cycle may be disrupted 

and cause deleterious health impacts. We aimed to comprehensively characterize changes in 

gene expression in skin across the hair cycle of free-ranging adult Weddell seals using next 

generation RNA sequencing (RNA-Seq), which allowed us to profile the transcriptomes of skin 

samples representing the early anagen, late anagen, and telogen phases of the hair cycle. By 
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comparing gene expression between these phases, we aimed to identify individual genes and 

biological processes (identified through Gene Ontology (GO) terms (Ashburner et al. 2000; Gene 

Ontology Consortium 2021)) that show shifts across the hair cycle that may correspond or 

contrast with patterns in other species. We also examined how expression levels of specific 

hormone-related genes change in association with hair cycle phase or circulating hormone 

concentrations to better understand interrelationships among endocrine profiles and the Weddell 

seal molt.

5.3 Methods

5.3.1 Study animals and field handling

To characterize the skin transcriptome during three stages of the Weddell seal hair cycle, 

we collected skin biopsies from 77 adult female Weddell seals in McMurdo Sound, Antarctica 

during the 2013-2016 austral summers. Study animals were 10 to 20 years old and were handled 

as part of concurrent studies on Weddell seal ecology and physiology (Beltran et al. 2019; 

Walcott et al. 2020). Ages and reproductive histories of all Weddell seals were known from an 

ongoing long-term population study (Rotella et al. 2009; Garrott et al. 2012).

For each handling, seals were captured with a hoop net and initially sedated with an 

intramuscular (IM) injection of ketamine and midazolam (2.0 and 0.1 mg∙kg-1) (Mellish et al. 

2010). Additional IV doses of ketamine and midazolam were administered to maintain the seal at 

the appropriate plane of anesthesia until handling was complete. Skin biopsies were collected 

from each Weddell seal near the pelvis slightly offset from the mid dorsal line. Prior to biopsy 

collection, a ~5x7 cm rectangle of fur was trimmed with electronic clippers, closely shaved with 

a disposal razor, and cleaned with an alcohol wipe before an intradermal injection of 1 ml of 

lidocaine was administered to provide local anesthesia at the biopsy site. For all animals, a single 
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skin sample for histological analysis was collected using a 6 mm disposable Miltex biopsy punch 

and placed in 10% neutral buffered formalin (NBF). For a subset of 48 seals, three 2 mm skin 

cores (~15 mg) were collected from the same site and immediately placed in a 2.0 mL cryovial 

containing Qiagen RNAlater (Qiagen, Hilden, Germany). Samples were stored in RNAlater at 

4°C for 48 hours, and then RNAlater supernatant was removed and samples were stored at -80°C 

until processing (2-6 months later). To measure serum hormone concentrations, blood samples 

were collected into vacutainer tubes and stored at cool temperatures for up to 8 hours prior to 

being centrifuged, and isolated serum was frozen at -80°C until hormone concentration analysis 

1 to 12 months later.

5.3.2 Skin sample processing and sample selection

Four days after skin samples for histology were collected and placed in 10% NBF, 

samples were bisected with a razor along the plane of hair follicles and transferred to 70% non

denatured ethanol. One half of the sample was dehydrated, paraffin-embedded, and sectioned at 

7 μm thickness using a rotary microtome. For each sample, five or more microscope slides each 

containing three to nine serial sections were prepared (minimum 15 sections slide-mounted per 

sample). Slides were stained using the modified Sacpic method (Nixon 1993) and stained slides 

were later assessed under a compound microscope at 40-400x magnification to determine the 

hair cycle phases of follicles (see Chapter 4 for additional detail). Based on this assessment, nine 

skin samples (each from a different female Weddell seal) were selected for this study: three 

samples each containing hair follicles that were uniformly in Anagen IIIa (“early anagen”), in 

Anagen IV (“late anagen”), or in telogen (Figure 5.1).
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5.3.3 RNA-Seq and differential expression analysis

To identify changes in the skin transcriptome across the molt, RNA was extracted from 

the nine RNAlater-treated skin samples that corresponded with the identified samples described 

above. The three small skin cores from each animal were homogenized to uniform texture using 

a mortar, borosilicate beads, and a pestle in buffer provided with the Qiagen RNeasy Fibrous 

Tissue Mini kit (Qiagen, Hilden, Germany). Total RNA was isolated from the homogenate using 

the Qiagen kit following manufacturer instructions. Total RNA concentrations were measured 

using a Qubit fluorometer (Invitrogen, Waltham, MA USA) and an Agilent Bioanalyzer 

(Agilent, Santa Clara, CA USA), which also confirmed the high quality of all RNA samples 

(RNA Integrity Number (RIN) >8.5).

Illumina RNA library prep was completed at the National Center for Genome Resources 

(NCGR; Santa Fe, NM). Poly-adenylated mRNA was isolated and fragmented, and cDNA 

libraries were produced by reverse transcription following the Illumina TruSeq library 

preparation protocol. Sequencing was completed using the Illumina HiSeq 2000 instrument on 

one lane of 1x50 nt (Illumina Inc., San Diego, CA). Sequencing data were analyzed with 

Lumenogix Bioinformatics-in-a-Box, a web-based bioinformatics platform (Lumenogix, NCGR, 

Santa Fe, NM; www.ncgr.org/). Reads were mapped to a Weddell seal annotated genome 

developed at the Broad Institute (LepWed1.0, Noh et al. 2022) using Tophat2.

Read-count normalization and differential expression analysis was completed with the 

DEseq2 R package (Love et al. 2014), which used Wald-tests to identify genes that underwent 

significant changes in expression between the three hair cycle phases. Significance of gene 

expression changes was assessed at padj<0.05 using Benjamini-Hochberg adjusted p values to 

account for multiple comparisons (Benjamini and Hochberg 1995). Differences in gene 

202

http://www.ncgr.org/


expression between samples from each hair cycle phase relative to the samples from both the 

other hair cycle phases combined were also assessed to identify the top genes that were highly 

upregulated each point in the hair cycle. To characterize changes in biological processes between 

phases, GO enrichment analysis was completed on lists of differentially expressed genes (DEGs) 

that were upregulated in one hair cycle phase versus another (padj<0.05) using the R Package 

GOsummaries (Kolde and Vilo 2015; Mi et al. 2009).

5.3.4 Assessment of serum hormones and related gene expression

To determine whether skin gene expression plays an important role in endocrine 

regulation of Weddell seal molt, expression of hormone-related genes and concentrations of 

circulating hormones were compared. Serum concentrations of cortisol, estrogen, prolactin, and 

thyroid hormones (total and free thyroxine (tT4, fT4) and total triiodothyronine (tT3)) were 

measured in the nine females included in the RNA-Seq analysis, as well as in 68 additional 

females determined to be in the same three hair cycle phases (early anagen, late anagen, and 

telogen). Hormone assays were previously validated for use with Weddell seal serum (see 

Chapters 2 and 3). Radioimmunoassay (RIA) kits were used for cortisol, estrogen, and thyroid 

hormone measurements (cortisol: MP Biomedical 06B-256440; total estrogens (estradiol plus 

estrone): MP Biomedical, 07-140202; tT4: IVD Technologies, TT4-1000V; tT3: IVD 

Technologies, TT3-1000V; fT4: IVD DFT4-2000V;). Prolactin was measured at Louisiana State 

University using a non-commercial heterologous RIA described by Colborn et al. (1991). Assay 

validation details are provided in Chapter 2 and Chapter 3. Circulating hormone concentrations 

measured by RIA were compared between the RNA-Seq study animals and the additional 

Weddell seals to confirm that patterns in hormone concentrations matched across the smaller and 

larger sample. Expression of genes known to be related to cortisol, estrogen, prolactin, and 
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thyroid hormone signaling were then compared between hair cycle phases to identify hormone 

receptors and enzymes that were up- or down-regulated in Weddell seal skin across the hair 

cycle. Relationships between normalized read counts for these genes, circulating hormone 

concentrations, and hair cycle phase were assessed using linear models (LMs). Prolactin and 

estrogen concentrations were log-transformed for normality when included in LMs.

5.4 Results

RNA-Seq generated between 10 and 19 million read counts for each Weddell seal skin 

sample (Figure 5.2). All samples had at least 85% of reads uniquely aligned to Weddell seal 

genes in the LepWed1.0 annotation. Overall, 19,845 protein-coding genes were identified in the 

Weddell seal skin transcriptome. Differential expression analysis of normalized read counts 

revealed >6000 genes that were significantly up- or downregulated in at least one of the hair 

cycle phases as compared to another phase. Of these genes, 3901 were named with an official 

gene symbol in the associated annotation (Noh et al. 2022).

PCA and cluster analysis revealed that skin transcriptomes differed between all three hair 

cycle phases; 87% of total variation in skin transcriptomes was explained on axes 1 and 2 of the 

PCA and samples from different phases were not overlapping in this space (Figure 5.3). The late 

anagen skin transcriptome differed more from that of early anagen and telogen than the latter two 

did from each other. The genes that were the most highly upregulated (smallest adjusted p-value) 

in each phase are shown in Figure 5.4. Several of the top upregulated genes in early anagen were 

members of the Shh and Wnt signaling pathways (GLI1, GLI2, PTCH1, GPC3, PORCN), and 

top upregulated genes in late anagen included two keratin genes (KRT7, KRT39) and genes for 

proteins with diverse functions. Numerous unnamed orthologs of keratin-associated proteins 

were also among the most significantly upregulated genes in late anagen.
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Gene Ontology enrichment analysis indicated that mitotic activity was enhanced in early 

and late anagen relative to telogen, and cornification was enhanced in late anagen (Figure 5.5). 

Enrichment analysis identified the top biological processes in telogen skin as nucleoside 

biphosphate metabolism, cell-substrate adhesion, and extracellular matrix organization.

Serum concentrations of total estrogen, tT4, and fT4 were similar between RNA-Seq 

study animals and additional Weddell seals with the same hair cycle statuses (Figure 5.6). RNA- 

Seq sample animals had slightly higher serum concentrations of cortisol (Tukey HSD, p=0.009) 

and tT3 (Tukey HSD, p= 0.013) and lower concentrations of prolactin (Tukey's HSD, p=0.030) 

than the larger sample, but the trends across phases were similar and there were no significant 

interaction effects between study group and hair cycle phase. With all Weddell seals included in 

analysis, linear models indicated that Weddell seals whose skin samples had early anagen hair 

follicles had significantly lower serum cortisol and higher serum estrogen and prolactin (Tukey's 

HSD, p<0.0001 for all) than Weddell seals whose hair follicles were in late anagen or telogen 

(Figure 5.6).

To further assess changes in hormone signaling across the hair cycle, read count data 

were examined for genes known to play key roles in the function of cortisol, estrogen, prolactin, 

or thyroid hormones. Among the genes expressed in the skin samples, there were 14 genes we 

identified as having key roles in signaling by these hormones. There were significant differences 

between hair cycle phases in transcription of eight of these genes of interest (NR3C1, HSD11B1, 

HSD11B2, GPER1, SULT1A1, HSD17B7, PRLR, and DIO3) (Figure 5.7). Expression of several 

genes (HSD11B2, GPER1, DIO3) varied between hair cycle phases but had no link to serum 

concentrations of the hormone(s) with which they are most strongly associated (cortisol, 

estrogen, and the suite of thyroid hormones (tT4, fT4, and tT3), respectively) (Table 5.1). Other 
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genes (HSD11B1, NR3C1, SULT1A1, PRLR), however, had significant links to both hair cycle 

phase and serum hormone concentrations, raising the possibility that differences in circulating 

hormones between hair cycle phases drove the difference in expression of these genes between 

phases.

5.5 Discussion

The present study shows that the Weddell seal skin transcriptome changes substantially 

between the early anagen, late anagen, and telogen phases of the hair cycle, indicating 

differential gene expression across phases. Other studies using RNA-Seq to assess gene 

expression changes in full thickness skin between hair cycle phases have not identified such a 

large number of differentially expressed genes (Geng et al. 2013; Yang et al. 2017), suggesting 

that gene expression in Weddell seal skin may display exceptionally large shifts as the hair cycle 

progresses. This may be because Weddell seals molt only once a year within a short time period 

that also involves behavioral changes and increases in skin perfusion (Ling 1970; Paterson et al. 

2012; Walcott et al. 2020). Additionally, the anatomy of pinniped skin may impact the 

magnitude and nature of transcriptomic changes across the hair cycle, though potential 

mechanisms for this are not clear. Unlike rodents and ungulates, pinniped skin lacks arrector pili 

muscles (muscles that stand up hairs), possesses a particularly thick and darkly pigmented 

epidermis, has large and abundant sebaceous glands, and has abundant capillaries and venules 

(Montagna and Harrison 1957; Ling 1968; Krmpotic et al. 2018). It is possible that some gene 

expression differences in the skin were related to other processes taking place at the time of the 

sample collection. For example, all early anagen skin samples were collected in November when 

seals were still lactating and just coming into estrus, while late anagen samples and telogen
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samples were collected in January and February, after seals had weaned their pups and were in 

the very early stages of pregnancy.

5.5.1 Top differentially expressed genes and Gene Ontology terms

Examining the genes that were most significantly upregulated and Gene Ontology (GO) 

terms that were enriched in Weddell seal early anagen, late anagen, and telogen provided insights 

into the processes that occur in each of the different phases of the hair cycle. Results indicated 

similarities to patterns in other species and new potential markers of hair cycle phases.

5.5.1.1 Early anagen

The early anagen skin transcriptome highlighted morphogenic processes, which is not 

surprising since this is the phase when the bottom half of the hair follicle is redeveloping in a 

very similar manner to its original morphogenesis (Schneider et al. 2009). The six top GO terms 

enriched among the genes upregulated in early versus late anagen involve morphogenesis or 

development. This result was likely driven at least in part by strong upregulation of genes in the 

Wnt and Shh signaling pathways. The ten most significantly upregulated genes in early anagen 

included five strongly associated with Wnt and Shh signaling: GLI1, GLI2, PTCH1, GPC3, and 

PORCN. PTCH1 encodes a transmembrane receptor upregulated by Shh that Shh antagonizes to 

activate target genes, and a transient increase of SHH and PTCH1 expression has been linked to 

induction of anagen in mice (Sato et al. 1999; Mill et al. 2003). GLI1 and GLI2 encode key 

downstream transcription factors in the Shh signaling pathway that have been demonstrated to 

mediate Shh responses in skin, including stimulating mouse hair follicle development (Mill et al. 

2003). Interestingly, GPC3 negatively regulates the Shh signaling pathway and positively 

regulates Wnt pathways, and to our knowledge its specific role in the hair cycle has not been 
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identified. PORCN is also a member of the Wnt signaling pathway and is necessary for normal 

hair follicle development in mice (Barrott et al. 2011).

The most significantly upregulated gene in early anagen, SCUBE3, is not centrally 

involved in canonical Wnt or Shh signaling, but it has recently been shown to be expressed in the 

dermal papillae of growing, but not resting, mouse hair follicles and to induce hair growth as a 

TGF-β ligand (Liu et al. 2022). The high expression levels of SCUBE3 during Weddell seal early 

anagen suggest this gene plays an important role initiating hair growth in pinniped skin. SCUBE3 

is also potent promoter of angiogenesis, including in skin (Yang et al. 2013; Capkin et al. 2017). 

Anagen stimulates skin angiogenesis in model animals (Mecklenburg et al. 2000), and we 

speculate that SCUBE3 may also support hair-cycle associated angiogenesis in Weddell seals. 

Vascular development, which allows intensified skin perfusion during anagen, may be 

particularly important to hair growth in seals, given the cold and wet environments they inhabit. 

Another one of the top upregulated genes we identified in early anagen, PGF, has also been 

shown to promote angiogenesis in skin (Odorisio et al. 2006). The upregulation of these genes in 

early anagen, specifically, suggests that angiogenic activity may be complete or near complete 

by the late anagen phase of the hair cycle.

5.5.1.2 Late anagen

Late anagen, the phase with the most distinct skin transcriptome out of the three phases 

we profiled, showed dramatic but expected changes in gene expression. GO enrichment analysis 

highlighted that the biological processes of cell division and cornification were upregulated in 

late anagen, which makes sense given it is the phase when keratinocytes are rapidly dividing and 

cornifying to produce a hair fiber within a fully developed hair follicle (Schneider et al. 2009). 

The most significantly upregulated genes in late anagen included a host of keratin proteins and 
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keratin-associated proteins, matching patterns in similar studies of other species (Geng et al. 

2013; Wang et al. 2016). Several other genes that were highly expressed in late anagen are also 

known to be associated with hair growth. For example, CHAC1, which was highly upregulated 

during the rapid growth phase of the Weddell seal hair cycle, has been found to have suppressed 

expression in human patients with patchy-type alopecia areata (Shi et al. 2020). LAP3, another 

highly expressed late anagen gene, is associated with the transition from telogen to anagen in 

rats, as is the gene CSDC2 which was similarly upregulated in late anagen (Umeda Ikawa et al. 

2009). CSDC2 is also upregulated during anagen in goats, when it is highly expressed in 

epidermal keratinocytes and dermal fibroblasts and weakly expressed in hair shafts, and it plays 

an important signaling role in cultured mouse fibroblasts (Yang et al. 2017).

5.5.1.3 Telogen

Telogen has long been considered the resting phase of the hair cycle, though recent work 

has pointed to important telogen functions that suggest it should be regarded as a maintenance 

phase (Geyfman et al. 2015). Cell proliferation is essentially stopped during telogen, however 

(Schneider et al. 2009), which was reflected in our GO analyses. Expression of genes linked with 

cell division processes was much greater in both early and late anagen than telogen. The GO 

terms highlighted for upregulated telogen genes do not reflect hair cycle mechanisms as clearly 

as those indicated by the anagen genes. To our knowledge, the top term in the telogen versus 

early anagen comparison, purine nucleoside bisphosphate metabolism, has not been linked to 

skin and hair cycling previously. Cell-substrate adhesion and extracellular matrix organization, 

which were enriched among genes upregulated in telogen versus late anagen, are processes 

known to be important to the hair cycle (Hardy 1992). Additionally, two of the top upregulated 

genes in telogen, CIDEA and AWAT, reflect activation of pathways involved in development and 
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functioning of the sebaceous gland (Turkish et al. 2005; Zhang et al. 2014). We speculate that 

upregulation of sebum production during telogen, especially at its onset, might play an important 

role in the establishment and maintenance of an insulative, quick-drying fur coat for seals.

5.5.2 Gene expression links with endocrine regulation of molt

Examining the expression patterns of genes related to molt-associated hormones 

indicated that some of these patterns do indeed change across the hair cycle. Several of these 

changes, however, appeared not to be cycle-phase specific, but rather reflections of differences in 

circulating hormone concentrations between phases. We caution that the differences in serum 

hormone concentrations between early anagen, late anagen, and telogen reported in this study 

should not be interpreted as drivers of the hair cycle. This is especially true given that hair 

follicles at different locations on Weddell seals progress through the hair cycle at different rates, 

experiencing certain serum hormone concentrations during different hair cycle phases (see 

Chapter 4).

Cortisol generally inhibits hair growth (Baker 1951; Rust et al. 1965; Stenn et al. 1993), 

and we predicted that reduced expression of cortisol receptor genes (glucocorticoid receptor 

(NR3C1) and mineralocorticoid receptor (NR3C2)), reduced expression of the cortisol activating 

enzyme hydroxysteroid 11-beta dehydrogenase 1 (HSD11B1), or elevated expression of cortisol 

deactivating enzyme hydroxysteroid 11-beta dehydrogenase 2 (HSD11B2) in the skin during 

anagen may support the progression of molt in Weddell seals. NR3C1 expression was 

significantly reduced during late anagen and NR3C2 tended to be reduced, suggesting molecular 

changes may attenuate cortisol signals in the hair follicle in late anagen. Enzymes that activate or 

deactivate cortisol by either producing cortisol from an inactive metabolite (HSD11B1) or 

converting cortisol into an inactive metabolite (HSD11B2) were also differentially expressed 
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across the hair cycle. During early anagen, HSD11B1 was downregulated and HSD11B2 was 

upregulated. A similar pattern has been reported in bottlenose dolphin (Tursiops truncatus) skin, 

when HSD11B1 was downregulated in summer, the time that epidermal cell division is likely 

most active (Van Dolah et al. 2015); this suggests that across taxa, enzymatic changes reduce 

intracellular cortisol concentrations in the skin when skin is in a proliferative phase. In the 

present study, read counts for cortisol receptors and enzymes were more tightly linked to hair 

cycle phase than circulating hormone concentrations, further suggesting these expression 

changes are directly tied to hair cycling.

Estrogen is also known to inhibit hair growth (Oh and Smart 1996; Thornton 2002), 

leading to the prediction that there may be hair cycle-dependent changes in receptor densities or 

enzyme concentrations that modulate impacts of estrogen on the hair follicle. Estrogen receptor 

genes ESR1 and GPER1 were expressed at lower levels during late anagen than during the other 

two hair cycle phases, which may attenuate estrogen signaling in this phase. High expression of 

SULT1A1, an enzyme that deactivates estrogen, in early anagen may similarly reduce the 

estrogen signal during the onset of hair follicle growth. Since read counts of SULT1A1 were also 

correlated to circulating estrogen, it is possible that circulating estrogen stimulates production of 

SULT1A1 in the skin, and the changes we observed in SULT1A1 expression were not caused by 

the hair cycle itself.

Prolactin often inhibits hair growth in non-seasonally molting animals but may stimulate 

hair growth in seasonally molting mammals (Rose et al. 1998; Craven et al. 2001). We think that 

expression of PRLR, the prolactin receptor, in skin in this study was modulated by serum 

concentrations of prolactin in Weddell seals. PRLR read counts were strongly and negatively 

associated with serum concentrations of prolactin, suggesting negative feedback from circulating 
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prolactin on skin receptors. This is consistent with findings in mice, mink (Neovison vison), and 

sheep (Rose et al. 1995; Craven et al. 2001; Nixon et al. 2002). Separately, the confirmed 

presence of prolactin receptors in Weddell seal skin suggests that prolactin signaling cues the 

seasonal onset of annual molt in Weddell seals, as it does in other species (Martinet et al. 1982; 

Lincoln and Richardson 1998).

Thyroid hormones are well established promoters of hair growth, and we predicted that 

thyroid hormone signaling in skin would be increased during anagen through elevated expression 

of thyroid hormone receptors, through decreased expression of deiodinase 3 (DIO3), which 

changes thyroid hormones T4 and T3 into biologically inactive molecules, and through increased 

expression of deiodinase 1 (DIO1), which can produce the more active T3 from T4. Like 

circulating thyroid hormone concentrations, however, expression of three of the examined 

thyroid-hormone related genes (thyroid hormone receptor alpha (THRA), thyroid hormone 

receptor beta (THRB), and DIO1) did not significantly vary across the hair cycle. DIO3 was the 

exception and was significantly upregulated during late anagen. While we did not originally 

expect DIO3 in skin to be upregulated during anagen, when cells are rapidly proliferating and 

metabolic needs are high, this same pattern has been observed in mice (Lin et al. 2004). This 

suggests that DIO3 expression increases during anagen across species, and this increase may be 

necessary to limit intracellular thyroid hormone concentrations during hair growth.

5.5.3 Conclusion

The large dataset provided by RNA-Seq in the present study allowed for the robust 

assessment of molecular changes in the skin across the hair cycle in a seasonally molting marine 

mammal. Many patterns in gene expression aligned with findings in other animals, highlighting 

aspects of hair cycle regulation that are conserved across a range of mammalian taxa. Among the 
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large set of DEGs identified in this study are likely genes with impacts to hair growth in other 

species that have not yet been identified and may be explored in future studies. Gene expression 

patterns in early and late anagen were very distinct, indicating that different anagen subphases 

involve very different processes and signals. Finally, examining expression of hormone-related 

genes in skin provided molecular, tissue-level context for how serum endocrine dynamics may 

regulate hair growth in a wild mammal.
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5.7 Tables

Table 5.1. Results from linear models (LMs) testing for relationships in Weddell seals between skin 
expression of select genes linked to cortisol, estrogen, prolactin, and thyroid hormone signaling as 
measured by RNA-Seq (n=9) and serum hormone concentrations and hair cycle phases. Serum 
concentrations of prolactin and estrogen were log-transformed prior to inclusion in LMs. Results from 
models that identified statistically significant links between gene expression (normalized read counts) and 
serum hormone concentration or hair cycle phase are shown in bold. T4 = thyroxine; T3 = 
triiodothyronine.

Gene Endocrine role Linear model F ratios and p values
Serum hormone Hair cycle phase

HSD11B1 Enzyme 
Activates cortisol Cortisol: F1,7 = 6.00, p = 0.044 F2,6 = 23.59, p = 0.001

HSD11B2
Enzyme

Deactivates
cortisol

Cortisol: F1,7 = 4.34, p = 0.076 F2,6 = 171.5, p < 0.001

NR3C1 Receptor
Cortisol receptor Cortisol: F1,7 = 6.09, p = 0.043 F2,6 = 17.35, p = 0.003

NR3C2 Receptor
Cortisol receptor Cortisol: F1,7 = 0.79, p = 0.404 F2,6 = 2.87, p = 0.134

HSD17B7 Enzyme
Activates estrogen Estrogen: F1,7 = 3.96, p = 0.087 F2,6 = 3.78, p =0.093

SULT1A1
Enzyme

Deactivates 
estrogen

Estrogen: F1,7 = 9.97 p = 0.016 F2,6 = 8.83, p = 0.0163

ESR1 Receptor
Estrogen receptor Estrogen: F1,7 = 0.59, p = 0.468 F2,6 = 1.07, p = 0.468

ESR2 Receptor
Estrogen receptor Estrogen: F1,7 = 0.56, p = 0.478 F2,6 = 0.34, p = 0.725

GPER1 Receptor
Estrogen receptor Estrogen: F1,7 = 1.51, p = 0.258 F2,6 = 6.732, p = 0.029

PRLR Receptor 
prolactin receptor PRL: F1,7 = 63.2, p < 0.001 F2,6 = 48.3, p < 0.001

THRA
Receptor

Thyroid hormone 
receptor

Total T4: F1,7 = 0.56, p = 0.478 
Free T4: F1,7 = 0.07, p = 0.805
Total T3: F1,7 = 0.00, p = 0.977

F2,6 = 3.03, p = 0.123

THRB
Receptor

Thyroid hormone 
receptor

Total T4: F1,7 = 0.12, p = 0.743 
Free T4: F1,7 = 0.00, p = 0.983
Total T3: F1,7 = 0.17, p = 0.690

F2,6 = 4.33, p = 0.069

DIO1
Enzyme

Activates + 
deactivates T4

Total T4: F1,7 = 1.51, p = 0.259
Total T3: F1,7 = 3.08, p = 0.123
Free T4: F1,7 = 0.42, p = 0.536

F2,6 = 2.06, p = 0.208

DIO3 Enzyme
Deactivates T4

Total T4: F1,7 = 0.20, p = 0.672
Total T3: F1,7 = 0.00, p = 0.968
Free T4: F1,7 = 0.00, p = 0.990

F2,6 = 17.95, p = 0.003
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5.8 Figures

Figure 5.1. Illustrations and micrographs of Weddell seal hair follicles in each of the three hair cycle 
phases assessed in this study. Micrographs were taken at 42-160x; scale bars in micrographs are 200 μm. 
All slides were stained with the modified Sacpic method Abbreviations: CH, club hair; CHC, club hair 
capsule; DP, dermal papilla; HC, hair cone; HS, hair shaft; IRS, inner root sheath; KZ, keratogenous 
zone; MG, melanin granules; ORS, outer root sheath.
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Figure 5.2. Total read counts generated by RNA-Seq (Illumina HiSeq, one lane of 1x50nt) of nine skin 
samples collected from adult female Weddell seals in the telogen, late anagen, and early anagen hair cycle 
phases.



Figure 5.3. Principal component analysis (A) and heatmap of sample-to-sample Euclidean distance with 
hierarchical clustering (B) showing similarity between the transcriptomes of skin samples collected from 
adult female Weddell seals during early anagen, late anagen, and telogen phases of the hair cycle.
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Figure 5.4. Heatmaps showing relative expression of the ten genes (protein-coding genes with official 
gene symbols) that were most significantly upregulated in each Weddell seal hair cycle phase. Early 
anagen samples = ea.1; ea.2; ea.3; Late anagen samples = la.1; la.2; la.3; telogen samples = te.1;te.2; te.3. 
Numbers = normalized read counts.
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Enriched in early anagen

Figure 5.5. Word clouds generated through R package gosummaries reflecting results of Gene Ontology 
(GO) enrichment analysis on differentially expressed genes (DEGs) identified between hair cycle phases 
(early anagen, late anagen, and telogen) in Weddell seal skin. All listed GO terms were significant in the 
enrichment analysis at least at the p<0.01 level (Benjamini & Hochberg adjusted p-value). Larger text 
size of a GO term indicates more significant enrichment (lower adjusted p-value) for that term. A 
maximum of twenty GO terms are listed for each phase-phase pairwise comparison, and numbers in 
parentheses indicate the total number of individual genes (protein-coding genes assigned official gene 
symbols) that were upregulated in each comparison and included in enrichment analysis.
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Enriched in telogen

Figure 5.5. Continued
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Figure 5.6. Serum concentrations of hormones that are related to hair growth (cortisol, total estrogen, 
prolactin, total thyroxine (T4), free T4, and total triiodothyronine (T3)) measured in female Weddell seals 
with hair follicles at the pelvic dorsum in the early anagen (EA), late anagen (LA), and telogen (Tel) 
stages of the hair cycle. The hormone concentrations of animals whose skin transcriptomes were 
sequenced for differential expression analysis (n=9) are shown with dark gray triangles, and values from 
additional Weddell seals handled but not included in the RNA-Seq study are shown as light gray circles.
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Figure 5.7. Dotplots showing, for each RNA-Seq sample, normalized read counts of 14 genes related to 
hormone signaling that may impact hair growth. Circle color indicates the hair cycle phase of the sample: 
light grey = early anagen (EA); dark gray = late anagen (LA); white = telogen (Tel). The small gray dots 
show the mean read count value for the three samples in a given hair cycle phase, and the thin gray lines 
show +/- one standard deviation.
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Figure 5.7. Continued
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Chapter 6. General conclusions

Wildlife populations in polar regions face a future of rapid environmental change. In the 

Arctic and Antarctic, rising temperatures are forecasted to lead to declines in annual sea ice 

cover, and in some regions such declines are already occurring (Eayrs et al., 2021; IPCC, 2021; 

Stroeve et al., 2007). Predicting the impacts of these environmental changes on animal 

populations requires a comprehensive understanding of the life history and physiological ecology 

of organisms in the wild, including the precise timing and regulation of annual biological events. 

Weddell seals are marine predators that play important ecological roles in Antarctic food webs 

(Pinkerton et al., 2010) and that depend heavily on stable, persistent land-fast ice (Stirling, 

1969). The population of Weddell seals in McMurdo Sound, Antarctica have become established 

as an excellent study system for population biology and diving physiology (Paterson et al., 2018, 

Shero et al., 2018), but the mechanisms regulating their annual life histories have not been as 

well studied. In this dissertation, I addressed foundational questions on the dynamics and 

physiological regulation of annual reproduction, mass recovery, and molt in female Weddell 

seals, providing context for assessments of climate change impacts on critical processes in polar 

pinnipeds.

I found that ovulation timing in Weddell seals depends heavily on recent reproductive 

history (Chapter 2). Females that did not pup in the current season (skip females) and females 

that gave birth early in the pupping period ovulated earliest. Seals that gave birth late ovulated 

sooner after birth than seals that gave birth early, but weeks later in absolute terms. These late 

birthing seals were the least likely to become pregnant and successfully give birth the next year, 

so they were most likely to subsequently become skip females, thereby shifting their ovulation 

timing forward in the next reproductive cycle. In late summer, the period of early pregnancy, 

skip females had higher serum estrogen and progesterone concentrations and larger masses and 
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lipid stores than postpartum females, which may help support their relatively high reproductive 

success. Additionally, I identified a distinct midsummer decline in serum prolactin 

concentrations in all study animals, which likely reflects a population-wide shift from a 

photoresponsive state to photorefractory state that ends the breeding period (Wood et al., 2015). 

These findings help precisely characterize current reproductive phenology in female Weddell 

seals in McMurdo Sound and identify how skipped reproduction in a long-lived, K-selected 

predator can impact the subsequent reproductive cycle by shifting estrus timing and impacting 

serum hormone concentrations during early pregnancy.

Midsummer mass dynamics in female Weddell seals have not previously been well 

described, and in Chapter 3 of this dissertation, I characterized patterns of body mass change in 

postpartum and skip female seals between the breeding period (November/December) and late 

summer (January/February). I found that postpartum females gained lean mass at a rapid rate 

after weaning, while skip females lost both lean and lipid mass across summer. The endocrine 

profiles of postpartum females in the breeding period included relatively low serum 

concentrations of total and free thyroxine (T4), low insulin-like growth factor 1 (IGF-1), and 

elevated growth hormone (GH), reflecting their depleted nutritional states. Circulating hormone 

concentrations changed as Weddell seals recovered mass across summer, and postpartum 

females had endocrine profiles much more similar to those of skip females by January and 

February. These findings suggest that elevated serum growth hormone concentrations in 

postpartum seals supported their rapid lean mass gains, while skip females likely lost mass due to 

their low circulating concentrations of growth hormone and high circulating concentrations of 

cortisol in late summer. Serum cortisol increased across summer in both postpartum and skip 

females, probably due to a seasonal shift in hypothalamic-pituitary-adrenal (HPA) axis signaling.
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Similar patterns in other species could confound interpreting serum cortisol as an indicator of 

nutritional or psychosocial stress. Results from this chapter indicate how hormone dynamics can 

support the large fluxes in body mass that occur in animals subjected to large seasonal shifts in 

energy demands and supply.

The annual molt is a critical annual life history event in pinnipeds that requires 

appropriate seasonal timing and energetic investment, but it has not been as well studied as 

reproductive processes (Beltran et al., 2018; Ling, 1970). In Chapter 4, I characterized Weddell 

seal molt, including the precise timing of hair follicle activation, hair shaft growth, and shedding 

of old fur. Histological examination of Weddell seal hair follicles revealed that the active phase 

of hair growth begins very early in the austral summer. While anagen (i.e., hair follicle growth) 

commenced in all Weddell seals at a similar time (~October), hair growth proceeded much more 

quickly in skip females, and they therefore completed the pelage molt much earlier than 

postpartum Weddell seals. Haul-out behavior appeared to be the major driver of variation in molt 

timing between mom and skip females. Spending more time hauled out presumably allowed skip 

females to maintain higher skin temperatures that expedited hair growth. This finding highlights 

that access to stable haul-out platforms is likely critical to pinnipeds, even outside the breeding 

period. Since results in this chapter also demonstrated that annual molt is tightly linked to wound 

healing, and therefore integumentary health, it shows that reductions in sea ice extent that 

compromise haul-out behavior and prolong or disrupt molt in polar seals will almost certainly 

have impacts on health beyond direct effects on pelage quality. While previous reports have 

speculated that loss of sea ice could impact pinniped populations by affecting molt (Boveng et 

al., 2008, Boveng et al., 2009; Cameron et al., 2010; Kelly et al., 2010), this dissertation provides 
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evidence that constraints on hauling out will affect this critical life history event in polar marine 

mammals.

In addition to characterizing the chronology of molt and its relationship to hormones and 

behavior in Weddell seals, I examined molecular changes in the skin across the hair cycle with 

an RNA-Seq differential expression study. This study in Chapter 5 confirmed there are very 

large shifts in skin gene expression between the early anagen, late anagen, and telogen phases of 

the Weddell seal hair cycle. Transcription patterns generally followed those observed in other 

species (Lin et al., 2004; Schneider et al., 2009; Stenn & Paus, 2001) and highlighted 

differentially expressed genes that may play especially important roles in pinniped molt and skin 

maintenance. Examining RNA-Seq read count data for genes that regulate hormone signaling in 

the skin showed that several of these genes undergo hair-cycle dependent changes in expression. 

This adds tissue-level context for understanding the roles of circulating hormone concentrations 

in the regulation of molt in seals.

In summary, this dissertation provides an in-depth examination of adult female Weddell 

seal seasonal physiology across the austral summer. Summer months in polar regions comprise a 

brief period when a number of constraints in the physical environment are eased and daylight, 

weather, sea ice conditions, and resource availability allow for successful reproduction, mass 

accrual, and pelage cycling (Beltran et al., 2021; Kovacs et al., 2011; Post, 2017; Proffitt et al., 

2007; Sydeman & Bograd, 2009). Fitting all these annual cycle events into a short summer 

presents challenges, but skip females face less temporal constraint than postpartum females 

because they enter estrus earlier and complete molt earlier and do not need to gain body mass in 

this window. With their increased survival and reproductive rates (Chambert et al., 2013;
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Paterson et al., 2018), skip females likely fare better than postpartum females in years with poor 

weather or sea ice conditions, increasing resilience in the population.

My research findings reveal physiological mechanisms and signals that drive and reflect 

progression of the female reproductive cycle, annual molt, and body mass changes in Weddell 

seals. Future work can build on these findings to better predict how changing climate will affect 

the annual life histories and fitness of Weddell seals and similar species. For example, predictive 

models can incorporate the links here identified between skipped reproduction and birth timing 

or between time-energy budgets (i.e., haul-out behavior) and the rate of molt. Such work can 

help identify specific threats to marine mammal populations and inform conservation actions 

related to policies on greenhouse gas emissions and resource extraction in regions of both the 

Antarctic and the Arctic. Studies in ecological physiology, like the research in this dissertation, 

provide a critical foundation for conservation by identifying functional relationships between 

extrinsic factors and intrinsic processes that determine individual fitness (Cooke & O'Connor, 

2010). These relationships ultimately drive population trends, and they are vital to understand as 

anthropogenic impacts affect ecosystems across the globe, including the remote, unique system 

of the Antarctic Ross Sea.
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