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Abstract

Female Weddell seals (Lepfonychotes weddellii) haul-out on the fast-ice surrounding the
Antarctic continent in October and November each year to give birth to and nurse their pups.
Breeding follows directly after weaning (December) and the annual molt begins in January-
February. Animals reduce foraging efforts during the lactation and molting periods, but very
little is known regarding the influence of this reduced activity on physiological condition. After a
period of embryonic diapause, the annual molt coincides with embryo attachment and the start of
active gestation. Consequently, female physiological condition at this time may influence
reproductive success the following year. Overall female health and the ability to forage
successfully throughout the gestation period (austral winter) may impact the likelihood that a
pregnancy is brought to term. Therefore, this study tested whether overwinter changes in
Weddell seal physiology and foraging efforts are reflected in reproductive outcomes the

following year (i.e., to answer the over winter question of “to pup or not to pup?”’).

From 2010-2012, 100 (January-February: n = 53; October-November: 1 = 47) adult female
Weddell seals were captured in Erebus Bay, Antarctica to assess overwinter changes in
physiological condition and/or dive behavior that may be associated with reproductive success.
Morphometric measurements and isotopic dilution procedures revealed that female Weddell
seals gain ~10-15% of their body mass across the winter period, primarily in the form of blubber
and lipid mass. The proportion of mass and lipid gain was similar regardless of whether females
returned the following year and successfully gave birth, or did not produce a pup. Further, the
amount of mass and energy acquired across gestation in the Weddell seal was markedly less than
previously reported for other phocid species. Despite changes in activity patterns and body
composition, Weddell seals maintained blood hemoglobin and muscle myoglobin concentrations
across the winter. Therefore, Weddell seal total body oxygen stores and calculated aerobic dive
limit (cADL) were conserved. This ensures that females have the physiological capabilities to
effectively forage directly following the annual molt when they are at their leanest and must
regain body mass and lipid stores. Although aerobic capacities did not change, dive effort varied
considerably throughout the austral winter. Proxies of dive effort (duration, depth, %dives >
cADL) were highest just after the molt (January-February) and just prior to the subsequent
pupping season (August-September). Additionally, the proportion of each day spent diving



increased mid-winter. Females that were observed the following year with a pup significantly
increased all indices of foraging effort during the austral winter as compared to females that
returned without a pup. This study is the first to identify and measure differences in dive efforts
due to reproductive status, and indicates that successful reproduction is associated with greater

foraging effort.
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Chapter 1. General Introduction

1.1 Antarctic Ecology & Weddell Seal Life History Patterns

Polar marine mammals endure some of the most rapidly-changing environments in the world
with large-scale seasonal changes in productivity [1]. The survival and reproductive success of
these species rely on the individual’s ability to “make a living” despite large-scale intra- and
inter-annual variation in habitat and resources. In addition to drastic seasonal patterns in primary
productivity, El Nifio Southern Oscillation (ENSO), the Antarctic Circumpolar Wave, and large
iceberg calving events (most notably B-15 [2]), can temporarily alter ocean currents and ice
extent. Both predictable (seasonal) and unpredictable (episodic) changes in environmental
conditions can induce shifts in prey availability, and are apparent in the foraging behavior,
reproductive success, and survivorship of higher trophic levels [3—5]. Pinnipeds often travel large
distances in order to reach particularly productive water masses, or hotspots where prey
resources are concentrated, such as upwelling that occurs at shelf breaks, seamounts, eddies, and
circumpolar deep water [6-9]. These animals have life history patterns that reflect the strong
seasonal changes in the environment and often exhibit extreme fluctuations in behavior and

physiology [10,11].

Weddell seals (Leptonychotes weddellii) are the southernmost living mammal in the world, and
are also top predators with a circumpolar distribution around the Antarctic continent. The
Weddell seal population in close proximity to McMurdo Station (Erebus Bay, Ross Sea) is
comprised of ~2,000 individuals at the southernmost extent of the species’ range [12]. Fast ice
surrounds the continent for 8-9 months of the year (20 x 10° km?) and declines rapidly during the
austral summer (4 x 10° km?; [13,14]). The extent as well as timing of sea ice melting and cross-
shelf nutrient exchange affect the annual cycles of nutrient availability for summer biological
productivity [15]. These annual cycles in productivity and the Southern Oscillation Index (SOI)
are strongly correlated with Antarctic pinniped reproductive rates, population estimates, and
cohort strength [3]. In particular, Weddell seal reproductive rates have been remarkably in phase
with the SOI since the 1970’s, with 4-5 year fluctuations in reproductive rates [3]. Weddell seals

across the Antarctic region, in McMurdo Sound, Macquarie Island, and the Antarctic Peninsula

1



show simultaneous fluctuations in populations, further supporting that large-scale oceanographic

systems are likely responsible for the cyclical changes in pinniped numbers.

During most of the year, Weddell seals spend >50% of each day diving, but during the austral
spring, females start to haul-out on the fast-ice around the Antarctic continent to give birth to
their pups. Lactation lasts for approximately 6-7 weeks, during which time females markedly
reduce foraging efforts [16]. Weaning is immediately followed by the breeding season
(December; [17]), and annual molt (January-February; [18]). Weddell seals also spend much
more time hauled-out on the ice during the molting period, presumably because the process of
epidermal and hair regrowth proceeds more quickly when skin temperatures stay elevated
[19,20]. Therefore, Weddell seal foraging activities and energy budgets change drastically over
the summer breeding and molting seasons, with seals expending large amounts of energy for
lactation and hair regeneration, but reducing diving and foraging activities. Post-molt, Weddell
seals increase foraging efforts during the eight-month overwinter period, with some animals
remaining in close vicinity to their breeding colonies [21] while others travel >1,000 km to more
productive water masses [22]. The observed changes in Weddell seal population numbers in
Erebus Bay are not well correlated with ice conditions in the spring, but instead appear to be
dependent on prey availability or predictability of fish aggregates throughout the austral winter
[3]. Despite evidence that the overwinter foraging period would be a critical time for female
Weddell seals to regain condition for successful reproduction and maintenance of population
numbers, most of the research on this species has been conducted after periods of extended
foraging activity, in the austral spring (October/November) during the lactation period [23-26].
In contrast, much less research has focused on the period following the annual molt when
animals would likely be in relatively poor condition (due to loss of lipid stores), and at the start

of the long winter foraging effort.



1.2 Weddell Seal Physiology
1.2.1 Body Composition

Traditionally, Weddell seals, like other phocids, were thought to utilize a capital breeding
strategy [27]. Under this scenario, females fast throughout the lactation period, relying solely on
energy stores acquired during gestation to support self-maintenance costs and neonatal growth
[27]. This is in contrast to income-breeding pinnipeds that alternate nursing their pups with
foraging for days to weeks throughout the lactation period. Female capital-breeding phocids give
birth on beaches or ice, away from their marine food resources, so the female’s ability to remain
with her pup and offer it provisions directly correlates with the size of her own energy reserves
[28,29]. Furthermore, larger females have lower mass-specific metabolic rates than smaller
females, giving larger seals an advantage in that less of their energy reserves must be allocated
towards self-maintenance and more energy can be devoted to the pup [28]. More recently,
Weddell seals have been observed to resume foraging mid-lactation (~25% of the day diving;
[16]), and efforts are higher in smaller and leaner females [30]. Despite utilizing a mixed
income-capital breeding strategy, Weddell seals still lose ~30% of their body mass across
lactation, similar to other phocid species [31-35]. Mass lost is primarily in the form of lipid
mass; however, catabolism of some protein stores is required in order to meet metabolic
demands for carbohydrate and protein fuels, as well as for the production of new hair during the

molt [31].

The molt period is known to be associated with marked mass and lipid loss in other phocids
[36,37], but changes in body composition during this period have yet to be measured in Weddell
seals. Because the molt coincides with embryo implantation and the start of active gestation for
the next year’s reproductive effort [38—40], body size and condition during the molt may
influence the probability of embryo implantation and maintenance of early pregnancy [41,42].
Following the molt, the overwinter foraging period is likely important to the recuperation of
body mass and lipid stores necessary for the next year’s reproductive events. Animals that are
unable to regain enough energy across the overwinter foraging period to support gestation and/or
lactation due to environmental perturbations or physiological constraints may have lower

reproductive success.



Numerous hormones regulate energy allocation during times of re-feeding and also fasting, and
many studies have assessed hormonal correlates with body composition and energy deposition
[43-49]. Typically, hormone profiles indicative of suppressed metabolic rates (decreased thyroid
hormone concentrations), protein sparing (high growth hormone; low insulin-like growth factor-
1), and increased stress levels (cortisol) accompany fasting [S0—54]. Much less work has been
conducted during times of re-feeding and gestation to assess how hormone profiles are
responsible for allocating energy acquired during foraging for self-maintenance or building
reserves [54-57]. These underlying mechanisms would likely play a role in tissue accretion
during the post-molt foraging period for adequate overwinter recuperation. Hormones associated
with energy allocation have also been shown to strongly influence the process of embryo
attachment and to support fetal growth [58], and may influence the likelihood of producing a pup
the subsequent year. Moreover, the combination of body mass, composition, and hormone
changes have the ability to profoundly impact the diving ability of Weddell seals, once active

foraging resumes following the annual molt [59-62].
1.2.2 Oxygen Stores & the Aerobic Dive Limit

Weddell seals, like all diving mammals, rely heavily on the oxygen (O;) stores that they carry to
depth in order to forage effectively [63—66]. Therefore, marine mammals have much larger O;
stores than terrestrial mammals of similar size, and these are highly correlated with dive
durations [66—68]. For example, the deep-diving phocid seals have hemoglobin concentrations
(Hb) that are 2x those of terrestrial mammals, 1.5x hematocrit values, 3x larger blood volumes,
and 10-20x larger muscle myoglobin loads (Mb) [69—71] as compared to terrestrial mammals.
Large O; stores in combination with low diving metabolic rates maximize the aerobic dive limit

(ADL), the time that can be spent underwater while utilizing aerobic respiration [72,73].

Marine mammals have a suite of physiological adaptations, the graded “dive response”, that
allow diving metabolic rates to only be slightly elevated above resting during long dives. At the
onset of a long dive, animals become bradycardic and can decrease heart rates to < 10 bpm [74].
At the same time, marine mammals employ peripheral vasoconstriction, shunting blood away
from the muscles. This prevents Hb-O, dissociation and transfer of blood-O; to muscle Mb.

Another important aspect of the dive response is the parsimonious use of muscle and blood O,



since depleting one store long before the other would shorten dives [75]. Further, pinnipeds
cannot exhaust blood O; stores completely, as even in the longest dives that far exceed the ADL
animals require O, for the heart, lungs, and brain [76,77]. Despite reduced muscular perfusion,
animals are able to exercise and forage because muscles predominantly rely on their oxy-Mb
stores for aerobic metabolism. This reliance on oxidative metabolism is reflected by high
mitochondrial densities, high lipid stores for fuels, predominantly oxidative fiber types, and slow
flux of metabolites through the TCA cycle (conserving fuel) in marine mammal muscles [70,78].
To decrease diving metabolic rates and conserve O, stores, animals can also reduce body
temperatures and employ stroke and glide mechanisms, or simply allow themselves to passively

drift through the water column [79].

Production of red blood cells and O; carrying proteins such as blood Hb and muscle Mb that are
essential components of the diving ability of marine mammals is regulated in part by exercise
and hypoxia exposure, and levels can decrease with disuse [80-83]. Similarly, muscle structural
and biochemical properties associated with endurance activities atrophy during times of
inactivity in many terrestrial mammals [84—86]. If Weddell seals were to experience the same
wasting of muscle structure and O, storage proteins as is typically seen in other mammals after
prolonged inactivity, this would result in reduced foraging capabilities during the initiation of
winter foraging. Because this foraging period is likely critical for regaining body mass and
condition (lipid stores) lost during the molt, in preparation for the next year’s reproductive effort
[28,34,87], any changes in prey resources or ice conditions during late summer/fall would likely
have the largest impact on Weddell seals. Impacts would be particularly profound if
physiological condition were poor and/or aerobic capacities compromised at the end of the
austral summer. However, hibernating mammals that must forage and escape predation
immediately after emergence, are largely resistant to the negative physiological effects of
inactivity and fasting that are common in other mammals [88,89], and some marine mammal
species may have a similar physiological resistance to reduced activity and maintain aerobic

capacities [62,90].



1.3 Links Between Physiology and Dive Behavior

The advances in biotelemetric techniques have provided valuable tools to identify the
correlations between physiology and foraging success, given previously developed proxies of
efficient, or “optimal”, diving practices. Pinnipeds are considered central place foragers, as all
seals must return to the surface for air after a dive [91]. Animals should maximize time spent at
a rich prey patch, but optimal dive times also reflect the fact that longer dives require more
recuperation time at the water’s surface. The marginal value theorem (MVT) balances this need
to acquire patchy prey resources against depleting O, stores during longer dives [91-93].
According to the MVT, animals should spend time foraging within a patch until the overall
energetic gain falls to average values for that area. Animals that spend longer travelling to depth
to reach a prey patch should spend more time there. However, because animals only have limited
O, stores and exceeding the ADL leads to build-up of anaerobic byproducts, there is a cap on

how much time can be spent in a patch as animals must return to the surface for air.

Because dives that fall within the ADL are much more efficient than dives that exceed the ADL,
changes in ADL times across the year would likely be reflected by different diving behaviors.
Animals that dive longer may be able to exploit different prey resources at greater depths;
however, this tactic comes at a cost. Anaerobic metabolism only produces 1/18th the amount of
ATP as aerobic metabolism and is unsustainable for long periods. Once a seal surpasses its ADL
and local O; stores are depleted, blood lactate levels increase upon resurfacing. This requires
longer post-dive surface time to re-establish internal homeostasis [72,73]. Therefore, spending
more time at the water’s surface after long dives decreases the total amount of time that can
ultimately be spent diving. Numerous isolated hole experiments revealed that free-ranging
Weddell seals typically exceed their ADL on just ~10% of dives [72,73]. Further, isolated hole
studies showed that the ADL can be accurately calculated by dividing endogenous O, stores in
the tissues by diving metabolic rate in cases where taking blood samples directly following dives
cannot be used to measure the “true” ADL (i.e., diving lactate threshold) [73]. Still, we do not
know how the variation in calculated ADLs and other physiological parameters (i.e., lipid stores,
total mass, muscle proteins) among animals, actually correlate with diving behaviors on an

individual basis.



Body mass is a major determinant of diving capabilities in marine mammals, as O, stores scale
isometrically, and diving metabolic rate scales allometrically (Mass” ") with body mass [94-96].
Therefore, for given O, stores, larger animals should have longer cADLs and be able to make
longer dives [62,97]. This pattern is seen in pinniped species that exhibit sexual size-
dimorphism, and the larger sex makes longer and deeper dives [98,99]. However, the foraging
depths targeted and therefore the average dive duration relative to the cADL, has the potential to
change across the year. Especially in polar regions, light availability and primary productivity
decrease substantially during the winter months. Consequently, prey capture success rates may
decline during periods of low-light conditions [100], and marine mammals may need to increase
foraging efforts to obtain equivalent amounts of prey. Further, mammal species increase food
intake by ~10-15% during gestation [101], suggesting that gestating Weddell seals will also need
to increase foraging efforts across the austral winter relative to their non-reproductive

counterparts to maintain body condition and sustain the pregnancy [41,42].

1.4 Scope of This Study

The primary objectives of this dissertation are to assess seasonal plasticity in female Weddell
seal (1) physiological condition and (2) diving behavior indicative of foraging effort, with the
ultimate aim of linking these parameters with subsequent reproductive success. To achieve these
goals, I measure body composition (lipid), related hormone profiles, total body oxygen stores,
and muscle biochemistry in post-molt Weddell seals. These values are then compared to the
physiological status of pre-breeding females following the austral winter during years 2010-
2012. Further, dive behavior was monitored across the austral winter, to assess whether there are
key periods in the winter that may be important for recuperation of body mass and subsequent
reproductive success. Finally, I aim to determine whether animals that returned the following

year and successfully produced a pup differ in measureable ways from females that did not give

birth.

Chapter 2, “Improving the precision of our ecosystem calipers: A modified morphometric
technique for estimating marine mammal mass and body composition” is a methods paper that

examines the pros and cons of using different techniques to determine marine mammal body
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composition. I compare measures of body composition derived from morphometric truncated
cones calculations to those from isotopic dilution after preliminary work showed a large
discrepancy between these two commonly used methods. This work shows that current
morphometric techniques overestimate measured Weddell seal body mass by >25%, and in this
chapter, I develop a new method that utilizes elliptical cones to more accurately estimate animal
total body and blubber mass. This chapter also provides model coefficients to relate
morphometric and isotopic dilution techniques, and identify key measurements that could be
used as proxies of animal size and condition, if handling times need to be kept short. This paper

has been published in PLoS ONE (2014; 9: €91233).

In chapter 3, “How do overwinter changes in body composition and hormone profiles influence
Weddell seal reproductive success?”, changes in total body and lipid mass are measured across
the austral winter, in combination with hormone profiles responsible for energy allocation and
accretion of new tissues. These measures test the hypothesis that gestating female Weddell seals
gain more mass and lipid stores overwinter to prepare for lactation, as compared with females
that returned to Erebus Bay the following the year without a pup. This study also assesses
whether Weddell seals gain less mass and condition across the post-molt foraging period (and
gestation) relative to other phocid species. Finally, this chapter examines whether hormones that
influence energy allocation (i.e., thyroid hormones, cortisol) also promote positive reproductive
outcomes. Understanding physiological factors that influence the probability of reproduction is
important for assessing the species’ vulnerability to changes in ecosystem structure. This chapter
has been published and is available at Functional Ecology (2015; doi: 10.1111/1365-
2435.12434).

Animal size determines how much O; can be carried to depth, as well as the rate at which these
stores are used. Therefore, chapter 4 assesses whether the aerobic capacity of Weddell seals
atrophies by the end of the annual molt when animals are in relatively poor condition. To test if
disuse induces muscular atrophy, I also examine changes in muscle structure (myosin heavy
chain composition) and catabolic enzyme activities (citrate synthase, f-hydroxyacyl-CoA
dehydrogenase, lactate dehydrogenase) in females at the end of the annual molt and after the
overwinter diving period. Such comparisons of total body O, stores among individuals typically

rely on using total body mass as a scalar. However, it has already been made clear that Weddell



seals exhibit seasonal changes in body composition (i.e., lipid and blubber compartments that do
not store O3). Therefore, I assess whether adding body composition and only scaling O, values to
lean body mass significantly adds to statistical models when assessing seasonal O,-store
changes. “Scaling matters: Incorporating body composition into Weddell seal seasonal oxygen
store comparisons reveals maintenance of aerobic capacities” has been accepted for publication

in the Journal of Comparative Physiology B (doi: 10.1007/s00360-015-0922-8).

The final thrust of this project is to examine how Weddell seal physiological condition correlates
with diving behavior throughout the austral winter, and these links are made in chapter 5. Body
size and composition, O3 stores, and muscular efficiency all affect how long Weddell seals are
able to remain underwater, foraging. In this chapter, I assess whether animals increase foraging
efforts (i.e., dive duration, depth, bottom time, longer dive bouts) and/or surpass their cADL
more often during certain times of the year, which would indicate that these periods are
especially critical to recuperating body mass, or that prey abundance or quality is particularly
low. Because the costs of maintaining a fetus are the only differences in energetic requirements
between gestating and non-pregnant Weddell seals across the post-molt foraging period, I test
whether dive efforts are higher in pregnant females throughout the austral winter. This chapter,
“Temporal changes in Weddell seal dive behavior over winter: Are females changing foraging
tactics to support gestation?” links all the physiological parameters reported in previous chapters
to dive performance, body mass recuperation, and reproductive success. This paper has been

prepared for submission to the Marine Ecology Progress Series.

The concluding chapter in this dissertation, “Physiological condition and dive behavior across
the gestation period in Weddell seals: Links with reproductive success of a high-latitude
predator; Conclusions” integrates the key findings from the entire thesis, and highlights the
significance of this dissertation. Chapter 6 synthesizes the impacts that changes in physiology
have on Weddell seal foraging patterns and reproduction. Finally, I highlight opportunities for
future research that would provide valuable insight into factors that are important to acquiring

resources from a rapidly changing environment and to reproductive success.
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Figure 1.1. Annual sea ice extent (white) around the Antarctic continent. Maximum ice extent
occurs in September, and minimum in February. Yellow outline indicates median ice extent from
1979-2000. Figure from the NASA Earth Observatory

(http://earthobservatory.nasa.gov/Features/WorldOfChange/sea ice south.php).
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