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THE FORAGING ECOLOGY AND ECOMORPHOLOGY OF EXTANT AND EXTINCT

PINNIPEDS

Ana M. Valenzuela Toro

ABSTRACT

As large-bodied predators, pinnipeds (seals, fur seals, sea lions, and walruses)
play essential roles in the structure and function of marine ecosystems through
consumer-prey interactions. Solid knowledge of their foraging ecology and trophic
niche is critical to investigating changes in the structure of ecosystems over time.
Diverse studies have shown that extant pinnipeds display divergent foraging strategies
and habitat preferences. However, it is not well understood what mechanisms underlie
these different strategies, nor how they have evolved and affected community structure.
In this dissertation, [ use stable isotope and morphometric analyses on museum
specimens to examine the foraging ecology, niche segregation, and ecomorphology of
extant pinnipeds and to uncover how extinct pinnipeds partitioned their ancient
communities and how these dynamics compare to modern ones.

In this dissertation, [ show that sympatric otariids across the North Pacific and
the Southern Hemisphere display distinct foraging modes, consistent with energetic
tradeoffs associated with their body size disparities. Fur seals predominantly feed
offshore and on pelagic food webs, whereas sympatric sea lions rely on nearshore and
benthic resources, resulting in comparable niche segregation patterns across regions

and stressing the driving role of body size in otariids' foraging behavior and niche



partitioning. I also conducted an exhaustive examination of sympatric otariids from the
eastern North Pacific, the most diverse otariid community in the world. I demonstrate
that California sea lions (Zalophus californianus), Steller sea lions (Eumetopias jubatus),
northern fur seals (Callorhinus ursinus), and Guadalupe fur seals (Arctocephalus
townsendi) display significant differences in their size, feeding morphology, and
foraging. Body size and feeding morphology are not related to foraging at the
intraspecific level in a consistent way. However, when species and sex identity are
excluded, foraging is significantly related to body size and feeding morphology
emphasizing their underlying role in niche segregation at the community level.

In a closer examination of California sea lions, I show that male sea lions from
the North Pacific have significantly increased rather than decreased their body size over
the last five decades of population recovery. These surprising results demonstrate that
body size decrease is not a general response to increased resource competition during
the recovery of marine mammals and reveal how density-dependent sexual and natural
selection might affect body size, feeding morphology, and in turn the foraging ecology of
marine predators.

Little is known about how pinniped foraging ecology and niche partitioning have
evolved over geologic time, and additional quantitative and comparative studies are
needed to test palaeoecological hypothesis based on comparative morphology. Before
addressing this subject, I first examined the modes and trends of the pinniped fossil
record. My co-authored work demonstrates that the pinniped fossil record is adequate
and does not show significant biases, validating its suitability for paleoecological
investigations. Then, by conducting stable isotope analysis on fossil tooth enamel of

fossil pinnipeds from Southern California and western North Atlantic, [ reveal that fossil

Xi



pinniped assemblages had foraging patterns analogous to those described in modern
communities (i.e., with nearshore and offshore foraging modes). These results suggest
that these foraging modes were acquired in pinniped communities early in their
evolutionary history, hinting that niche partitioning has contributed to the structure of

pinniped communities over time.
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INTRODUCTION

Among marine mammals, pinnipeds (seals, fur seals, sea lions, and walruses)
play essential roles in the structure and function of marine ecosystems through
consumer-prey interactions (Estes et al., 2016). Pinnipeds have evolved and maintained
a semiaquatic lifestyle - breeding on land but foraging in the water - over the past ~30
million years (Berta et al., 2018). Over this time, drastic climatic, oceanographic, and,
more recently, anthropogenic disturbances have affected marine ecosystems, likely
influencing pinnipeds’ ecological dynamics. Understanding if and how pinnipeds’
ecological dynamics and community structure have been affected by these long-term
environmental shifts is essential to developing effective conservation strategies moving
forward.

The foraging ecology of living pinnipeds has been intensively investigated
throughout content, scat, fatty-acid, and stable isotope analyses, as well as animal-borne
telemetry (e.g., Zeppelin and Orr, 2010; Robinson et al., 2012; Goetsch et al., 2018;
Brault et al,, 2019; Chilvers, 2019; Horning et al., 2019; Steingass et al., 2019). These
studies have shown that co-occurring species display divergent foraging and habitat
preferences with variable niche partitioning. For instance, female northern elephant
seals (Mirounga angustirostris) are highly pelagic and offshore foragers that feed on
small sized mesopelagic fishes, where California sea lions, which breed in the same
region, are comparatively nearshore feeders that consume benthic and pelagic prey.
Still, it is not well understood what mechanisms underlie these different strategies, or

how they have evolved (Berta et al., 2018; Berta and Lanzetti, 2020).



Pinnipeds have a globally distributed fossil record, and their study has revealed
several aspects of their evolutionary history (e.g., Valenzuela-Toro et al., 2013; Churchill
etal,, 2014; Rule et al., 2022). However, the macroecological transformations associated
with their land-to-sea-transition, including when and how modern foraging strategies
and community structure originated, remain unclear (Berta et al., 2018). Our knowledge
of pinniped paleoecology is primarily sourced from the comparative morphology of
fossils. Yet, an inconsistent relationship between morphological traits and foraging
ecology has been detected in living species, raising uncertainty on the validity of
paleoecological interpretations. Novel ecological and ecomorphological studies in living
and fossil pinnipeds are necessary to test these paleoecological interpretations and
advance the understanding of the emergence of modern foraging strategies and how
they have been affected by environmental transformations.

In this dissertation, I contribute to bridging this gap by conducting stable
isotope and ecomorphological analyses on museum specimens to examine the foraging
ecology, niche partitioning, and ecomorphology of living and fossil pinnipeds. I explore
the ecological and ecomorphological attributes of extant members of this group, from
individuals to communities, and investigate how those attributes compare to extinct
ones.

Chapter 1 examines how co-occurring extant otariids partition their niche
across their geographic distribution. [ evaluate habitat and resource partitioning in
sympatric fur seals and sea lions and explore whether (or not) body size disparities
among co-occurring species might contribute to their segregation, shedding light on the
mechanisms underlying their coexistence. I use original and published carbon (§13C)

and nitrogen (615N) isotope values, proxies of the foraging habitat and trophic level,



respectively, and morphometric data to contrast the foraging and habitat preferences of
co-occurring otariids from the North Pacific and the Southern Hemisphere.

Chapter 2 is an exhaustive community-wide examination of the foraging ecology,
resource partitioning, and ecomorphology of otariids from the eastern North Pacific, the
most diverse otariid community in the world. I use original morphological and stable
isotope data to test the association between body size, feeding morphology, and
foraging in four sympatric otariid species: California sea lions (Z. californianus), Steller
sea lions (Eumetopias jubatus), northern fur seals (Callorhinus ursinus), and Guadalupe
fur seals (Arctocephalus townsendi). Using museum specimens, [ quantify the
relationship between individuals’ skull length (as a proxy for body length),
morphological indices accounting for the relative ability to generate bite force, the
relative size of the oral cavity, and the §13C and 615N values of co-occurring otariids at an
intra- and interspecific and community-wide levels.

Chapter 3 is a decadal-scale exploration of California sea lions’ body size, feeding
morphology, and foraging ecology from the eastern North Pacific. I use skeletal
measurements and 613C and 815N values from museum specimens collected from central
and northern California to evaluate if and how resource competition influenced the
growth and foraging of females and males (over a 24- and 46-year period, respectively)
as their population increased. | investigate how density-dependent ecological pressures
can affect sea lions’ morphology and foraging ecology and how these dynamics might,
ultimately, influence their population recovery.

Chapter 4 is a historiographic review of the published pinniped fossil record. I
ground my study on the information available in the Paleobiology Database and

describe and evaluate the modes and trends in sampling, geographic and temporal



origin, and preservation of the pinniped fossil record. I assess how these factors might
bias our understanding of the evolutionary history of this group and affect
paleoecological interpretations based on their fossil record, which are explored in the
final chapter.

Chapter 5 is a paleoecological investigation of extinct pinnipeds’ foraging
ecology from the Miocene and Pliocene of the eastern North Pacific and western North
Atlantic, respectively. I conduct §13C and oxygen stable isotope (6180) analyses on fossil
tooth enamel to assess extinct taxa’s foraging and habitat preferences, unraveling the

foraging ecology of extinct pinnipeds and how these dynamics compare to modern ones.
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CHAPTER 1

DISTINCT SIZE-DRIVEN FORAGING MODES LEAD TO NICHE PARTITIONING PATTERNS

IN SYMPATRIC FUR SEALS AND SEA LIONS



1.1 ABSTRACT

Based on their morphological and physiological attributes, eared seals are
traditionally classified as fur seals and sea lions. Fur seals have smaller body sizes and
preferentially utilize offshore and pelagic resources. Sea lions, instead, have larger sizes
and generally feed in nearshore and benthic food webs. Notably, fur seals and sea lions
co-occur (i.e., breed in the same region) throughout the North Pacific and Southern
Hemisphere, exhibiting variable foraging and niche partitioning. Whether these foraging
distinctions are globally prevalent, leading to similar niche partitioning patterns across
communities, remains uncertain. We gathered published and original skull length (a
proxy for body length) and 613C and 815N (indicators of habitat, and trophic preferences,
respectively) measurements for nine otariid species from six communities and
examined their foraging and niche partitioning patterns. We found that co-occurring fur
seals and sea lions had consistently distinct foraging modes compatible with the
energetic and ecological trade-offs emerging from their body size disparities. Sea lions
had predominantly nearshore and benthic foraging, whereas co-occurring fur seals
preferentially exploited offshore pelagic food webs. Although some species departed
from this pattern, distinct foraging modes still prevailed in their respective
communities, mirroring the niche partitioning patterns described elsewhere.
Cumulative, this study reveals that resource partitioning underlies the structure of

otariid communities.



1.2 INTRODUCTION

Otariids (eared seals) are semiaquatic marine predators that inhabit productive
upwelling zones throughout the North Pacific and the Southern Hemisphere (Figure
1.1A; Berta et al.,, 2018). They have been traditionally classified in fur seals and sea lions
based on morphological, ecological, and physiological attributes (Arnould and Costa,
2006; Liwanag et al,, 20123, b; Marshall et al,, 2015; Costa and Valenzuela-Toro, 2021;
Hooker et al., 2021). Sea lions have a larger body size, they depend on a thick blubber
layer for insulation, lactating females undertake relatively short foraging trips, and
maternal milk has relatively low-lipid content. Fur seals, instead, have generally smaller
body sizes, insulation is provided by a dense underfur coat, females conduct
comparatively longer foraging trips, and maternal milk is lipid enriched. Nevertheless,
fur seals and sea lions are not monophyletic (Figure 1.1B), denoting repeated evolution
of these modes of life. Species of fur seals and sea lions commonly co-occur throughout
their distribution range, breeding in shared geographical regions (Figure 1.1A). The
duration of these sympatric interactions is not well known. Nevertheless, the
archaeological record has proved that these interactions might have extended, at least,
through part of the Holocene (e.g., Erlandson and Rick, 2010; Zangrando et al., 2014;
Drago et al,, 2017), implying long-established mechanisms underlying their coexistence.

Otariids are central place foragers. However, different foraging modes have been
described in fur seals and sea lions, likely leading to reduced interspecific competition
between sympatric species and facilitating their coexistence. Sea lions preferentially
exploit nearshore and benthic food webs, whereas fur seals feed mainly on pelagic prey
(e.g., Paez-Rosas et al., 2012; Waite et al., 2012; Jeglinski et al., 2013; Villegas-Amtmann

etal,, 2013). Still, some exceptions have been documented, eclipsing generalizations of



sympatric fur seals and sea lions' foraging behavior (Arnould and Costa, 2006), and
confounding our understanding of the ecological mechanisms enabling their
widespread coexistence.

Body size affects foraging in otariids (Marshall et al., 2015; Kienle et al., 2022). Sea
lions have larger oxygen stores and relatively lower metabolic rates than smaller fur
seals (Williams, 1999; Rosen and Trites, 2002). Because of this, sea lions have lower
energetic expenditure per unit of mass during diving, maximizing their net energy
intake during foraging compared to fur seals (Fish, 2000; Williams et al.,, 2001). Larger
predators also have larger feeding morphology, allowing the consumption of a greater
prey size range than smaller ones (Cohen et al., 1993; Segura et al., 2015). Moreover, the
different insulation mechanisms employed by otariids can further affect their diving
performance and, by implication, their foraging. Blubber in sea lions is relatively
incompressible, maintaining its insulative properties irrespective of diving depth
(Liwanag et al., 2012a). Conversely, the insulating capacity of fur is reduced at depth
because of the compression of the trapped air layer within the coat as pressure
increases (Liwanag et al., 2012b), restricting fur seals from diving and foraging as deep
as sea lions (Arnould and Costa, 2006).

Benthic and pelagic foraging - the principal foraging strategies in otariids - also
involve distinct energetic trade-offs in marine predators. While there are notable
exceptions represented by extremely deep pelagic divers like northern elephant seals,
benthic diving generally involves greater depths and higher time spent at sea than
pelagic diving, characterized by shallower and shorter events (Costa et al., 2004; Laads
etal., 2020). As a result, benthic foraging is more energetically expensive than pelagic

foraging (Costa and Gales, 2000; Costa et al., 2004). Still, benthic ecosystems have
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higher species richness with a comparatively homogenous spatial distribution at the
benthos (Cury et al,, 2000). Pelagic ecosystems, instead, have lower species diversity but
have more sporadic, abundant, and energy-dense prey aggregations throughout the
water column (Eder and Lewis, 2005; Machovsky-Capuska and Raubenheimer, 2020;
Anthony et al., 2000). Therefore, exploiting benthic and pelagic food webs can lead to
distinct energetic trade-offs that are interdependent with those derived from the
predator's body size. Because of their relatively lower transport cost, more efficient
insulation at depth, and capacity of consuming a more comprehensive prey size range,
larger sea lions can offset the higher energetic costs of benthic diving more efficiently
than fur seals, favoring their feeding in benthic food webs. Conversely, fur seals have
less efficient insulation at depth and smaller feeding morphology, limiting their diving
depth and range of prey sizes, favoring the exploitation of shallower, smaller, less
predictable, but more abundant energy-dense prey in pelagic food webs.

Whether these ecological- and size-driven energetic compensations lead to
consistently distinct foraging modes and niche partitioning patterns in sympatric fur
seals and sea lions across regions is unknown. Here we illuminate this subject by
examining the foraging strategies of sympatric otariids in the eastern North Pacific and
the Southern Hemisphere by using bulk stable carbon (and nitrogen isotopes values
(613C and 615N) as proxies of habitat and trophic preferences, respectively. We test
whether co-occurring fur seals and sea lions have consistently divergent foraging modes
associated with their body size disparities, rendering comparable niche segregation

patterns across communities.
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1.3 METHODOLOGY
1.3.1 Bibliographic review

We gathered §13C and 815N data on fur seal and sea lion species from the
literature. We collected data for nine otariid species (five fur seals and four sea lions)
from the Gulf of Alaska and the Bering Sea: male northern fur seals (Callorhinus ursinus)
and Steller sea lions (Eumetopias jubatus); the California Current: male Guadalupe fur
seals (Arctocephalus townsendi); the Galapagos Islands: Galapagos fur seals
(Arctocephalus galapagoensis), and Galapagos sea lions (Zalophus wollebaeki); southern
Australia: female New Zealand fur seals (Arctocephalus forsteri) and female and male
Australian sea lions (Neophoca cinerea); Rio de la Plata and adjoining areas: female and
male South American fur seals (Arctocephalus australis) and South American sea lions
(Otaria flavescens); and northern Patagonia: male South American fur seals and female
and male South American sea lions. We chose these communities and regions based on
data availability and because they capture the phylogenetic, ecological, and
biogeographical diversity of fur seals and sea lions across the world.

We only included data from specimens whose geographical provenance and
collection year were specified in the original publication. We compiled data from a
single tissue for each region to avoid the confounding issue of different discrimination
factors among tissues (Hobson et al., 1996). Bone and dentine of adult individuals were
selected for species from the Gulf of Alaska and the Bering Sea (Hobson and Sease,
1998; Newsome et al., 2007), California Current (this work), Rio de la Plata (Vales et al,,
2014; Zenteno et al.,, 2015; Drago et al., 2017), and northern Patagonia (Drago et al,,
2009a,b; Vales et al.,, 2020). Pup fur and whiskers of adult females were used for otariids

from the Galapagos Islands (P4ez-Rosas et al., 2014) and southern Australia (Lowther
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and Goldsworthy, 2011; Foo et al., 2019), respectively. We only used published stable
isotope data of individuals, except for adult female Australian sea lions, for which the
average 813C and 815N values of up to three individuals from a single breeding site were
included. The published average of successive §13C and 815N values of dental collagen
and whiskers of single individuals were also considered for individuals male Steller sea
lions of the Gulf of Alaska and otariids from southern Australia, respectively. We
manually extracted the stable isotope data from Galapagos fur seals and sea lions’ fur
from graphed data in Figure 4 of Paez-Rosas et al. (2014) by using WebPlotDigitizer, a
free web-based plot digitizing tool (Rohatgi, 2020), which has proved to be a reliable

and valid tool for extracting data from graphs (Drevon et al,, 2016).

1.3.2 Stable isotope analysis of otariids from eastern North Pacific

We complemented our bibliographic review by analyzing the bulk §13C and 615N
values of sympatric otariids from the eastern North Pacific Ocean, the most diverse
otariid community in the world. We collected bone collagen of 226 physically mature
skulls from the following sympatric species: Guadalupe fur seals (4. townsendi; four
females), northern fur seals (C. ursinus; 12 females, four males), California sea lions
(Zalophus californianus; 57 females, 104 males), and Steller sea lions (E. jubatus; 24
females, 11 males) collected from skeletal remains of individuals stranded in central
and northern California. Samples containing ~20 mg of bone were cleaned and
demineralized by soaking for 48 h in 0.5N HCI at 4°C (Newsome et al., 2006). Lipids
were extracted by repetitive soaking cycles and agitation in a petroleum ether solution

followed by several rinses with deionized water. Samples were freeze-dried for 24 h
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with a Labconco Freeze Dry System prior to isotope analysis. We weighed ~ 0.6 mg into
tin capsules (Costech; 5x9 mm) for analysis.

The carbon and nitrogen isotope compositions and C and N concentrations were
determined at the University of California Santa Cruz Stable Isotope Laboratory using a
CE Instruments NC2500 elemental analyzer coupled to a Thermo Scientific DELTAplus
XP isotope ratio mass spectrometer via a Thermo-Scientific Conflo III. Isotopic data are
expressed in delta (8) notation which for §13C and 85N (%o0) = [(Rsample / Rstandara) = 1] %
1000, where Rsampie OT Rstandara are the 13C/12C and 15N /14N ratios in the sample or
standard for carbon and nitrogen, respectively. Measurements were standardized
relative to VPDB (Vienna PeeDee Belemnite) for 613C and AIR for 615N against an in-
house gelatin standard reference material (PUGel) which is extensively calibrated
against international standard reference materials. Measurements were corrected for
size effects, blank-mixing effects, and drift effects. An externally calibrated Acetanilide
#1 standard reference material purchased from Dr. Arndt Schimmelmann of Indiana
University is measured as a sample for independent quality control. In this set of
sample measurements, 22 replicates of Acetanilide #1 had reproducibility (10) of
0.06%0 and 0.1%o for 8§13C and 815N, respectively, and 0.13 for the C:N ratio. The 47
replicates of PUGel had reproducibility of 0.05%0 and 0.09%o for §13C and 615N,
respectively, and 0.03 for the C:N ratio. Typical reproducibility is significantly better
than 0.1%o for 813C and significantly better than 0.2%o for 615N. The atomic C:N ratio of
bone samples was determined and varied between 3.1 and 3.6, which is within the

range for well-preserved collagen (DeNiro, 1985).
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1.3.3  Body size estimations

The skull length of adult otariid species was obtained from Churchill et al.
(2014a). It consisted of the basal length, which is the straight distance between the most
anterior tip of the premaxilla to the posterior-most margin of the basion. Additionally,
one of us (AVT) recorded the condylobasal length (CBL; distance between the most
anterior tip of the premaxilla to the posterior-most margin of the occipital condyles) of
female Guadalupe fur seals (n = 4) using a digital caliper with an accuracy of 0.01 mm.
The CBL of female Australian sea lions was obtained from Tedman (2003). Both
measures (i.e., basal and condylobasal lengths) are representative of the cranial length;
however, the condylobasal length is approximately 2 cm greater than the former. Yet,
this difference is within the variation range observed among fur seal populations and

does not bias comparisons between them (see Figure 1.1C).

1.3.4 Data analysis

Data analyses were performed in R statistical software version 4.0.3 (R
Development Core Team 2020) with RStudio 1.3.1093 interface. Prior to statistical
analysis or graphing, 613C values were corrected for the Suess effect using a time-

dependent correction factor following Szteren et al. (2018) as follows:

(1) 813Ccorrected = 813C — (Number of years to 1960) x 0.005 - (a x 0.022)

(2) 813Ccorrected = 613C — (Number of years to a) x 0.022

The correction factors used were 0.005%o for data before 1959 (1) and 0.022%o

for data from 1960 to the present (2). a corresponds to the difference between 1960
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and the reference year, which is variable for the otariid assemblages and corresponds to
the most recent year in which a specimen was collected in the field. Previous studies in
northern elephant seals (Mirounga angustirostris) have revealed that bone collagen
integrates the stable nitrogen isotope composition for approximately the last five years
of the life of the individuals (Riofrio-Lazo and Aurioles-Gamboa, 2013). The precise
bone turnover in adult otariids is unknown, but it likely ranges between 1 and 5 years,
as suggested in studies on juvenile otariids and elephant seals (Newsome et al., 2006;
Riofrio-Lazo and Aurioles-Gamboa, 2013). Consequently, the use of the year in which
the specimens were collected in the field will likely result in a slight overestimation of
the Suess effect (<0.1%o0), which will not significantly affect ecological interpretations
and comparisons between species.

The stable isotope data of Steller sea lions from the Gulf of Alaska and the Bering
Sea were derived from dentine. Yet, their §13C and 815N values were obtained from
different tissue components. The §13C values were measured from the inorganic (i.e.,
carbonate bearing hydroxyapatite or bioapatite) fraction, whereas the 815N values were
obtained from the organic (i.e., collagen) phase (Hobson and Sease, 1998). Bioapatite is
13C-enriched relative to collagen due to different diet-to-tissue fractionation factors
(Lee-Thorp et al,, 1989; Clementz et al., 2009). The difference in 613C value between of
bioapatite and collagen (A13Cpioapatite-collagen) Varies among taxa and trophic levels. While
the specific A13Cpioapatite-collagen 1S NOt available for pinnipeds, we estimated it to be
equivalent to 2.1%o, which corresponds to the average spacing by some medium-sized
odontocete cetaceans (value calculated from published data by Clementz et al., 2009).
We adjusted the §13C values of Steller sea lions from the Gulf of Alaska and the Bering

Sea by subtracting 2.1%o, allowing subsequent comparisons with collagen 613C values.
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Otariids are highly sexually dimorphic and polygynous species with sex-specific
life-history strategies, including distinct energetic and foraging constraints (McKnight
and Boyd, 2018). To account for these distinctions, females, and males were analyzed as
separate populations when available for each species. Stable isotope data for male
Guadalupe fur seals was originally obtained from skeletal remains at the Magdalena
Island in Baja California (262 N) (Aurioles-Gamboa and Szteren, 2020). For our analysis,
male Guadalupe fur seals data were separated into two ecologically distinct populations
following the original publication. These two populations were based on differences in
their 8§13C values and corresponded to “coastal” and “oceanic” populations that hadhad
nearshore and offshore foraging preferences, respectively (Aurioles-Gamboa and
Szteren, 2020).

Carbon and nitrogen isotope baselines (i.e., values in primary producers at the
base of the food chain) vary spatially across marine regions (e.g., Bowen et al., 2010;
McMahon et al,, 2013); therefore, we did not attempt to compare the isotopic
composition of individuals across regions. Instead, we assessed the foraging preferences
of co-occurring fur seal and sea lion populations by calculating their relative position
(expressed in percentages) over the §13C and 815N ranges for each community following
Drago etal. (2021). For the 613C range, 100% represented nearshore/benthic foraging
preferences while 0% represented offshore/pelagic foraging. For the §1°N range, 100%
indicated populations with the highest trophic level, and 0% indicated populations with
the lowest trophic level. We estimated the relative position over an isotopic range by
calculating the difference between the average isotopic composition of an otariid
population and the minimum average isotopic value for the isotopic system within a

community (e.g., -15.2%o for female Guadalupe fur seals from the California Current).
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The maximum difference within a community (e.g., 2.8%o for a subpopulation of
Guadalupe fur seals from the California Current) was equivalent to 100%, which was
used to calculate the relative position of co-occurring populations. The same process
was conducted for calculating the relative position over the §13C and 815N range for each
otariid community.

We compared the §13C and 815N values among co-occurring species within
communities using the Mann-Whitney-U test or the Kruskal-Wallis test followed by a
Dunn test with Bonferroni correction for multiple comparisons. We contrasted the
calculated relative position over the §13C and 615N ranges among fur seals and sea lions’
populations across regions using the non-parametric Mann-Whitney test. All statistical

comparisons were conducted using the package ggbetweenstats (Patil, 2021).

1.4 RESULTS

There was a positive and significant relationship between the calculated relative
positions over the 613C and the 815N ranges (Spearman’s p = 0.44, p = 0.036) when all
regions and populations are considered, indicating that nearshore otariids (with higher
relative positions over the §13C range) tend to have higher trophic levels (with higher
relative positions over the §15N range). Broadly, sea lions had significantly higher
relative positions over the §13C (Mann-Whitney test: W = 18.00, p = 0.0029) and 815N
(Mann-Whitney test: W = 14.50, p = 0.0014) ranges than fur seals. Otariids from the
California Current displayed the largest average 613C difference (2.8%o), whereas
populations from the Gulf of Alaska showed the largest average 815N difference (2.4%o)

(Figure 1.2B, C).
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Populations of fur seals and sea lions from the Gulf of Alaska and the Bering Sea,
the Galapagos Islands, Rio de la Plata, and northern Patagonia had distinct distributions
in their corresponding isospaces (biplots of 613C versus §15N) (Figure 1.2), indicating
that they had comparably distinct foraging and habitat partitioning patterns. Fur seal
and sea lion populations from the California Current and southern Australia showed
more variable and largely overlapping §13C and the §15N values, suggesting more
intricate foraging and niche partitioning dynamics.

In the California Current, the stable isotope composition of male northern fur
seals largely overlapped that of female California sea lions. Moreover, the “oceanic” male
Guadalupe fur seal population (Aurioles-Gamboa and Szteren, 2020) had equivalent
values with those of female Guadalupe fur seals but they were ~3%o 13C-depleted
relative to those classified as “coastal” male Guadalupe fur seals, which in turn had
higher average §13C values than California and Steller sea lions from this region.
Likewise, in southern Australia, the §13C and the 815N values of female New Zealand fur
seals and Australian sea lions largely overlapped.

Driven by these differences in their isospaces, sea lions from the Gulf of Alaska
and Bering Sea, the Galapagos Islands, the Rio de la Plata, and northern Patagonia had
higher relative positions over the §13C and 815N ranges than co-occurring fur seals
(Figure 1.3B, C). Variations of the average 613C and 615N values driving these results
ranged from 0.6%o (Galapagos Islands) to 2.8%o (California Current) for 613C, and from
1.0%o0 (Galapagos Islands) to 2.4%o (Gulf of Alaska and the Bering Sea) for §15N.

Otariid populations from the California Current and southern Australia departed
from this pattern (Figure 1.3). Among otariids inhabiting the California Current,

“coastal” male Guadalupe fur seals (population 7 in Figure 1.3B) had the highest
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position over the §13C range relative to coexisting populations. Male northern fur seals
(population 4 in Figure 1.3B) also had slightly higher relative position over the 613C
range compared to female California sea lions, and lower than those of male California
sea lions. Female Guadalupe fur seals (population 5 in Figure 1.3C) had high relative
position over the 615N range, exceeding those of female and male California sea lions.
Moreover, female California sea lions (population 8 in Figure 1.3C) had a lower position
over the §15N range than male northern fur seals and Guadalupe fur seals.

Male Australian sea lions (population 16 in Figure 1.3B, C) had the lowest relative
position over the 613C compared to concurrent otariids, although the variation of the
average 813C values underlying these results was barely above measurement error
(0.2%p0). Moreover, female Australian sea lions (population 15 in Figure 1.3C) had the

lowest relative position over the §15N range.

1.5 DISCUSSION

We showed that sympatric populations of fur seals and sea lions from the Gulf of
Alaska and the Bering Sea, Galapagos Islands, Rio de la Plata, and northern Patagonia
had distinct foraging modes (Figure 2,3). Sea lions had predominantly nearshore and
benthic foraging (as indicated by their significantly higher §13C values and relative
positions over the 613C range). In contrast, co-occurring fur seals preferentially
exploited offshore pelagic food webs (as suggested by their lower 613C values and
relative positions over the §13C range). Sea lions also had higher 615N values (and
relative positions over the §15N range) than concurrent fur seals. However, these

differences were variable in magnitude across communities (ranging from 1.0%o to
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2.4%o0), indicating that foraging partitioning might not predetermine the consumption
of distinct trophic-level prey by sympatric fur seals and sea lions in a predictable way.

These findings are consistent with previous, complementary examinations of
otariid foraging ecology. Biochemical dietary analyses and satellite telemetry have
shown that Steller sea lions from eastern Russia feed nearshore and benthically at a
higher trophic level than co-occurring fur seals, which fed primarily offshore and
pelagically (Hobson et al.,, 1997; Waite et al,, 2011, 2012; Olivier et al., 2022). Likewise,
Galapagos fur seals are offshore predators whose diet primarily consists of squids and
some vertically migrating pelagic fish (P4dez-Rosas et al., 2012, 2014). Galapagos sea
lions, in contrast, are nearshore benthic foragers, although they can be behaviorally and
dietary flexible, consuming benthic and pelagic fish (Dellinger and Trillmich 1999; Paez-
Rosas and Aurioles-Gamboa, 2010; Paez-Rosas et al., 2012, 2014). Previous studies have
shown that South American fur seals and sea lions inhabiting the western South Atlantic
have significantly different foraging modes. Sea lions are predominantly benthic and
coastal foragers, contrasting with the co-occurring fur seals, which preferentially feed
on small pelagic fish and squid available across the water column (Vales et al.,, 2013;
Zenteno et al., 2015; Sepulveda et al., 2017; Guerrero et al., 2020). These observations
support the conclusion that sympatric fur seals, and sea lions display different foraging
modes, following predictions derived from ecological- and size-driven energetic
compensations.

Two remarkable differences arise when comparing the ecological attributes of
otariid communities inhabiting the California Current to others. First, this is the most
diverse otariid community globally, encompassing two fur seal and two sea lion species.

Second, some of these species had weak distinctions in their §13C and 615N values,
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denoting foraging overlap and potential departures from the foraging partitioning
patterns described in other regions. In this region, we found isotopic evidence Steller
sea lions were predominantly nearshore and benthic foraging. Populations of
Guadalupe fur seals and northern fur seals had mean isotopic data consistent with
preferential offshore and pelagic foraging, but they showed considerable intraspecific
isotopic variability. Still, the extensive overlap in the isospace occupied by California sea
lions and co-occurring fur seals suggests more intricate foraging and niche partitioning
dynamics.

Before interpreting the foraging and niche partitioning of California sea lions and
co-occurring fur seals, it is necessary to assess the potential effect of foraging locations
on their stable isotope composition. The §13C and 615N values of phytoplankton and
particulate organic matter are negatively correlated with latitude in the eastern Pacific
Ocean, and these baseline differences affect the 613C and 815N values of predators
(Burton and Koch 1999; Aurioles-Gamboa et al. 2006). Except for male Guadalupe fur
seals, which were collected at the Magdalena Island in Baja California (262 N) (Aurioles-
Gamboa and Szteren, 2020), otariid remains were from individuals that stranded in
central and northern California (362 - 422 N). That said, the precise location of the
foraging grounds used by individuals included in this study is unknown. Male
Guadalupe fur seals likely circumscribed their foraging to areas near their breeding sites
at the Guadalupe Island and the San Benito Islands (Aurioles-Gamboa and Szteren,
2020), substantially further south than the waters exploited by co-occurring otariids
along the central California coast (e.g., McHuron et al., 2016; Figure 1.1A). Because of
these baseline differences, 'the 613C and 815N values of Guadalupe fur seals would be

~1.5%o0 higher than predators feeding at higher latitudes (e.g., southern and central
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California; Burton and Koch, 1999; Aurioles et al., 2006). After accounting for these
baseline differences, the §13C and 615N values of female California sea lions and co-
occurring northern and Guadalupe fur seals substantially overlap, indicating (1)
foraging convergence between these populations and (2) the prevalence of offshore
pelagic foraging in female sea lions.

California sea lions are generalist marine predators that usually forage on
seasonally abundant prey in nearshore and nearby offshore habitats (Weise and Harvey,
2008; McHuron et al,, 2016). In contrast to other sea lions, California sea lions have been
characterized as primarily shallow and epipelagic divers (Arnould and Costa, 2006),
although substantial foraging variability has been described, with some individuals
performing benthic and mixed foraging (e.g., Feldkamp et al., 1989; Melin et al., 2008;
Weise et al., 2010; Kuhn and Costa, 2014; McHuron et al.,, 2016; Rosas-Hernandez et al.,
2019). Little is known about how foraging behavior of California sea lions affects
resource partitioning among other co-occurring otariid species. Yet, studies have
revealed varying spatial and dietary overlap with co-occurring northern and Guadalupe
fur seals (e.g., Antonelis et al., 1990; Aurioles-Gamboa and Camacho-Rios 2007,
Zeppeling and Orr, 2010), indicating variable levels of interspecific competition.

The mechanisms underlying the predominantly pelagic foraging of California sea
lions are undetermined. However, the body size disparities observed between this and
co-occurring otariid species might provide some clues. California sea lions are smaller
than co-occurring Steller sea lions, matching the size range of Guadalupe and northern
fur seals (Figure 1.1C). Accordingly, their relatively small body size may induce different
energetic compensations than those of (larger) Steller sea lions, favoring pelagic

foraging. The historical population dynamics in the eastern North Pacific might further
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contribute to unusual foraging behavior of California sea lions. Although the precise
extent of their decline due to commercial hunting during the 18th and 19t centuries is
not available (Cass, 1985), it was less severe than that experienced by the fur seals,
which were nearly exterminated (Cass, 1985; Zavala-Gonzalez and Mellink, 2000). If so,
it is possible that the regional extirpation of pelagic fur seals promoted the passive
diversification of California sea lions into the vacant niches left by fur seals in the
pelagic food webs. Future stable isotope analyses on museum specimens of California
sea lions from before and after Guadalupe and northern fur seals persecution might
provide ways to test a progressive shift from exploiting nearshore and benthic to
offshore and pelagic food webs.

In sum, our results show that co-occurring otariids with different body sizes from
the California Current (i.e., Steller sea lions and fur seals) have strongly different
foraging modes. When the body size contrast is smaller, as between fur seals and
California sea lions, those foraging distinctions are much weaker. The highly productive
nature of the California Current (Kudela et al., 2008; McClatchie et al., 2009; Brady et al.,
2017), combined with the differential decrease in population sizes due to hunting
between sea lions and fur seals, might lead to lessened selection for niche partitioning
among these species, explaining their foraging convergence.

Co-occurring otariids from southern Australia exhibited apparent departures
from expected stable isotope patterns. New Zealand fur seals and Australian sea lions
showed non-significant differences in their §13C and 815N compositions, suggesting no
prominent resource partitioning. However, these results are not consistent with prior
telemetry, diving, and dietary studies denoting significant differences in their foraging

ecology (McIntosh and Pitcher, 2021). Indeed, Australian sea lions have been
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characterized as non-migratory and predominantly benthic predators, feeding almost
exclusively at or near the benthos in continental shelf areas (Costa and Gales, 2003).
Conversely, New Zealand fur seals are epipelagic foragers that exploit diverse foraging
grounds, ranging from the continental shelf to deeper oceanic waters (Page et al., 2006;
Baylis and Nichols, 2009; Baylis et al., 2008, 2012). Why then do we not see significant
differences in the stable isotope composition of these species? Local biological and
oceanographic dynamics may explain these results. In southern Australia, a
considerable mixture of differently sourced water masses (with distinct 613C and §15N
values) occurs, which, combined with broad latitudinal gradients of §13C values, can
confound distinctions between nearshore and offshore, hindering ecological
interpretations (Lowther et al,, 2013; Foo et al., 2019). The future performance of
compound specific stable isotopes might help to disentangle the occurrence of variable
isotope baselines vs. foraging differences in these populations. Grounded on previous
behavioral and dietary analyses, it is manifest that Australian sea lions and New Zealand
fur seals indeed exhibit divergent foraging modes, resembling the niche partitioning
observed in other otariid communities elsewhere.

Populations of Australian fur seals (Arctocephalus pusillus doriferus) and New
Zealand fur seals also co-occur along the coastlines of the Bass Strait in southeastern
Australia, constituting one of the few otariid communities composed exclusively of fur
seal species (other colonies of Antarctic and subantarctic fur seals co-occur at the
Marion and Macquarie Islands in the Southern Ocean; Lancaster et al., 2006).
Unfortunately, no comparable stable isotope data for Australian and New Zealand fur
seals were available for this study. Nevertheless, several studies have emphasized the

distinct foraging strategies of these populations. Australian fur seals have been
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described as primarily benthic foragers, preying on diverse benthic and demersal prey
within the shallow continental shelf in the Bass Strait (Gales et al., 1993; Arnould and
Hindell, 2001; Arnould and Kirkwood et al., 2008; Deagle et al., 2008; Hoskins et al.,
2015; Knox et al. 2017). New Zealand fur seals, in contrast, are predominantly pelagic
foragers (Page et al,, 2005). Remarkably, the distinct foraging modes portrayed by these
species resemble those described for sympatric fur seals and sea lions elsewhere.
Moreover, body size differences between Australian and New Zealand fur seals are
similar to those reported in fur seals and sea lions’ pairs (Figure 1.1C). Together, these
observations emphasize the pervasiveness of different foraging and ecological modes in
sympatric otariids across their geographical range.

The unusual foraging behavior of Australian fur seals deserves further
consideration. Australian fur seals are a subspecies of the Cape fur seal (Arctocephalus
pusillus pusillus), from which they separated ~18,000 years ago (Kirkman and Arnould,
2018). Noticeably, Australian fur seals are the largest body-sized fur seals, with adult
females and males reaching masses up to 120 kg and nearly 350 kg, respectively
(Warneke and Shaughnessy, 1985; Arnould and Warneke, 2002; Kirkwood and
Goldworthy, 2013). Together, Australian fur seals' enlarged body size, benthic foraging,
vocalization, and thigmotaxis correspondwith sea lion traits (Kirkwood and
Goldworthy, 2013; Costa and Valenzuela-Toro, 2021). The drivers of this unusual sea
lion-like morphology and foraging behavior in Australian fur seals is unknown.
Phylogenetic analyses have concluded that Australian and Cape fur seals are sister taxa
of Subantarctic fur seals (Arctocephalus tropicalis) and, in turn, are closely related to
other fur seals from the Southern Hemisphere (Churchill et al., 2014b). These results

hint that shared evolutionary history with sea lions might not be the most likely driver

26



of Australian fur seals' exceptional traits, emphasizing alternative drivers. Although
additional studies are required to support or reject potential hypotheses, Australian fur
seals' unusual foraging behavior and morphology might reflect an evolutionary
response to sympatry, as demonstrated by other vertebrate fauna (e.g., Anderson and
Weir, 2021).

Remarkably, regional variability in the foraging behavior of South American sea
lions has been described between populations inhabiting the Atlantic and Pacific coasts
of South America (Hiickstadt et al.,, 2007, 2016). As described above, South American
sea lions’ populations inhabiting the Atlantic coast are predominantly nearshore and
benthic foragers (Riet-Sapriza et al., 2013; Drago et al., 2017; Denuncio et al., 2021).
Conversely, populations from the Pacific coast exhibit mainly epipelagic foraging, likely
associated with the deeper and narrower extension of the continental shelf in this
region (Soto et al,, 2006; Hiickstadt et al., 2007, 2014, 2016; Sarmiento-Devia et al.,
2020). While we could not examine the foraging ecology of sympatric sea lions and fur
seals inhabiting the Pacific coast, recent studies in populations inhabiting the Peruvian
coast have shown significant differences in their diet. South American fur seals
primarily consume pelagic and demersal-pelagic prey, whereas sea lions feed on
demersal-pelagic prey (Cardenes-Alayza et al., 2022). Together, these results indicate
that foraging and resource partitioning between these two species occur even under
different environmental conditions, stressing the ubiquity of distinct foraging modes in
sympatric fur seals and sea lions.

In summary, we detected broad-scale patterns of foraging and resource
partitioning among co-occurring otariids compatible with the energetic and ecological

trade-offs emerging from their body size disparities. Together, our work highlights the
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critical role biotic interactions (i.e., interspecific competition) play in populations,

structuring modern communities, and likely, driving macroecological change.
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Figure 1.1. (A) Map showing the distribution of fur seals (purple) and sea lions (sea li-
ons). Numbers within black circles indicate the otariid communities discussed in the
text. The distribution of subantarctic fur seals (Arctocephalus tropicalis) is not depicted.
(B) Phylogeny of eared seals based on combined morphological and molecular evidence.
Cladogram was modified from Churchill et al. (2014b). Numbers in black circles refer to
the otariid communities to which each species belongs and correspond to those de-
scribed in part (A). (C) Box plots depicting the skull length (as a proxy of body length) of
female (circles), and male (triangle) fur seals (purple) and sea lions (yellow) discussed
in this study. Skull length data from Churchill et al. (2014a). Boxplots represent the me-
dian (horizontal line), inter-quartile range (rectangle), 95% range (vertical lines), and
outliers (black dots). Letters on top represent significant differences between groups.
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Figure 1.2. Biplots of the §13C and 815N values of co-occurring fur seals (deep purple)
and sea lions (yellow) in the Gulf of Alaska (A), the California Current (B), the Galapagos
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42



A Expected B California Current SE Australia N. Patagonia Cc California Current SE Australia N. Patagonia

pattern [15.2, -12.4] [-16.0, -15.8] [-13.8, -12.2] [17.3,19.1] [14.6, 16.1] [20.6, 22.3]
A"®C = 2.8%e A™C =0.2%e A™C = 1.6%e A"N = 18/e A™N =1.5%0 A™N =1.7%0
: : o 2
S
10 @0 s ®e @] -OF : ©@e);
13 5 s
sea g
S ‘IIOI’IS i
° (larger size) . . 2
[o)] Q 3
g S 10 & (5
© PRE o /®
s | |B =
Q. c c
o
i 9 5 ®
o io io 4@
8 14
5 3 50 3 50 o
° c 4 c
> ] Kl
(] 1]
5 o 14 <]
D ) [0)
8 = 2
g o2 i8] o ®
g & &
K 30 3
K fur ©
seals ° g
(smaller size) 3 12 17 k] 12 17 2
@ =
AR RECEE: 1 BEEN REORK: Y
c o
Gulf of Alaska Galapagos Islands  Rio de la Plata Gulf of Alaska Galapagos Islands  Rio de la Plata
[-15.6, -14.1] [-16.6, -16.0] [-14.7, -12.1] [15.6, 18.0] [2.1,13.1] [18.7, 20.8]
A"C = 1.5%0 A™C = 0.6%0 A"C = 2.6%e A"N = 2.4%0 A"N =1.0%0 AN =2.1%0

Figure 1.3. Bubble plot depicting the relative position over the §13C and 615N range of
sympatric fur seals (deep purple) and sea lions (yellow) across regions. (A) Expected
pattern with small body-sized fur seals having lower relative position over the stable
isotope ranges than large body-sized sea lions. (B) Relative position over the §13C range,
and (C) Relative position over the 615N range. Brackets indicate the lowest and the high-
est average stable isotope value at each region and A represents the isotopic range at
each region. Circles’ size is scaled to skull length. Numbers in bubbles indicate popula-
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American sea lions.
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CHAPTER 2

FORAGING IN EARED SEAL COMMUNITY IS STRUCTURED BY BODY SIZE AND FEEDING

MORPHOLOGY
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2.1 ABSTRACT

Body size and feeding morphology influence foraging and resource partitioning
within communities. To what degree these factors contribute to the structure of marine
mammal communities remains unknown. Here we test the association between size,
feeding morphology, and foraging in sympatric otariids (eared seals) from the eastern
North Pacific Ocean, the most diverse otariid community in the world. We recorded
skull measurements and stable carbon and nitrogen isotope values from museum
specimens to estimate foraging ecology in four sympatric otariid species: California sea
lions (Zalophus californianus), Steller sea lions (Eumetopias jubatus), northern fur seals
(Callorhinus ursinus), and Guadalupe fur seals (Arctocephalus townsendi). We found
significant differences in size, feeding morphology, and foraging between species and
sexes. Sea lions have larger body sizes and preferentially forage in coastal regions
compared to fur seals. Yet, both groups consume prey at a similar trophic level.
Moreover, there is a significant correlation between skull size, feeding morphology, and
foraging when species and sex identity is excluded. Larger individuals have stronger
bite forces and are preferentially coastal, benthic, and consume slightly higher trophic
level prey than smaller individuals. Our study reveals that body size and feeding

morphology contribute to community structure and resource partitioning.
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2.2 INTRODUCTION

Body size and morphological differences in body traits play a major role in
resource partitioning among sympatric species (i.e., species co-occurring in geographic
areas), influencing the structure of ecological communities (Wilson, 1975; Dayan and
Simberloff, 2005). Among marine tetrapods, body size and feeding morphology affect
foraging dynamics (Kelley and Motani, 2015; McCurry et al,, 2017a,b). Larger taxa can
dive deeper and longer, display lower relative metabolic rates than smaller ones
(Kooyman et al., 1981; Kooyman, 1989; Williams, 1999; Mori, 2002; Weise et al., 2010),
and can exploit a greater diversity of prey by reaching greater depths. Skull traits can
limit prey size and processing efficiency (Jones et al., 2013; Kienle and Berta, 2016;
McCurry et al., 2017a; Franco-Moreno et al,, 2021; Kienle et al., 2021), further
influencing foraging dynamics and resource partitioning (Verwaijen et al., 2002;
Futuyma and Moreno, 1988; DeVries, 2017; Zagar etal., 2017; Jones and Law, 2018).
Few studies have quantified the relationship between body size, feeding morphology,
and the foraging ecology in co-occurring marine tetrapods (e.g., Liu et al., 2015; Segura
etal., 2015; Saporiti et al., 2016; Drago et al., 2021). While these studies have revealed
general associations between size, feeding morphology, and trophic level, they do not
follow a consistent trend among species. These studies included taxa (e.g., cetaceans,
penguins, seals) with body sizes ranging over several orders of magnitude, and with
disparate life histories, and it is possible that taxon-specific evolutionary trade-offs may
be confounding these results. Consequently, additional studies are required to test
ecomorphological relationships in closely related sympatric species that shed light on

the factors influencing the structure of marine communities.
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Pinnipeds (true seals, eared seals, and walruses) are a group of marine
mammals that breed on land and forage in the water. Eared seals (otariids) are
polygynous breeders that inhabit upwelling zones throughout the North Pacific and the
Southern Hemisphere (Costa and Valenzuela-Toro, 2021; Figure 2.1). Otariids have been
traditionally grouped in fur seals and sea lions based on morphological and foraging
differences (Brunner, 2004; Liwanag et al., 2012; Villegas-Amtmann et al., 2013;
Marshall et al., 2015; Favilla and Costa, 2020; Hooker et al., 2021). Sea lions have a
larger body size, their insulation relies on a thick blubber layer, and their lactating
females undertake short foraging trips. Fur seals, instead, have smaller sizes, a dense
underfur coat that provides insulation, and females that conduct long foraging trips.
Nevertheless, fur seals and sea lions are not monophyletic (Figure. S2.1), indicating
repeated evolutionary convergence on these modes of life. Fur seals and sea lions
commonly co-occur throughout their geographic range (Figure 2.1), and variable levels
of interspecific competition and resource partitioning have been described between
them (e.g., Dellinger and Trillmich, 1999; Paez-Rosas et al., 2012, 2014; Jeglinski et al,,
2013). Studies have suggested that size and feeding morphology affect foraging
performance in otariids (e.g., Marshall et al., 2015; Kienle et al., 2021), shaping these
sympatric associations. However, the explicit association between body size, feeding
morphology, and foraging in sympatric otariids has not been explored, and their role in
structuring otariid communities remains unknown.

We examined the association between body size, feeding morphology, and
stable carbon (613C) and nitrogen (§1°N) isotopes, which are proxies of the foraging
habitat and trophic level, respectively (Newsome et al., 2006) in sympatric fur seals and

sea lions from the eastern North Pacific Ocean. In this region, four species co-occur:
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California sea lions (Zalophus californianus), Steller sea lions (Eumetopias jubatus),
northern fur seals (Callorhinus ursinus), and Guadalupe fur seals (Arctocephalus

townsendi), constituting the most diverse eared seal community in the world.

2.3 METHODOLOGY
2.3.1  Skull measurements and functional indices

We measured 216 physically mature skulls from the following sympatric
species: Guadalupe fur seals (4 females), northern fur seals (12 females, 4 males),
California sea lions (57 females, 104 males), and Steller sea lions (24 females, 11 males)
collected from central and northern California. We recorded 9 linear measurements
accounting for the size of the skull (Table S2.1) using a digital caliper with an accuracy
of 0.01 mm. We recorded the standard body length (SL) of a subset of 161 specimens
and used it to evaluate its relationship with skull length (condylobasal length; CBL). SL
was recorded by the original collectors in the field and consisted of the straight-line
distance from the snout to the tip of the tail. We calculated three morphological indices
accounting for feeding morphology. Mechanical Advantage (MA) and Skull Shape Index
(SSI) served as proxies for the relative ability to generate bite force in the mandible and
cranium, respectively, whereas the Relative Palatal Length (RPL) indicated the relative

size of the oral cavity.

2.3.2  Foraging ecology and stable isotope analysis
We analyzed the bulk §13C and 815N values of bone collagen of 226 specimens
(those indicated above plus ten adult female California sea lions). Samples consistent in

20 mg of bone were cleaned and then demineralized (Newsome et al., 2006). Lipids
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were extracted by repetitive cycles of soaking and agitation in a petroleum ether
solution followed by several rinses with deionized water in glass scintillation vials.
Samples were freeze-dried for 24 h and then weighed (~0.6mg) into tin capsules
(Costech; 5x9 mm) for analysis. The carbon and nitrogen isotopic compositions and C
and N amounts were determined by the University of California Santa Cruz Stable
[sotope Laboratory using a CE Instruments NC2500 elemental analyzer coupled to a
Thermo Scientific DELTAplus XP isotope ratio mass spectrometer via a Thermo-
Scientific Conflo III. Isotope data are expressed in delta (§) notation which for §13C and
615N (%o0) = [(Rsampte / Rstandard) — 1] x 1000, where Rsample OF Rstandara are the 13C/12C and
15N /14N ratios in the sample or standard for carbon and nitrogen, respectively.
Measurements are corrected to VPDB (Vienna PeeDee Belemnite) for §13C and AIR for
615N against an in-house gelatin standard reference material (PUGel) which is
extensively calibrated against international standard reference materials.
Measurements are corrected for size effects, blank-mixing effects, and drift effects. An
externally calibrated Acetanilide #1 standard reference material purchased from Dr.
Arndt Schimmelmann of Indiana University is measured as a sample for independent
quality control. In this set of sample measurements, 22 replicates of Acetanilide #1 had
reproducibility (10) of 0.06%o0 and 0.1%o for §13C and 615N, respectively, and 0.13 for
the C:N ratio. The 47 replicates of PUGel had reproducibility of 0.05%0 and 0.09%o for
613C and 615N, respectively, and 0.03 for the C:N ratio. Typical reproducibility is
significantly better than 0.1%o for §13C and significantly better than 0.2%o for 615N. The
atomic C:N ratio of bone samples was determined and varied between 3.1 and 3.6,

which is within the range for well-preserved collagen (DeNiro, 1985).
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2.3.3  Statistical analysis

Data analyses were performed in R statistical software version 4.0.3 (R
Development Core Team, 2008). We compared skull length, morphological indices, the
613C and 615N values between fur seals and sea lions using Mann-Whitney U test using
the package ggstatsplot (Patil, 2021). The relationship between skull length,
morphological indices, and §13C and 815N values was examined using the non-
parametric Spearman’s p correlation coefficients. Linear regressions were used to test
skull length as a significant predictor of standard length. Two-way analysis of variance
(two-way ANOVA) was conducted using species and sex as fixed variables and skull
length and morphological indices as dependent variables. We performed separate one-
way ANOVA to determine which species and sex pairs differed in their size and feeding
morphology, followed by Tukey post hoc tests. We used a non-parametric multivariate
analysis of variance (PERMANOVA) (Anderson, 2001) to compare the §13C and 615N
among species, sexes, and the interaction between them, considering Euclidean distance
measure and 10,000 permutations using the package vegan (Oksanen et al., 2020).
Univariate nonparametric Kruskal-Wallis one-way analysis of variance, followed by
pairwise Dunn tests were used to test the effects of species and sex pairs on the 615N

and 613C values using the package FSA (Ogle et al., 2020).

2.4 RESULTS
2.4.1 Body size

Skull length and standard length were strongly correlated (p = 0.88, p < 0.00001;
Figure S2.2), indicating that skull length is a valid proxy of body size (Churchill et al.,

2014). There were significant differences in the skull length between species (F =
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1041.28.8, p < 0.0001), sexes (F=1957.33, p < 0.0001), and their interaction (F = 4.14, p
=0.017). Sea lions have significantly larger skull length than co-occurring fur seals (U =
144.00, p < 0.0001) and males are larger than females, resulting in a body size
continuum from the smallest female northern fur seals (184.7 £ 9.0 mm) to the largest
male Steller sea lions (371.2 + 20.6 mm). Only male northern fur seals and female

California sea lions did not significantly differ in skull length (Table S2.3).

2.4.2  Feeding morphology

Sea lions had significantly higher MA (U =756, p < 0. 0001) but lower SSI (U =
3275, p <0.0001) than fur seals. Although feeding morphology differed between
species and sexes (Table S2.2, Figure S2.3), no consistent significant differences were
detected (Table S4-6), except for California sea lions, in which males had higher MA,

RPL, and SSI than females (Figure S2.3; Table S2.4-6).

2.4.3  Foraging ecology

We obtained a significant community-wide correlation between the 613C and
615N values (p = 0.46, p < 0.00001; Figure 2.2A). The PERMANOVA showed that §13C and
615N values were significantly different between species (F = 36.48; p < 0.0001), sexes
(F=45.03; p<0.0001), and the interaction between them (F = 6.98; p < 0.001). Species
and sexes pairs significantly differed in their §13C (H(6) = 98.41, p < 0.001) and 615N
(H(6) =95.94, p < 0.001) values (Figure S2.4). Sea lions had significantly higher 613C
values than fur seals (U =475, p < 0. 0001; Table S2.7) but variable differences in the

613C were found between species and sexes (Table S2.8). The 615N values did not differ
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between fur seals and sea lions (p = 0.18), but we detected significant and variable

differences among species and sexes pairs (Table S2.9).

2.4.4 Relationship between size, feeding morphology, and foraging ecology

When species and sex is excluded, we found that larger individuals had higher
613C and 615N, occupying a higher position in the isotopic space (Figure 2.2A). The
Spearman correlation revealed that the §13C and 615N values were significantly
correlated with the skull length (613C: p = 0.61, p < 0.00001; 815N: p = 0.54, p < 0.00001;
Figure 2.2B, C) and the RPL (613C: p = 0.44, p < 0.00001; 615N: p = 0.49, p < 0.00001). The
MA is only significantly correlated with 613C values (813C: p = 0.22, p = 0.0020; §15N: p =
0.12), whereas the SSI was correlated with 615N but not §13C values (8§13C: p = 0.27; §15N:
p =0.35, p <0.00001). No consistent relationship between 613C (Table S2.10) and 815N
(Table S2.11) values and skull length or feeding morphology was found between species

and sexes.

2.5 DISCUSSION

Sympatric otariid species from the northeastern Pacific display significant
differences in their size, feeding morphology, and foraging ecology. While sea lions have
larger body sizes than sympatric fur seals, no consistent differences in their feeding
morphology were detected (Figure S2.3. Sea lions are 1.2%o 13C- and 0.3%0 15N-
enriched relative to fur seals, hinting at foraging habitat differences (Figure S2.4, Table
S2.7). Previous studies have shown a stepwise trophic-level enrichment of ~1%o for
613C and 3%o for 615N in marine predators (Burton and Koch, 1999). If due solely to

differences in trophic level, the 0.3%; difference in the 615N values found here is too
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small to account for the 1.2%o difference in the 613C values between fur seals and sea
lions. Instead, our results are consistent with an offshore to nearshore 13C-enrichment
gradient due to baseline differences linked with higher coastal primary productivity.
This evidence hints that fur seals and sea lions forage in different habitats (sea lions
exploiting nearshore habitats with higher 613C values vs. fur seals feeding in offshore
habitats with lower 613C values), but on similar trophic level prey as is inferred from the
minimal 815N differences (0.3%0) between them, which is consistent with animal-borne
telemetry and dietary analyses (e.g., Antonelis et al., 1990; Aurioles-Gamboa and
Camacho-Rios, 2007; Zeppelin and Orr, 2010; Orr et al., 2011; Waite et al.,, 2012;
Elorriaga-Verplancken et al., 2021). Compound-specific stable isotopes of these groups
are required to test this interpretation and exclude other explanations, including spatial
015N differences.

Our study did not find a consistent association between size, feeding
morphology, and foraging ecology across species and sexes. While the low sample size
can partially explain these results for some groups (e.g., Guadalupe fur seals), the lack of
pattern in California and Steller sea lions (with a larger sample size) suggest that, at the
intraspecific level, body size and feeding morphology do not explain differences in
foraging and resource partitioning. Although some studies have found that body size
influences foraging behavior at the intraspecific level in some pinniped species (e.g.,
Thompson et al., 1998; Cronin et al., 2013; Hoskins et al,, 2015; Kienle et al.,, 2021),
other studies have found no relationship (e.g., Kernaléguen et al., 2016; Kirkman et al,,
2019). Recent research has emphasized how individual specialization emerging from
physiological, behavioral, and environmental trade-offs within populations can

influence ecological dynamics, including small-scale resource competition (Bolnick et

53



al,, 2003; Codron et al., 2008; Vander Zanden et al., 2010; Aratjo et al.,, 2011; Bolnick et
al, 2011; Bison et al., 2015; Maldonado et al., 2017; Pansu et al., 2019). Indeed, otariids
display large individual behavioral variability independent from body size or physical
condition (e.g., Villegas-Amtmann et al., 2008; Cherel et al., 2009; McHuron et al., 2016;
Riverodn et al,, 2021), suggesting that additional factors might account for foraging
dynamics at the intraspecific level.

The community-wide association between body size, feeding morphology, and
613C and 615N values shows that when species and sex identity are excluded, larger
individuals with stronger bite forces forage closer to shore at a slightly higher or
equivalent trophic level. This relationship can be explained by energetic trade-offs
originating from benthic versus pelagic foraging (the predominant foraging strategies
among otariids). Benthic diving entails longer durations and thus longer time spent at
sea than pelagic foraging (Costa et al., 2004; Ladds et al., 2020), making it more
energetically costly (Costa and Gales, 2003; Costa et al., 2004). Benthic and pelagic food
webs are functionally and structurally different, which influences the energetic
compromises associated with their exploitation. Benthic food webs have higher species
richness with a relatively homogenous and predictable spatial distribution (Cury et al.,
2000). Pelagic food webs have lower species diversity but more abundant and energy-
dense in highly sporadic prey aggregations (Anthony et al., 2000; Eder and Lewis, 2005;
Machovsky-Capuska and Raubenheimer, 2020). Larger individuals have a lower relative
metabolic rate and cost of transport than smaller individuals (e.g., Weise et al., 2010),
which combined with the consumption of larger prey (enabled by larger sizes and
stronger bite capacities) in the benthos might offset the higher energetic costs of

benthic diving. Smaller individuals have a smaller feeding apparatus, limiting their
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range of prey sizes, favoring the exploitation of schooling energy-rich but smaller
pelagic fish (Anthony et al.,, 2000; Eder and Lewis, 2005; Machovsky-Capuska and
Raubenheimer, 2020).

While we focused on otariids from the eastern North Pacific, the community-
wide ecomorphological relationships found here may be prevalent in other geographic
areas. Otariid communities throughout the Southern Hemisphere have lower taxonomic
richness than those from the eastern North Pacific (Figure 2.1); however, comparable
body size, morphological, and foraging disparities occur among sympatric species
(Costa and Valenzuela-Toro, 2021). Future work comparing the ecomorphological
attributes of these sympatric communities will shed light on this matter. The fossil
record also reveals that pinniped assemblages were taxonomically diverse and had
body size and morphological differences analogous to modern otariid and other
pinniped communities (Valenzuela-Toro et al., 2016; Velez-Juarbe, 2017). These
observations suggest that differences in body size and feeding morphology among co-
occurring otariids (and other pinnipeds) have repeatedly evolved independently,
contributing to foraging and resource segregation, as has been suggested for some
marine herbivore and terrestrial carnivore communities (e.g., Van Valkenburgh, 1988,

2007; Radloff and Du Toit, 2004; Velez-Juarbe et al., 2012)
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Figure 2.1. Distribution of otariids. Circles represent the location of breeding colonies
and their size the number of co-existing otariid species in each region. Inset depicts the

distribution range of species inhabiting the eastern North Pacific Ocean.
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CHAPTER 2
2.8 SUPPLEMENTARY INFORMATION

Table S 2.1. Description and interpretation of skull measurements and morphological
indices taken for specimens of co-occurring otariids.

Anatomical measure-

. . Definition and description
ments (abbreviation) P

Standard length (SL) Straight-line distance from the snout to the tip of the tail.
Condylobasal length The most anterior tip of the premaxilla to the posterior-
(CBL) most margin of the occipital condyles.

Mechanical Advantage  Length of the insertion area for the masseter muscle rela-
(MA) tive to the mandible length. Higher values indicate higher
bite force capacity (Timm-Davis et al,, 2015).

Relative Palatal Length ~ Measured as the length of the palate from the anterior-
(RPL) most to the posteriormost margin divided by the skull
length. Higher values indicate a relatively longer rostrum.

Skull Shape Index (SSI)  Skull width at the level of the zygomatic arches relative to
the total skull length (skull width/skull length). Indicates
relative ability to generate bite force, given that a broader
cranium is associated with larger jaw-closing muscles and a
shorter cranium increases the mechanical advantage of the
jaw-closing muscles (Biknevicius et al., 1996).
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Table S 2.2. Results of two-way ANOVA for differences in the skull length and feeding

morphology among species and sexes. d.f. = degrees of freedom.

Variable souree of df  Sums of mean F-value p-value

variation squares squares

Species 3 218720 72907 917.52 <0.0001
Skull Sex 1 140654 140654 1770.11 <0.0001
length Spe-
(CBL) cies:Sex 2 517 258 3.25 0.041

Residuals 209 16607 79

Species 3 0.031 0.010 16.55 <0.0001
Mechani-

Sex 1 0.039 0.039 62.16 <0.0001
cal Ad- S
vantage pe- 2 0.0055 0.0027 4.35 0.014
(MA) cies:Sex

Residuals 190 0.12 0.00063

Species 0.27 0.090 331.15 <0.0001
Relative

Sex 0.021 0.021 78.66 <0.0001
Palatal S
Length pe- 2 0.0015 0.00076  2.79 0.064
(RPL) cies:Sex

Residuals 191 0.052 0.00027

Species 3 0.031 0.010 21.26 <0.0001
Skull Sex 1 0.076 0.076 156.45 <0.0001
Shape In- Spe- 2 0.0044 0.0022 456 0.012
dex (SSI)  cies:Sex ' ' ' )

Residuals 205 0.10 0.00049
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Table S 2.3. Tukey post hoc pairwise comparisons of the Skull Length among female and
male sympatric otariids included in this study. Significant results are bold.

female female
Guada- female male female male Cal-  Steller
lupe fur ~ Northern Northern California ifornia sea li-
seals furseals furseals sealions sealions ons
female
Guadalupe -
fur seals
female
Northern <0.001 -
fur seals
male
Northern 0.0031 <0.001 -
fur seals
female Cal-
ifornia sea 0.0048 <0.001 0.99 -
lions
male Cali-
fornia sea <0.001 <0.001 <0.001 <0.001 -
lions
female

Steller <0.001 <0.001 <0.001 <0.001 <0.001 -
sea lions

male Stel-
ler sea <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

lions
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Table S 2.4. Tukey post hoc pairwise comparisons of the Mechanical Advantage among
female and male sympatric otariids included in this study. Significant results are bold.
fe-
male
female female male female  male Cal- Steller
Guadalupe Northern Northern California ifornia sea li-
furseals  furseals furseals sealions sealions ons

female Gua-
dalupe fur -
seals
female
Northern 0.69 -
fur seals
male North-
ern fur 0.0065 0.077 -
seals
female Cali-
fornia sea li- 0.021 0.23 0.63 -
ons
male Cali-
forniaseali- <0.001 <0.001 0.96 <0.001 -
ons
female Stel-
ler seali- 0.023 0.26 0.75 1.00 <0.001 -
ons

male Steller

. 0.015 0.18 0.95 0.98 0.015 1.00
sea lions
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Table S 2.5. Tukey post hoc pairwise comparisons of the Relative Palatal Length among
female and male sympatric otariids included in this study. Significant results are bold.

female
female female male female male Cal-  Steller
Guadalupe Northern Northern California ifornia sea li-
fur seals furseals furseals sealions sealions ons
female Guada-
lupe fur seals ;
female North-
ern fur seals <0.001 -
male Northern
fur seals <0.001 0.72 -
female Califor-
nia sea lions <0.001 0.83 0.97 -
male California
sea lions <0.001 <0.001 0.77 <0.001 -
female Steller
sea lions 0.76 <0.001 <0.001 <0.001 <0.001 -
male Steller
sea lions <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Table S 2.6. Tukey post hoc pairwise comparisons of the Skull Shape Index among fe-
male and male sympatric otariids included in this study. Significant results are bold.

female
female female male female male Cal-  Steller
Guadalupe Northern Northern California ifornia sea li-
fur seals furseals furseals sealions sealions ons
female Guada-
lupe fur seals ;
female North-
ern fur seals 0.53 -
male Northern
fur seals 0.42 1.00 -
female Califor-
nia sea lions <0.001 <0.001 <0.001 -
male California
sea lions 1.00 0.0011 0.030 <0.001 -
female Steller
sea lions 0.38 <0.001 <0.001 <0.001 0.0016 -
male Steller sea
lions 1.00 0.64 0.56 <0.001 0.57 0.0014
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Table S 2.7. Mean and standard deviation of 613C and 615N isotope values (%o) of fur seal
and sea lions included in this study.

. Sea lions Fur seals
Variable n=206 n=20
Mean 613C + SD -12.7+ 0.5 -13.9+0.9
(min, max) (-14.0,-11.2) (-15.7,-12.5)
Mean 615N + SD 18.3+0.7 18.0+1.4
(min, max) (16.3,20.3) (14.2,20.3)
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Table S 2.8. Dunn post hoc pairwise comparisons of the §13C values among female and
male sympatric otariids included in this study. Significant differences are bolded.

female

female female male female male Cal- Steller

Guadalupe Northern Northern California ifornia sea li-
fur seals furseals furseals sealions sealions ons

female Guada-
lupe fur seals -

female North-
ern fur seals 0.93 -

male Northern
fur seals 0.092 0.034 -

female Califor-
nia sea lions 0.10 0.0049 0.50 -

male California
sea lions 0.0023 <0.001 0.51 <0.001 -

female Steller
sea lions <0.001 <0.001 0.054 <0.001 0.0031 -

male Steller sea
lions <0.001 <0.001 0.033 <0.001 0.0055 0.58
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Table S 2.9. Dunn post hoc pairwise comparisons of the §15N values among female and
male sympatric otariids included in this study. Significant differences in bold.

fe-
male
female female male female male Cal- Steller
Guadalupe Northern Northern California ifornia sea li-
fur seals fur seals furseals sealions sealions ons
female Guada-
lupe fur seals -
female North-
ern fur seals 0.23 -
male Northern
fur seals 0.97 0.28 -
female Califor-
nia sea lions 0.10 0.63 0.14 -
male California
sea lions 0.95 0.027 0.93 <0.001 -
female Steller
sea lions 0.14 <0.001 0.11 <0.001 <0.001 -
male Steller sea
lions 0.24 <0.001 0.20 <0.001 0.024 0.81

74



Table S 2.10. Spearman’s p correlation between morphological variables and 613C and
015N Significant correlations are in bold.

813C
CBL MA RPL SSI
p p p p p p p p
Guadalupe fur -
seals 0.80 0.33 0.80 0.33 0.20 092 0.80 0.33
Northern fur seals 0.54 0.03 0.56 0.03 0.22 0.41 0.13 0.64
California sea li- < <
ons 0.38 0.001 0.26 0.00 0.26 0.00 0.31 0.001
Steller sea lions 0.10 0.59 0.01 0.95 0.02 0.92 0.05 0.75
615N
CBL MA RPL SSI
p p p p p p p p
Guadalupe fur - -
seals 0.21 0.79 0.21 0.79 0.74 0.26 0.63 0.37
Northern fur seals 0.32 0.23 0.23 0.41 0.16 0.56 0.34 0.20
California sea li- < < < <
ons 042 0.001 0.29 0.001 030 0.001 0.53 0.001
Steller sea lions 0.04 0.81 0.08 0.67 0.06 0.74 0.22 0.20
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Table S 2.11. Spearman’s p correlation between morphological variables and 613C and
015N values among species and sexes. Significant correlations are in bold.

613C
CBL MA RPL SSI
Sex p p p p p p p p
Guadalupe furseals F -0.80 033 0.80 0.33 0.20 092 0.80 0.33
Northern fur seals F 011 074 0.18 059 0.17 0.61 0.17 0.60
Northern fur seals M -063 037 095 0.05 -032 0.68 0.63 0.37
California sea lions F -0.10 045 0.08 056 -0.22 0.11 0.07 0.59
Californiasealions M 0.13 0.20 0.00 099 0.09 040 0.01 0.89
Steller sea lions F -030 0.16 -0.07 0.74 0.06 0.81 -0.39 0.06
Steller sea lions M -0.06 097 0.12 098 0.21 048 0.50 0.11
615N
CBL MA RPL SSI
Sex p p p p p p p p
Guadalupe furseals F 021 0.79 -0.21 0.79 -0.74 0.26 0.63 0.37
Northern fur seals F 028 038 -019 057 030 034 043 0.16
Northern fur seals M -1.00 0.08 0.80 0.33 -040 0.75 0.20 0.92
California sea lions F 0.01 097 0.01 093 -0.05 0.74 048 <0.001
Californiasealions M -0.03 0.74 0.01 091 0.04 0.73 0.19 0.06
Steller sea lions F 026 022 -0.07 0.74 -0.01 0.98 0.15 0.49
Steller sea lions M 030 019 0.29 0.13 037 033 0.72 0.01
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SUPPLEMENTARY FIGURES
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Figure S 2.1. Phylogeny of eared seals based on combined morphological and molecular
evidence. Modified from Churchill et al. (2014). Grey icons represent fur seals, and black

icons represent sea lions.
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Figure S 2.2. Relationship between skull length (CBL) and the standard length (SL) of
otariids from the eastern North Pacific. Species colors are the same as Figure 2.2: yellow
represents northern fur seals (n = 8), white represents Guadalupe fur seals (n = 4);
turquoise represents California sea lions (n = 122), and black represents Steller sea
lions (n = 17). Black line indicates the significant linear regression at the community-
wide level (R2 = 0.86, F(1, 149) =927.5, p < 0.0001) and the gray shadow represent their
95% confidence interval. Regression equation is provided in the plot. The Spearman
correlation between CBL and SLis p = 0.88, p < 0.0001.
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FIGURE S2.3. Skull length (CBL) (A), Mechanical Advantage (B), Relative Palatal Length
(C), Skull Shape Index (D) of female and male northern fur seals, Guadalupe fur seals,
California sea lions, and Steller sea lions.
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CHAPTER 3
UNEXPECTED DECADAL DENSITY-DEPENDENT SHIFTS IN CALIFORNIA SEA LION SIZE,

MORPHOLOGY, AND FORAGING NICHE
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3.1 ABSTRACT

Many marine mammal populations are recovering after long eras of exploitation.
To what degree density-dependent body size decline in some recovering marine
mammal species reflects a response to increased competition for food resources is
unknown. Using museum collections, we show that, contrary to predictions, male
California sea lions (Zalophus californianus) increased rather than decreased their
average body size over a 46-year (1962-2008) population recovery. Larger males had
proportionally longer oral cavities, more powerful bite strength, and expanded foraging
niche. Females' size between 1983-2007 remained stable, but their isotopic niche was
larger than contemporary males. We demonstrate that body size decrease is not a
general response to increased resource competition during recovery and uncover how
sexual and natural selection tradeoffs contributed to population recovery but are likely

unattainable under climate change.
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3.2 INTRODUCTION

Legal protections over the past 50 years have facilitated the recovery of many
marine mammal populations after decades to centuries of human exploitation (Rossi et
al,, 2021). Several populations of pinnipeds (seals, fur seals, sea lions, and walruses)
have shown a marked recovery, reaching, and even surpassing historical baselines and
becoming iconic emblems of conservation success (Magera et al., 2013). While
population recovery for many marine mammal species has been a long-term
conservation goal, marine predator recoveries can affect the structure and function of
food webs by exerting top-down pressure on prey, sometimes producing new
conservation challenges (e.g., Marshall et al., 2016). Predicting the long-term effects of
marine mammal recovery on food webs and how those webs will respond to climate
change requires a mechanistic understanding of the ecological dynamics experienced as
populations increase over time.

As marine mammal populations increase and approach their carrying capacities,
density-dependent limiting factors such as intraspecific competition for resources will
intensify, affecting traits such as body size. In marine mammals, body size increases
with food availability during growth (Scheffer, 1955). During population recovery,
increased competition for resources is thought to drive declines in adult body size, as
observed in northern fur seals, South American sea lions, and harbor seals (Scheffer,
1955; Fowler, 1990; Etnier, 2004; Drago et al.,, 2010; Harding et al., 2018; Sosa Drouville
etal,, 2021). These examples suggest that density-dependent body size reduction is a
general response to pinniped population growth. Yet, pinnipeds display distinctive
species and sex-specific life-history strategies that influence the response to density-

dependent pressures. The extent to which body size reduction is a stereotyped response
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to population growth, and how shifting body size might relate to other fundamental
traits of individuals, such as their foraging ecology and reproduction, remains unknown.

Body size influences diving and foraging abilities in marine mammals, and thus
density-dependent body size shifts could exert cascading effects on foraging
performance: larger individuals, for example, dive more efficiently and can fast longer
than smaller ones (Williams, 1999; Moori, 2002; Costa and Valenzuela-Toro, 2021).
These benefits, however, are offset by higher absolute energy requirements, causing
larger individuals to consume more abundant or larger prey, resulting in increased
foraging effort (Peters, 1986). Moreover, density-dependent body size dynamics can
affect the reproductive dynamics of polygynous species like pinnipeds via sexual
selection (Bartholomew, 1970). As populations recover and density at colonies rise,
male confrontations to establish and maintain territory and monopolize mates during
reproductive seasons should intensify. Consequently, density-dependent sexual
selection of more competitive phenotypes (e.g., enlarged body size and stronger bite
strength; Kokko and Rankin, 2006; Fitzpatrick et al., 2012; [zuriera-Benitez et al., 2022)
may rise, confounding predictions of density-dependent body size shifts.

Here we test whether density-dependent body size reduction is the general
response to population recovery. California sea lions (Zalophus californianus) are the
most abundant and rapidly growing marine mammal species in the eastern North
Pacific, so body size declines are anticipated. While variable population dynamics have
been recorded in the Gulf of California (Adame et al., 2020), California sea lions'
population has steadily increased in the Channel Islands (Southern California) during
the last five decades, with recent expansions of rookery sites to central California, which

are currently experiencing exponential growth (Lowry et al.,, 2017, 2021; Laake et al,,
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2018; Figure 3.1A; Figure. S3.1-5). California sea lions are polygynous breeders and
sexually dimorphic in size, shape, and behavior. Every year, males congregate at sites
occupied by females and engage in aggressive male-male interactions for territorial
control. Body size and physical display are determinants for their reproductive success
(Poérschmann et al.,, 2010; Bohorquez-Herrera et al., 2014). Males undergo long post-
breeding foraging trips, whereas females remain at their breeding sites, alternating
short foraging trips near their rookery with nursing on land (Melin et al., 2000;
McHuron et al., 2016; Figure 3.1B), experiencing, in theory, higher levels of intraspecific
competition. Consequently, as California sea lions' population recovers, individuals have
experienced varying density-dependent selection pressures. Disentangling how
California sea lions' body size, morphology, and foraging have shifted during their
recovery is vital for designing appropriate conservation strategies moving forward.

We conduct the first decadal-scale study of density-dependent morphological
and ecological shifts in a top marine predator inhabiting the eastern North Pacific
coastline. We recorded skeletal and isotopic measurements from museum specimens
from central and northern California to test the prediction that during recovery,
California sea lions underwent a density-dependent reduction in body size. We
examined if and how resource competition influenced the growth and foraging of
females and males (over a 24- and 46-year period, respectively) as the population

increased.
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3.3 MATERIALS AND METHODS
3.3.1 Specimens

We measured skeletal material from specimens at the Ornithology and
Mammalogy Collection at the California Academy of Sciences. In total, we surveyed 340
skulls of adult California sea lions collected between 1962 and 2008 for males (n = 274)
and between 1983 and 2007 for females (n = 66). We selected specimens based on the
preservation of skull morphology, geographic origin, year of collection, and relative age.
Sex was determined when collected and confirmed by the presence of the baculum
when available. We only included skeletal materials collected from central and northern
California (encompassing the coastline between Del Norte to Monterey counties, but
mainly (> 85%) from Afo Nuevo State Park, the San Francisco area, and Point Reyes
National Seashore to avoid the confounding effect of geographical variation among
populations (Brunner, 1998; Bohérquez-Herrera et al,, 2017).

Because of their sexually dimorphic life history and variable population
dynamics across their geographic range (see Supplementary Text), the accumulation of
female and male California sea lion skeletal remains in central California may reflect the
interplay of distinctive ecological processes. During the study period (1962-2008), the
male California sea lion population was dominated by individuals breeding on the
Channel Islands (Supplementary Text). From the early 1960s to the late 1970s, male
skeletal remains found in central and northern California would correspond
predominantly to transient individuals stranded during their post-breeding foraging
trip from or toward their reproductive sites in Southern California. As new breeding
colonies were established on Afio Nuevo and the Farallon Islands in the late 1970s to

early 1980s (Keith et al. 1984), an increasing number of resident individuals (i.e.,

87



breeding in central California) might have contributed to the local death assemblage
(and our dataset), though the scale of breeding in the region was dramatically smaller
than on the Channel Islands for much of our study interval (compare Figure S3.3 and
S3.4). Thus, male skeletal remains chronicle population and ecological dynamics
experienced by sea lions in the Channel Islands and, more recently, in central California.
Although no population surveys before the 2000s are available for females, intermittent
records of newborn pups in central California since the 1980s (Figure S3.4)
demonstrate that females have consistently (but in low density) inhabited Afio Nuevo
and the Farallon Islands during the study period (1983-2007). These observations,
combined with the fact that females do not conduct long-distance foraging trips and
remain in their breeding rookeries all-year-round, indicate that female' skeletal remains
collected in central California primarily corresponded to resident individuals,
registering the population and ecological dynamics prevailing in these new breeding

sites.

3.3.2 Age estimation

Various methods have been used to age pinniped skulls. The count of annual
growth layer groups in sectioned canine teeth is one of the most reliable (Laws, 1961;
Hohn, 2009), but this method is destructive. Relative age measures, such as the cranial
suture age or Suture Index (SI), have been developed (Sivertsen, 1954; Brunner 1998).
Slis based on the observed degree of fusion of nine cranial sutures (occipito-parietal,
squamosoparietal, interparietal, interfrontal, coronal, basioccipito-basisphenoid,
maxillary, basisphenoid-presphenoid, and premaxilla-maxillary; Sivertsen, 1954), which

ranges from 1 (unfused suture) to 4 (completely fused suture). The Sl is calculated as
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the sum of the degree of fusion, with physically adult skulls ranging between 19 and 36
(Sivertsen, 1954; Brunner et al., 2004).

Previous studies of cranial sutures in California sea lions have shown a
correlation of chronological age and SI, with 15-year-old males having all cranial
sutures fully closed (SI > 30; Orr et al,, 1970). However, extensive variability in the
cranial suture pattern across carnivorans suggests a strong influence of feeding ecology
(Goswami et al.,, 2013). Furthermore, male otariids, including California sea lions,
display biphasic development with secondary growth in structures associated with
male-male combat (and territorial dominance) well after physical maturity is reached
(Brunner et al., 2004). Despite being physically and reproductively mature, males that
fail to maintain territories do not develop the complete secondary sexual
characteristics, including the complete suture fusion of the facial skeleton (Brunner et
al,, 2004; Stewardson et al., 2008). Moreover, the fusion of premaxilla-maxillary suture
is delayed in otariids, resulting in underestimating the SI relative to counts of the annual
growth layer groups (Audibert et al,, 2017).

Male California sea lions reach their maximum skull length, zygomatic breadth,
mastoid breadth, and sagittal crest when ten years old, corresponding to an SI of 20
(Orr, 1970; Brunner et al.,, 2004). Similarly, females reach their maximum skull length at
SIequal to 17-19 (Brunner et al.,, 2004). For this study, we included male specimens
whose SI was equal to or greater than 20. Likewise, we included female skulls whose SI
was equal to or greater than 19. In addition, other qualitative features were evaluated to
confirm the physical maturity of the specimens, including the absence of deciduous

teeth, the display of dental wear, the prominence of the sagittal crest, and the relative
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ossification of the tympanic bulla and the dentaries (Vasquez-Cuevas et al., 2000; Sinai

etal, 2014).

3.3.3 Standard length, skull measurements, and morphological indices

Standard body length (SL) was available for a subset of specimens (187 males
and 59 females). SL was recorded by the original collectors in the field and consisted of
the straight distance from the snout to the tip of the tail, representing the length of the
axial skeleton (McLaren, 1993). To develop a proxy for overall body size, we evaluate
the relationship between SL and skull length (condylobasal length, CBL). We recorded 7
linear measurements of the cranium and dentary (Figure S3.6 and Table S3.1) using a
digital caliper with an accuracy of 0.01 mm. To minimize error, all specimens were
measured by one of the authors (AVT) using a manual caliper. The measurements were
selected based on previous studies evaluating morphological variability in otariid
species, including California sea lions (Drago et al., 2010; Franco-Moreno et al,, 2015).
We calculated four functional indices (Mechanical Advantage, Relative Mastoid Width,
Relative Palatal Length, and the Skull Shape Index) from the morphological

measurements (see Table S3.2).

3.3.4  Stable isotope analysis

We subsampled 166 specimens of those included in the morphometric
assessment to perform stable carbon and nitrogen isotope analysis on bone collagen.
Specifically, we analyzed 66 females (ranging from 1983 to 2007), and 104 males
(ranging from 1962 to 2006) for carbon and nitrogen stable isotopes. Two of the female

specimens were not included in the morphometric study. We collected ~20 mg of
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ethmoid turbinals or cranium using tweezers and stored and transported them in 5 ml
Eppendorf tubes. Samples were cleaned and then demineralized by soaking for 48 h in
0.5N HCl at 4°C (Newsome et al,, 2006). Lipids were extracted by repetitive soaking
cycles and agitation in a petroleum ether solution followed by several rinses with
deionized water in glass scintillation vials. Samples were freeze-dried for 24 h with a
Labconco Freeze Dry System prior to isotope analysis. We weighed ~ 0.6 mg into tin
capsules (Costech; 5x9 mm). The carbon and nitrogen isotopic compositions and C and
N amounts were determined by the University of California Santa Cruz Stable Isotope
Laboratory using a CE Instruments NC2500 elemental analyzer coupled to a Thermo
Scientific DELTAplus XP isotope ratio mass spectrometer via a Thermo-Scientific Conflo
I11. Isotope data are expressed in delta (8) notation which for §13C and 815N (%o) =
[(Rsample / Rstandard) = 1] x 1000, where Rsample OT Rstandara are the 13C/12C and 15N /14N ratios
in the sample or standard for carbon and nitrogen, respectively. Measurements are
corrected to VPDB (Vienna PeeDee Belemnite) for §13C and AIR for §15N against an in-
house gelatin standard reference material (PUGel) which is extensively calibrated
against international standard reference materials. Measurements are corrected for size
effects, blank-mixing effects, and drift effects. An externally calibrated Acetanilide #1
standard reference material purchased from Dr. Arndt Schimmelmann of Indiana
University is measured as a sample for independent quality control. In this set of
sample measurements, 19 replicates of Acetanilide #1 had reproducibility (10) of
0.06%0 and 0.11%o for 813C and 615N, respectively, and 0.13 for the C:N ratio. The 40
replicates of PUGel had reproducibility of 0.06%0 and 0.09%o for §13C and 615N,
respectively, and 0.03 for the C:N ratio. Typical reproducibility is significantly better

than 0.1%o for §13C and significantly better than 0.2%o for 615N. The atomic C:N ratio of
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bone samples was determined and varied between 3.1 and 3.6, which is within the

range for well-preserved collagen (DeNiro, 1985).

3.3.5 Correction for anthropogenic changes to 613C values

Carbon isotope values were corrected for the global decrease in the 13C
concentration of atmospheric carbon dioxide, largely due to fossil fuel burning over the
last 150 years, a phenomenon named the Suess effect. A time-dependent correction

factor was applied to the 613C values following Misarti et al. (2009) as follows:

Suess effect correction factor = d * e0.027*(t-1850)

d is the maximum annual rate of §13C decrease specific to the North Pacific (-0.014 from
Quay et al.,, 1992) and t is the year represented by the year of specimen collection.
Notably, the magnitude of the Suess effect exhibits a broad range of spatial variability
(Tagliabue and Bopp, 2008). Therefore, we used a specific parametrization for the
northeastern Pacific Ocean. The corrected 613C values were used for all the subsequent

analyses.

3.3.6  Data analysis
All data analyses were performed in R statistical software version 4.0.3 (R Core
Team 2020). Males and females were analyzed separately because of the sexual

dimorphism displayed by California sea lions.
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3.3.6.1 Analysis of body size, skull measurements, and functional indices through time

We analyzed females and males separately to avoid biases because of the
extreme sexual dimorphism in California sea lions. We assessed the relationship
between standard length (SL) and skull length (CBL) using a linear regression model.
We tested the stability of the ratio between the SL and CBL through time for each sex by
performing linear regression analysis with the year when the specimen was collected as
the independent variable and CBL as the dependent variable. We evaluated the
relationship between skull measurements and functional indices and year of collection

of the skeletal remains using the Spearman nonparametric correlation test.

3.3.6.2 Changes in the isotopic niche through time

The population of California sea lions has sustained growth over, at least, the
last six decades (Figure 3.1, Figure S3.3, S3.4). To investigate the relationship between
population increase, foraging, and habitat preferences of California sea lions through
time, we categorized individuals analyzed for stable isotopes values into groups
depending on their sex and the year they were collected. We defined three groups: (1)
males collected between 1962 and 1982, (2) males collected between 1983 and 2006
(note that this group’s upper temporal limit is lower than those included in the
morphometric analysis), and (3) females collected between 1983 and 2007. Based on
their sex-specific life history and population dynamics across their range, these groups
would chronicle distinct density-dependent ecological pressures. Males belonging to
groups (1) and (2) would largely correspond to transient individuals stranded during
their post-breeding foraging trips from breeding sites in the Channel Islands. Group (2)

might also include a small number of individuals breeding at Afio Nuevo and the
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Farallon Islands in central California (Figure S3.4,5). These differences imply that
individuals from group (1) would chronicle the effects of increasing density-dependent
ecological pressures resulting from California sea lions’ steady population increase in
the Channel Islands (Figure S3.3). Individuals from group (2) would document the
effects of intensified density-dependent competition resulting from the accelerated
population increase observed in the Channel Island between the 1980s and the late
2000s (period during which they approached and presumably reached their carrying
capacity) (Figure S3.3) strengthened by the consistent population expansion of males
residing in central California (Figure $3.4,5). Conversely, females (group 3) would
primarily represent residents from central California, which remained in low density
during their study period, experiencing, therefore, potentially low levels of intraspecific
competition.

To estimate isotopic niche width (a proxy for an ecological niche) between
groups in the population, we used Bayesian multivariate ellipse-based metrics
implemented in the packages SIBER and rjags (Jackson et al., 2011). We calculated the
standard ellipse areas considering the 95% of the data corrected for small sample size
(SEA¢) and Bayesian standard ellipses (SEAg) for each group. We estimated SEAg using 5
chains of 10,000 iterations, a burning of 1,000, and a thinning of 10. We compared the
posterior probabilities of SEAg of each group by using a Kruskal-Wallis analysis of the
variance, followed by a Dunn test with Bonferroni correction for multiple comparisons

using the package ggbetweenstats (Patil, 2021) in R.
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3.4 RESULTS

3.4.1  Shifts in adult body size and functional skull traits over time

We recorded 7 linear measurements of the skulls of adult female (n = 66) and male (n =
273) California sea lions skeletons collected from the coastlines of central and northern
California (Figure S3.6, Table S3.1; see the Methods for details). Females remain near
the breeding colony and are considered resident to the small central California
rookeries, based on this species' life history and historical population dynamics. In
contrast, males are considered transient and likely stranded during their lengthy post-
breeding foraging trip from much larger breeding sites on the Channel Islands (see
Supplementary Text). We calculated four morphological indices (Table S3.2) associated
with feeding and physical display performance. We found that skull length
(condylobasal length) and standard body length were significantly correlated for
females (Pearson's r = 0.43, p = 0.00061) and males (Spearman's p = 0.39, p < 0.00001)
(Figure S7). We can, therefore, use skull length as a proxy for body size (Churchill et al.,
2014).

We hypothesized that as their population increased, an increase in intraspecific
competition would lead to a decline in adult body size for both female and male
California sea lions, as observed in other pinniped species. Contrary to this prediction,
we found that skull dimensions (including our body size proxy, skull length) of male
adult California sea lions significantly increased between 1962 and 2008 (Table 3.1,
Figure 3.2A, Figure S3.8). Likewise, metrics of skull function such as the Skull Shape
Index (indicator of the masticatory muscle insertion area), and Relative Mastoid Width

(indicator of neck muscle insertion area) significantly increased over this 46-year
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interval (Table 3.1). These results are consistent with adult male California sea lions
evolving more robust skulls with enhanced abilities to engage in physical encounters.
The temporal record for females in our dataset was shorter (1983 to 2007) and
restricted to resident animals from central California. Females did not show a change in
skull dimensions or functional traits during this period. Of course, while the number of
females at central California breeding sites increased at the end of this interval (in the
early 2000s), there is no evidence that they were at carrying capacity by 2007 (Figure
S3.4). In contrast, males stranding on the central California coast during this time
interval (1983 to 2008) significantly increased their skull length and the dimensions of
their mouth as well as their mechanical advantage (indicator of bite force) and their
relative palatal length (size corrected length of the oral cavity) (Table 3.1). These
changes occurred contemporaneous to the regional increase of California sea lions

population, approaching their carrying capacity (Figure S3.4).

3.4.2 Decadal shift in foraging ecology

We tested whether California sea lions shifted their foraging and habitat
preferences during this period of population recovery by measuring the carbon (613C)
and nitrogen (615N) isotope values of bone collagen for a subset of adult females (n =
67) and males (n = 104), encompassing a period between 1983 and 2007, and between
1962 and 2006, respectively. Note that the time frame record for males analyzed for
stable isotopes was briefer than for the morphometric analysis. We found significant
differences between the Standard Ellipse Area of females and males (x* (2) = 1010.2, p <
0.00001). Pairwise comparisons indicated that males collected between 1962 and 1982

had significantly smaller isotopic niches than males collected between 1983 and 2006
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(p <0.00001) and than females (p < 0.00001). We could not evaluate long-term
variation in the female isotopic niche due to the shorter time frame of our female data
set (1983-2007). Yet, the isotopic niche breadth of females is significantly larger than
that of contemporary males (p < 0.00001, Figure 3.2C), indicating that females have

greater foraging variability than contemporaneous males.

3.5 DISCUSSION

Contrary to our predictions, we found that over a 46-year (1962-2008) period,
during which male California sea lions' population was growing and approaching
carrying capacity (Figure 3.1A, Figure S3.2, 3), adult males significantly increased rather
than decreased their average body size, as deduced from increases in skull length (and
other skull dimensions). Male sea lions collected between 1983 and 2008 had larger and
broader skulls, enhanced bite force, and an expanded isotopic niche width. Our sample
of females from central California were not at carrying capacity, and female skull
dimensions remained stable, but their isotopic niche was conspicuously larger than that
of contemporaneous males. These results indicate that body size decrease is not the
universal response to increased competition associated with population recovery in
marine predators. Moreover, we show that male California sea lions have expanded
their foraging niche over recent decades and that females display unexpectedly high
foraging variability.

The morphometric response of females and males suggests that food limitation
did not adversely affect sea lions’ body size growth during decades over which their
population increased. This shouldn’t be surprising for females, as their increased

density did not approach carrying capacity, but it is surprising for males, whose
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population numbers had plateaued. This unexpected increase in the body size and
change in the functional traits (i.e., Mechanical Advantage, Relative Mastoid Width,
Relative Palatal Length, and Skull Shape Index) of male sea lions suggest that other
density-dependent factors may have influenced their morphological and ecological
dynamics. California sea lions are polygynous breeders that annually congregate at
reproductive sites. As their population recovered, the density of males at breeding sites
increased (Figure S3.2), and male-male confrontations for territorial control
presumably also intensified (Young and Gerber, 2008; Gerber et al., 2010). While body
size influences male competitiveness through aggressive displays (Schusterman and
Dawson, 1968; Bartholomew, 1970), it also influences attendance patterns during the
breeding season. Larger individuals can endure extended fasting spans, allowing them
to stay and defend territories for longer periods, increasing their reproductive success
(P6érschmann et al.,, 2010; Meise et al., 2014). Consequently, as the population recovers,
larger and more competitive individuals with higher fasting ability would be favored by
increased sexual selection on the breeding colonies.

Bite force and neck mobility are also relevant to male-male confrontations and
reproductive success (Jones et al,, 2013; Bohérquez-Herrera et al., 2014). Therefore, if
sexual selection intensified, a positive selection of biting force and neck mobility would
be anticipated. Indeed, adult male California sea lions have developed broader insertion
areas for the muscles associated with biting (e.g., the temporalis muscle as indicated by
an increased Skull Shape Index) and in neck lateral flexion and rotation (e.g.,
sternocleidomastoid muscle as indicated from Relative Mastoid Width) between 1962
and 2008 (Table 3.1). Long-term assessments of sexual selection are not available for

this species; however, future decadal-scale studies on relative baculum size (e.g.,
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Fitzpatrick et al.,, 2012), reproductive steroid hormones (e.g., Chaparrata et al., 2021), or
genetic paternity (e.g., Harcourt et al., 2007) in museum specimens might provide ways
to test and quantify the occurrence of density-dependent sexual selection in adult male
California sea lions associated with population recovery.

Larger individuals could, in theory, forage further, longer, and deeper with
proportionally lower energy expenditure than smaller individuals (Costa 1993; Mori,
2002; Weise et al,, 2010; Costa and Valenzuela-Toro, 2021). Therefore, positive
selection for more efficient foraging may have reinforced the trend toward larger size.
While increased body size results in higher absolute energy requirements (Peters,
1986), adult males have expanded their isotopic niche, hinting at the exploitation of
more diverse resources during their post-breeding foraging trips (Figure 3.1B). Some
individuals from 1983 to 2006 had lower 615N values than earlier males, which is
consistent with a northward extension of their foraging trips and the consumption of
higher latitude (with lower isotope baseline) prey (Aurioles et al., 2006). This is
consistent with sightings of male California sea lions in southeastern Alaska in recent
decades (Maniscalco et al., 2004). Moreover, the increase in oral cavity length of adult
males would enhance their ability to capture and handle larger prey (e.g., Franco-
Moreno et al., 2021). This is further supported by some contemporary adult males
displaying higher maximum 815N values, which would indicate the preferential
consumption of higher trophic level prey.

While other studies have documented the occurrence of significant body size
reductions of female sea lions during population recovery (Drago et al., 2010; Sosa
Drouville et al., 2020), adult female California sea lions' size remained stable. The spatial

distribution of our sample coupled with the distinct population dynamics observed in
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sea lions' breeding rookeries along the Californian coast is likely influencing these
results. Unlike males, which have occupied haulout sites along central California for
several decades (Bartholomew 1965; Gearin et al., 2017), female California sea lions
were relatively rare until the mid-2010s, when new breeding sites were established at
Afio Nuevo and the Farallon Islands (Lowry et al., 2017, Figure S3.4). Information on the
feeding ecology of females inhabiting these sites is not available. However, female
California sea lions are central place foragers and conduct short foraging trips near their
breeding sites, although exceptional sightings of females from the Channel Islands
foraging in Monterey Bay in central California have been documented (Kuhn and Costa,
2014). The degree of foraging overlap between females and males in this area is
unknown; yet, some spatial segregation is expected to be associated with body size
differences (Weise and Costa 2007). These observations suggest that, during the study
period (1983-2007), female sea lions inhabiting central California were rare,
experiencing low density-dependent intraspecific competition for resources, which
contributes to their body size stability.

We found that adult females have greater variability in their foraging and
dietary preferences (as characterized by the isotopic niche) than contemporary adult
males. The high foraging variability among females aligns with studies showing that
they are highly efficient foragers (Weise and Costa, 2007) with varying foraging
strategies (McHuron et al., 2016). The mechanisms underlying these observations are
unclear; however, the association between functional traits and the §15N values (Figure
$3.8, Table S3.3) hints that skull morphology might contribute to niche breadth by
favoring foraging specialization that lessens intraspecific competition among females.

Additional decadal-scale studies of females breeding rookeries in the Channel Islands
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(Figure S3.1), which have presumably reached their carrying capacity (Figure S3.2,3),
are required to test the occurrence (or not) of density-dependent shifts in body size and
to further explore the effect of skull morphology on foraging dynamics.

Although dietary data are not available for our entire study period (1962-2008),
reports from the 1980s to the early 2000s show that California sea lions' diet was
diverse but consistently dominated by energy-rich pelagic species such as Pacific
sardines (Sardinops sagax) and northern anchovies (Engraulis mordax; Lowry et al.,
1991; Weise and Harvey, 2008), mirroring fluctuations in their regional abundance
(Figure 3.1C). Following the collapse of these fisheries in the 2010s (Zwolinski and
Demer, 2012; MacCall et al., 2016), however, California sea lions' diet shifted towards a
higher contribution of less energy-dense prey (Robinson et al., 2018; Figure 3.1C),
coinciding with lower pup recruitment (McClatchie et al. 2016; Figure 3.1A). Likewise,
depletions of pelagic fish during El Nifio events (Figure 3.1) have negatively affected
California sea lions' energy budget, reproduction, and even their immune response (e.g.,
Costa et al., 1991; Melin et al,, 2008; DeRango et al., 2019; Figure 3.1B). Together, these
observations demonstrate that pelagic prey are critical for California sea lions'
population dynamics, sustaining their recovery and their decade-scale, density-
dependent shifts in body size, morphology, and foraging niche.

[t is uncertain how the recovery of marine mammals will be affected as changes
in prey abundance and distribution associated with climate further develop. Climate
models predict widespread shifts for the California Current System because of global
warming. Among other consequences, models forecast an increase in the frequency and
intensity of El Nifio-like warming conditions (Cai et al., 2014; Howard et al,, 2020) as

well as an overall reduction of body size and dispersal ability and poleward shift of
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pelagic fishes (Howard et al., 2020; Avaria-Llautureo et al., 2021; Fiechter et al,, 2021).
These new conditions are likely to impact marine predators, such as California sea lions,
increasing their foraging effort and depressing their energy budget by decreasing
foraging performance. Indeed, the energetic and ecological tradeoffs resulting from
density-dependent selection pressures like those presented here may be unattainable,
lowering their capability to overcome resource competition and reducing species'
carrying capacity, leading to steep transformations in the structure and functioning of

these populations of marine mammals.
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TABLES

Table 3.1. Descriptive statistics of morphological variables of female and male California
sea lions over time. Non-parametric Spearman's correlation between year of collection
and morphological variables is described in Figure S3.1 and Table S3.1, 2. Years
between brackets indicate the temporal range of collection of the individuals analyzed;
p (rho): Spearman'’s correlation coefficient; and p: significance level. Significant
correlations in bold.

Males Males Females

_ _ [1962-2008] [1983-2008] [1983-2007]

Morphological variable n=273 n=171 n=66
p p p p p p

Cranium
Condylobasal length (CBL) 0.28 <0.0001 0.15 0.044 -0.012 0.92
Mastoid width (MW) 0.27 <0.0001 0.12 0.10 -0.029 0.81
Maximum skull width (MSW) 0.28 <0.0001 0.12 0.13 0.030 0.81
Palatal length (PL) 0.32 <0.0001 0.28 0.00037 0.0052 0.97
Total height (TH) 0.13 0.038 0.069 0.38 -0.19 0.14
Mandible
Mandible length (ML) 0.32 <0.0001 0.18 0.030 0.12 0.34

Masseteric fossa length (MFL) 0.24 0.00010 0.25 0.0012 0.052 0.68

Morphological indices

Mechanical Advantage (MA) 0.11 0.10 0.18 0.024 0.074 0.56
Relative Mastoid Width (RMW)  0.13 0.029 0.039 0.61 -0.071 0.57
Relative Palatal Length (RPL) 0.21 0.00098 0.27 0.00048 0.042 0.74
Skull Shape Index (SSI) 0.13 0.037 0.014 0.86 -0.020 0.87
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Figure 3.1. A) Estimated population of females (green), males (red), and pups (gray)
from a population reconstruction model of California sea lions inhabiting the coastal
waters off the west coast of the United States through time (data from Laake et al,,
2018). Dashed lines indicate the local polynomial regression line, the gray shadows
represent their 95% confidence intervals. Black dots represent the historical population
of female and male California sea lions obtained from counts at rookeries and haulouts
in southern California. Lower case letters next to points indicate the source: a. California
Division of Fish and Game (1947); b. Bartholomew (1965). Vertical red rectangles
represent moderate and strong warm anomalies in the eastern North Pacific (ONI index
peaks > 1) after 1972. Data from NOAA (http:
https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI v5.php)
. (B) Distribution of principal California sea lion rookeries along the North Pacific
(circles 1-5) and the Gulf of California (circles 6 and 7). Colored lines represent the post-
breeding foraging trips of females (green) and males (red) from the Channel Island
rookeries, the only population that has been explored. (C) Reconstructed abundance of
two of the historically preferred prey species of California sea lions, the Pacific sardine
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and northern anchovy, along the western coast of the United States between 1950 and
2014 (data from Dunstan et al., 2020). Percentages indicate the proportion of these
species in California sea lions' diet over time. Superscripts indicate the data source:
Lowry etal. (1991), 2Weise and Harvey (2008), 3Robinson et al. (2018).
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Figure 3.2. (A) Skull length (i.e., condylobasal length) of females (green) and males (red)
over time. Black dots represent the mean value by year of collection. Dashed black lines
represent the nonparametric Spearman's p correlation between the year of collection
and the skull length. The correlation between the skull length and the year of collection
was significant for males (Spearman’s p = 0.28, p = 4.1e-06) and non-significant for
females (Spearman’s p =-0.012, p = 0.92). (B) Carbon (813C) and nitrogen (615N) isotope
values of females (green triangles: 1983-2007) and males (red circles: 1962-1982; red
diamonds: 1983-2006). Note that the upper temporal limit for the stable isotope
analysis of males is shorter than for their morphometric analysis. Average values for
each group are presented in Table S3.4. Ellipses represent the size-corrected standard
ellipse area (SEA¢), including 95% of the data. Red dashed ellipse and continuous red
ellipse represents the SEA¢ of males collected between 1962-1982, and between 1983-

113



2006, respectively. Green ellipse represents SEA¢ of females. (C) Isotopic niche space
(Bayesian standard ellipse area) calculated for male and female California sea lions
during the same periods indicated in (B). Boxplots represent the median (horizontal
line), inter-quartile range (rectangle), 95% range (vertical lines), and outliers (black
dots). Letters on top represent significant differences between groups.
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CHAPTER 3

3.8 SUPPLEMENTARY INFORMATION

Supplementary Text

3.8.1.1 Population size, carrying capacity, and resource competition of California sea

lions over time

Periodical surveys conducted between 1927 and 1946 (Bureau of Marine
Fisheries, 1947) revealed that the sea lion population experienced a sustained increase
in Southern and central California. Unfortunately, these surveys did not distinguish
between California and Steller sea lions; therefore, no precise inferences on the
California sea lion population can be obtained from these records.

Long-term monitoring has shown that the Channel Islands (Figure S3.1) harbor
the more abundant and rapidly growing portion of the California sea lion population in
the eastern North Pacific. Broadly, four islands, namely San Miguel, San Nicolas, San
Clemente, and Santa Barbara, constitute the major breeding sites for the species on the
Channel Islands, accounting for more than 99% of the pups and >77% of the non-pups
counts during the breeding season in all California between the 2000s and the early
2010s (Lowry et al., 2017). Field surveys also reveal that two of these islands, San
Miguel, and San Nicolas Islands, are the most extensive and productive California sea
lion breeding rookeries, accounting, respectively, for ~90% and ~70% of this species
population in the North Pacific Region (Lowry et al., 2017).

Field counts on the Channel Islands reveal that the California sea lion
population, including all age classes and sexes, significantly increased between 1964

and 2019 (Lowry et al,, 2021). However, conspicuous declines in pups in 1998, 2009,
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2010, 2013, 2014, and 2016 occurred, likely associated with environmental variability,
including severe El Nifio events and the oceanic heatwave between 2013 and 2015
(Lowry and Maravilla-Chavez, 2005; McClatchie et al., 2016). Unlike pups, which have
been consistently monitored on the Channel Islands since the 1960s, more varying
information is available for other age classes. However, counts of juveniles and adult
and subadult males between the ~1990s and 2019 show that they have unsteadily
increased over time. While less consistent monitoring has been conducted for adult
females on the Channel Islands, records between 2002 and 2019 reveal that their
population remained relatively stable (Figure S3.2). However, conspicuous decreases
between 2013 and 2018 occurred (Figure S3.3).

The recent declines in the number of California sea lion pups and, to some
extent, females in the Channel Islands (Figure S3.3) indicate that this species might have
substantially slowed down its population growth rate after the mid-2010s. Based on
pup counts and survival estimates, it has been concluded that California sea lions
remain within their optimum sustainable population range (i.e., population range
between the populations' carrying capacity and the maximum productivity level) but
have surpassed their maximum net productivity level (i.e., greatest net annual
increment in population) approaching, therefore, their carrying capacity (Laake et al.,
2018). Moreover, the consistent decline in the pup weight between 2004 and 2015 and
the decay of the predicted daily weight growth rate between 2010 and 2015 on San
Miguel Island (Melin et al., 2012; McClatchie et al., 2016) suggest that California sea
lions have experienced a strengthening of adverse ecological conditions during recent
decades, consistent with the intensification of density-dependent ecological pressures,

as observed in other sea lions (e.g., Trites and Donnelly, 2003). Although a conspicuous
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population increase occurred on San Miguel and Nicolas Islands in 2019, reaching the
population levels from the mid-2000s (Figure S3.2), it is unknown whether it represents
a transient or a long-term trend, a critical issue to be resolved by future surveys.

Distinct population dynamics have been documented in central (Figure S3.2, 3)
and northern California (Figure S3.4). Field surveys between the early 2000s and 2010s
show that pups born in breeding sites in central California only represent the 0.3% of
the California population (Lowry et al., 2017). Historical observations revealed that Afio
Nuevo and the Farallon Islands in central California constituted two major haul-out sites
for males during their northward post-breeding foraging trips (Bartholomew 1965;
Gearin et al,, 2017). Unfortunately, censuses in these localities have been mainly
conducted during the boreal summer (i.e., California sea lions’ reproductive season),
impeding more exhaustive assessments of their occupation by transient males during
the non-breeding season. Nevertheless, these censuses have recorded the ubiquitous
and relatively stable presence of adult and subadult males and juveniles during the
1990s and the 2000s (Figure S3.4,5). During the late 2010s, however, a notable increase
of subadult and adult males occurred, coinciding with the establishment of new local
reproduction in the area.

Females have been consistently monitored on Afio Nuevo and the Farallon
Islands only since the 2000s. Surveys indicate that except for conspicuous increases in
2003 and 2009, they remained at very low density until the 2010s when their
population size boomed. Since then, their population has significantly expanded,
reaching nearly 2000 individuals in 2019. Concurrently, intermittent newborn pups
were observed on Afio Nuevo and the Farallon Islands in past decades (e.g., Keith et al.,

1984). Population surveys indicated the sporadic occurrence of newborn pups in
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central California since the 1980s, with notable boosts in 1998 and 2003 when near 50
were recorded. Since the late-2000s, the number of newborn pups on these islands has
steadily increased, qualifying them as California sea lion breeding rookeries (Lowry et
al,, 2017; Figure S3.1-3). The number of newborn pups on these islands has continued to
grow, reaching nearly 800 and 1000 individuals in 2019 in Afio Nuevo and the Farallon
[slands, respectively, becoming two small but rapidly growing breeding colonies (Lowry
etal, 2021).

Considering the population dynamics in Southern and central California over
time, stranded female and male sea lions in central and northern California (the region
where skeletal remains including in this study were collected) between the 1960s and
the late 2000s would chronicle different density-dependent dynamics, including
intraspecific competition, as their population expanded.

As is inferred from the historical absence of sizeable reproductive colonies in
central California until recently, male skeletal remains collected between 1962 and
2010s likely correspond to individuals breeding in the Channel Islands that temporally
occupied haul-out sites in central and northern California during their post-breeding
foraging trips. Moreover, as new breeding colonies on Afio Nuevo and the Farallon
[slands were established, some males residing during the breeding season may have
contributed to the collection. Males presumably experienced rising density-dependent
intraspecific competition for resources and space as their population in the Channel
[slands expanded (Figure S3.2,3), which was likely intensified further as the number of
resident males in central California began to rise.

California sea lions exhibit a resource-defense polygynous breeding system in

which males secure their reproductive success by defending land territory and
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monopolizing female harems. Male sea lions frequently engage in aggressive male-male
interactions in which body size and physical display are determinants for their
reproductive success. As their population grew, larger congregations at their breeding
sites on the Channel Islands occurred (Figure S3.3), likely leading to more frequent
male-male aggressive encounters (Aurioles-Gamboa and Zavala-Gonzalez, 1994;
Kvarnemo and Ahnesjo, 1996; Weir et al., 2011), potentially intensifying levels of sexual
selection in breeding colonies over time. Furthermore, as their population boosted, the
number of adults and sub-adult males undertaking their northward post-breeding
foraging trips rose as is suggested by increasing number of male California sea lions
hauling out at the opening of the Columbia River estuary, one of the majors hauling out
area for this species in the North Pacific (Schakner et al., 2017; Brown et al., 2020;
Schakner and Blumstein, 2021).

Long-term monitoring indicates that females remained in very low densities in
central California until the late 2000s when large scale breeding sites were established
in this area (Figure S3.4,5). Therefore, skeletal remains collected between 1983 and
2007 in central California likely correspond to small scale resident breeders with a
minor contribution of individuals from the Channel Islands. Limited information of the
females now residing in central California is available, and critical aspects of their
foraging ecology such as their preferred foraging locations and diet remain unknown.
Yet, lactating females tend to be central place foragers, undertaking short foraging trips
near their breeding colony (Melin et al., 2000; McHuron et al., 2016), which hints that
resident female may be exploiting foraging grounds near Afio Nuevo and the Farallon
[slands. If so, resident females in central California likely encountered low density-

dependent intraspecific competition for resources during the study period. While it is
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unknown to what extent foraging preferences between resident females and males
might overlap, body size differences between them are significant, suggesting that some
type of spatial foraging segregation occurred, including targeting different prey sizes or
the exploitation of distinct depths in the water column, as has been observed in other

pinniped species (e.g., Trites and Calkins, 2008).

Extended results

3.8.1.2  Shifts of body size and functional morphology over time

The ratio between the CBL and SL of both sexes did not change over the span
(females: p = 0.81; males: p = 0.41); consequently, changes in the skull size over this
period are expected to be associated with changes in the standard length. The average
SL and CBL for females and males are presented in Table S3.5. The average CBL and the
maximum and minimum CBL’s for both sexes are within the range of the adult size
reported by previous studies for this species (see Cruwys and Friday, 1995; Brunner et
al,, 2004). The residual plots for the linear model between skull length and year of
collection show random patterns for males and females, indicating a good fit of the
linear model. Similarly, we did not find a significantly correlation between residuals and

the year of collection of the skeletal remains (Figure S3.8).

120



SUPPLEMENTARY TABLES

Table S 3.1. Description of skull measurements taken (and one calculated from
measurements) of California sea lions included in this study. Measurements were
modified from Drago et al. (2010) and Franco-Moreno et al. (2015).

Anatomical measure-
ments (abbreviation)

Definition and description

Cranium
Condylobasal length The most anterior tip of the premaxilla to the posterior-
(CBL) most margin of the occipital condyles

Mastoid width (MW)

Maximum skull width
(MSW)

Palatal length (PL)

Maximum breadth of the mastoid process

Maximum breadth of the skull between the zygomatic
arches

The maximum length of the palatal bone between the
posterior edge of central incisor alveoli and the farthest
posterior mid-point of the palate

Total height (TH) Distance from the dorsal tip of the sagittal crest to the
caudal end of the mastoid.

Mandible

Mandible length (ML) The most anterior tip of the dentary or tip of the anterior-

Masseteric fossa length
(MFL)

most canine tooth to the lateral end of the condyle.

Most anterior tip of the masseteric fossa on the lateral
face of the mandible to posterior-most tip on the begin-
ning of mandibular condyle.
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Table S 3.2. Morphological indices, definitions, and their functional interpretations.
These indices are calculated from skull measurements listed in Table S3.1.

Morphological = Description and functional interpretation
indices
Mechanical Ad- Length of the insertion area for the masseter muscle relative to the

vantage (MA)

Relative Mas-
toid Width

(RMW)

Relative Palatal
Length (RPL)

Skull Shape In-
dex (SSI)

mandible length. This indicates the mechanical advantage of the
masseter, with higher numbers indicating higher bite forces
(Timm-Davies et al., 2015).

Calculated as the mastoid width (MW) divided by the total skull
length (CBL). Higher values indicate a relatively larger area for
muscle insertion.

Measured as the length of the palate from the anterior-most to the
posteriormost margin divided by the skull length. It relates to the
size of the oral cavity.

Skull width at the level of the zygomatic arches relative to the total
skull length (skull width/skull length). Indicates relative ability to
generate bite force, given that a broader skull is associated with
larger jaw-closing muscles and a shorter skull increases the me-
chanical advantage of the jaw-closing muscles (Biknevicius and Van
Valkenburgh, 1996).
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Table S 3.3. Relationship of morphological variables of female and male California sea
lions and 815N values. [...]: Collection years of specimens; n: sample size; C.C.: correlation
coefficient; r: Pearson’s correlation coefficient; p: Spearman's correlation coefficient;
and p: significance level. Variable abbreviations in Figure S3.1.

Males Males Females
Variable [1962-2006] [1983-2006] [1983-2007]

n=104 n=>54 n=68

C.C. p C.C. p C.C. p
Cranium
CBL 0.000r 1 0.03r 0.84 -0.087r 0.52
MW 0.063r 0.53 0.10r 047 0.27r 0.042
MSW 0.095r 0.34 0.084r 0.55 0.35r 0.0076
PL 0.038¢ 0.72 -0.014r 0.92 -0.086r 0.53
TH 0.034r 0.75 0.012r 094 0.21r 0.13
Mandible
ML 0.037r 0.73 -0.021r 0.89  -0.042r 0.76
MFL -0.066r 0.52 -0.23r 0.12 -0.017r 0.90
Morphological indices
MA -0.030¢ 0.78 -0.22r 0.14  -0.0063r 0.96
RMW 0.076r 0.45 0.12r 0.40 0.40r 0.0022
RPL 0.040vr 0.71 -0.051r 0.73  -0.046 0.74
SSI 0.20¢ 0.047 0.081r 0.56  0.45r 0.00059
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Table S 3.4. Mean and standard deviation of 613C and 615N isotope values (%o0), and iso-
topic standard ellipse areas for females and males California sea lions containing 95% of
data. SEA¢ is the standard ellipse area adjusted for small sample sizes, and SEAg repre-
sents the average of the standard ellipse areas calculated from Bayesian approaches. Pa-
rentheses next to the Bayesian metrics indicate the 95% credibility intervals for each

group.
Males Males Females
Variable [1962-1982] [1983 - 2006] [1983-2007]
n=>50 n =54 n=67
Mean 613C + SD -12.6 + 0.4 -12.6 +0.4 -13.0+0.4
(min, max) (-13.6,-11.6) (-13.5,-11.2) (-14.0,-12.4)
Mean 615N + SD 18.6 £ 0.5 184 +0.6 17.7 £ 0.6
(min, max) (17.6,19.9) (16.9, 20.3) (16.3,19.0)
SEAc (%0?2) 0.65 0.69 0.71

SEAg (%0?)

0.63 (0.47 - 0.84)

0.67 (0.51 - 0.89)

0.70 (0.54 - 0.89)

124



Table S 3.5. Average standard length and skull length of California sea lions included in

this study.
Morphological measurement Females Males
Average standard length (SL; cm) 169.03 £9.99 233.54+£12.79
Average condylobasal length (CBL, mm) 232.10 £ 6.28 286.60 £ 8.81
Minimum condylobasal length (mm) 218.88 268.05
Maximum condylobasal length (mm) 246.06 311.0
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Figure S 3.1. Map of the California coast depicting the location of the principal California
sea lion breeding colonies on central California (the Afio Nuevo and the Farallon
Islands) (B), and on the Channel Islands (Anacapa, San Clemente, San Miguel, San
Nicolas, Santa Barbara, Santa Catalina, Santa Cruz, and Santa Rosa) in southern
California (C). An additional breeding rookery is constituted by Richardson Rock, an
islet located five and a half miles from the western point of San Miguel Island. Modified

from Lowry et al. (2017).
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Figure S 3.2. Counts of California sea lions’ individuals on the Channel Islands during the
breeding season between 1981 and 2019. For each breeding sites, annual counts of
pups, juveniles, adult females, young males, adult females or young adults, subadult
males, and adult males were included when available. Only counts of more than one age
class/sex category at each colony per year was included (therefore single pups counts at
San Miguel and San Nicolas Island before ~1990s were not included; see Figure S3.3 for
their visualization). Surveys were conducted using small boats, ground counts, and
aerial photographs. Dashed lines indicate the local polynomial regression lines for
counts at each rookery, and the grey segments represent the 95% confident interval.
Data from Lowry et al. (2021).
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Figure S 3.3. Counts of California sea lion individuals on the Channel Islands during the
breeding season between 1971 and 2019. Pups (A), juveniles (B), adult females (C),
adult females or young males (D), subadult males (E), and adult males (F). Surveys were
conducted using small boats, ground counts, and aerial photographs. Note that vertical
axes have different scales. Dashed lines indicate the local polynomial regression lines
for counts at each rookery, and the grey segments represent the 95% confident interval.
Data from Lowry etal. (2017, 2021).

128



A B
1500 B
® Afo Nuevo Island
@ Southern Farallon Islands
@ Northern Farallon Islands
@ Farallon Islands (no specific location)
4000 4
1000
»
Q@
%] c
S g
o =]
3
500 2000 {
0 I, N 7. 04
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Cc D
3000 4
6000
» 73
< 4000 g 2000
£ £
(%] j=2)
= 5
> o
p) >
<
2000 1000 4
0 0
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
E F
1500 600 4
g 1000 w4004
5] °
E £
< 5
°
S <
@ 500 200
0 04
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Year Year

Figure S 3.4. Counts of California sea lion pups (A), juveniles (B), adult females (C), adult
females or young males (D), subadult males (E), and adult males (F) using aerial
photographs at Afio Nuevo Island and the Farallon Islands (southern and northern
islands, and undetermined location) in central California during the breeding seasons
between 1982 and 2019. Dashed lines in plots indicate the local polynomial regression
lines for counts at each rookery, and the colored segments represent the 95% confident
interval for each site. Data from Lowry et al. (2017, 2021).
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Figure S 3.5. Skull measurements taken for specimens of California sea lions in lateral
(A) and ventral (B) views of the cranium, and lateral (C) view of the dentary.
Abbreviations for cranium: Condylobasal length (CBL); Mastoid Width (MW); Maximum
Skull Width (MSW); Palatal length (PL); Total height (CH). Abbreviations for mandible:
Mandible length (ML); Masseteric fossa length (MFL).
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Figure S 3.6. Standard body length plotted against the skull length of a subset of female
and male California sea lions included in the study. The correlation between the skull
length (CBL) and the standard length was significant for females (Pearson’sr=0.43,p =
0.00061) and males (Spearman’s p = 0.39, p < 0.0001). Dashed black lines represent the
linear regression for each sex. The regression analysis between skull length and
standard length was significant for males (Rz = 0.20, F(1, 241) = 60.1, p < 0.00001) and
females (R2=0.17,F(1,57) =13.15, p = 0.00061).
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Figure S 3.7. Biplots between the residuals of the linear model between the skull length
and the year versus the year of collection of the cranial remains for (A) males collected
between 1962 and 2008 (B) males collected between 1983 and 2008 and (C) females
collected between 1983 and 2007. The correlation between the residuals of the linear
model and the year of collection was not significant for any of the cases (A: Spearman’s
p =0.086, p = 0.16; B: Spearman’s p =-0.0071, p = 0.93; C: Spearman’s p =-0.041, p =
0.74).
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Figure S 3.8. Maximum skull width (A), mastoid width (B), Skull Shape Index (C), and
Relative Mastoid Width (D) versus 815N values of female California sea lions collected
between 1983 and 2007. Gradient of color indicates the year in which the specimens
were collected in the field. Dashed black lines represent the linear regression between
morphological indices and 615N values. The correlation morphological variables and the
615N values was significant for (A) maximum skull width (Pearson’sr =0.35,p =
0.0075); (B) mastoid width (Pearson’s r = 0.27, p = 0.042); (C) Skull Shape Index
(Pearson’s r = 0.45, p = 0.00059); and (D) Relative Mastoid Width (Pearson’s r = 0.40, p

=0.0022).
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CHAPTER 4
WHAT DO WE KNOW ABOUT THE FOSSIL RECORD OF PINNIPEDS?

A HISTORIOGRAPHIC INVESTIGATION

Reproduced with permission from: Valenzuela-Toro, A. and Pyenson, N.D., 2019. What
do we know about the fossil record of pinnipeds? A historiographical investigation.
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The fossil record of pinnipeds (seals, fur seals and walruses) is
globally distributed, spanning from the late Oligocene to the
Holocene. This record shows a complex evolutionary history
that could not otherwise be inferred from their extant relatives,
including multiple radiations and iterative ecomorphological
specializations among different lineages, many of which are
extinct. The fossil record of pinnipeds is not uniformly
represented in space and time, however, leaving some
gaps in our knowledge. We performed a historiographical
investigation of the published fossil record of pinnipeds based
on the information available in the Paleobiology Database,
with the aim to broadly characterize and evaluate it from
a taxonomic, geographical and temporal perspective. We
identified major trends, strengths and weaknesses of the
pinniped fossil record, including potential biases that may
affect our interpretations. We found that 39% of the record
corresponds to extant taxa, which are essentially from the
Pleistocene and Holocene. There is a larger record from
the Northern Hemisphere, suggesting biases in sampling
and collection effort. The record is not strongly biased by
sedimentary outcrop bias. Specifically, for extinct species,
nearly half of them are represented by a single occurrence and
a large proportion have type specimens consisting of single
isolated postcranial elements. While the pinniped fossil record
may have adequate temporal and taxonomic coverage, it has a
strong geographical bias and its comparability is hindered by
the incompleteness of type specimens. These results should be
taken into account when addressing patterns of their past
diversity, evolutionary history and paleoecology.

© 2019 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Among living marine mammals, pinnipeds constitute the second most species-rich clade, comprising 33
widely distributed extant species in three subclades: Phocidae (true seals, with 19 species), Otariidae (fur
seals and sea lions, with 14 species) and Odobenidae with only one extant species, walruses (Odobenus
rosmarus; [1,2]). The fossil record of pinnipeds is based on localities from the late Oligocene to the early
Miocene of the North Pacific Ocean and from the early Miocene of the Mediterranean and Paratethys
regions, through the Holocene from both the Northern and Southern hemispheres. From the fossil
evidence, it is clear that pinnipeds were different in the geologic past, showing greater species
richness in some groups, different ecomorphologies, body sizes and geographical distributions [2]. For
instance, the fossil record shows that, during the Neogene, Odobenidae comprised at least 20 species
(versus the monotypic extant walrus) with a range of body sizes and skull morphologies that imply
much greater morphological disparity ([2-4]; and references therein). Faunal comparisons suggest that
the rise and fall of different pinniped subclades are likely dependent on changing oceanographic and
habitat availability (e.g. haul outs for rookeries) over geologic time [5-7].

As with other marine mammal groups, the fossil record of pinnipeds appears to possess certain
qualities, modes and patterns. For example, despite their relative abundance in fossiliferous sites
throughout the world, fossil pinnipeds are not uniformly described across the world (see [2]).
Furthermore, the fossil record of some groups is represented by isolated and fragmentary remains (e.g.
[8,9]). These attributes may bias the fossil record of pinnipeds in a similar way to the fossil record of
cetaceans and sirenians, which show biases in geography, preservation and historiography [10,11].
Hence, it remains unclear how potential sources of bias, such as geographical and temporal occurrences,
or sampling effort, affect our knowledge and interpretations of the fossil record of pinnipeds.

Here, we perform a historiographical analysis of the published fossil record of pinnipeds using the
Paleobiology Database with the aim to qualitatively and quantitatively characterize the record from
taxonomic, geographical and temporal perspectives, identifying the principal trends, strengths and
weaknesses, as well as to explore the potential biases that may affect our interpretations about the
past diversity, evolutionary history and paleoecology of this group of marine mammals.

2. Methods

2.1. Data collection

Raw data were downloaded from the Paleobiology Database (PaleoDB; available at http://www.
paleobiodb.org) on 29 April 2019, using the name ‘pinnipedimorpha’. We restricted the search to output
the files ‘fossil occurrences” and ‘valid taxa’ for our analysis and also to provide a more detailed analysis
of the type material of valid extinct species of pinnipeds. In this study, we regard the term ‘occurrences’
to signify the records of a taxon that are grouped into geographical collections, logged into the PaleoDB.
Furthermore, for our study, we only examined published (i.e. documented) occurrences, where fossil
remains have been taxonomically identified and also belong to a discrete geographical collection with
precise coordinates stipulated in the scientific literature. Thus, we excluded, to the best of our ability,
fossil occurrences of pinnipeds that have not been formally published in the peer-reviewed literature; in
cases where the PaleoDB’s occurrence data (i.e. geographical, stratigraphic or specimen-related) can be
more precisely ascertained, we have noted the supplemental information. Because our analysis
emphasizes published occurrences reflected in museum collections, we also note that there are additional
unpublished fossil occurrences worth further discussion (see more detail below).

For further information about definitions used by the PaleoDB, see Peters & McClennen [12]. Their
revision includes fossil (older than 11000 years old) and subfossil (younger than 11000 years old)
occurrences; however, we refer to them indistinctly as fossils. The raw data were complemented by
information from different sources, including the PaleoDB website and peer-reviewed literature.

2.2. (ategorical analysis

To characterize the taxonomic identity, the temporal and geographical distributions, and the historiography
of fossil pinniped publications, we included the following categories: taxon name, taxonomic rank,
geographical provenance (hemisphere, oceanic basin and country), geological formation/locality,
geological age, primary language of the publication, year of the publication and full reference (see
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electronic supplementary material, table S1). When it was not possible to obtain information, we recorded |Jiij
‘No information” in the respective category.

For the taxonomic classification, we used the following groups, as listed in the PaleoDB: enaliarctids,
which include basal pinnipedimorphs such as Enaliarctos and its relatives (including Pinnarctidion and
Pteronarctos); desmatophocids, which include species belonging to the extinct genera Allodesmus and
Desmatophoca; Pan-Otariidae, which include species belonging to the extinct genus Eofaria; and the
extant families Phocidae, Otariidae and Odobenidae. For the ‘oceanic basins’ category, we followed a
modified version of Berta et al. [13] and Deméré et al. [14] as follows: eastern and western North and
South Pacific Ocean, eastern and western North and South Atlantic Ocean, Paratethys region, Indian
Ocean, Lake Baikal, North Sea, Baltic Sea, Mediterranean Sea, Southern Ocean and Arctic Ocean. In
particular, the Paratethys region referred to the occurrences placed in continental Europe and other
regions considered remnants of the ancient Neo-Paratethys Sea (e.g. Black and Caspian seas, Austria,
Czech Republic, Hungary, Romania, Serbia, Bulgaria, Moldavia, Ukraine, Russia, Georgia, Azerbaijan,
Iran and Kazakhstan; see [15]). The Mediterranean Sea comprises occurrences from the adjacent areas
to this sea and also northern Africa.

2.3. Analysis of rock outcrop area and fossil occurrences

We explored the association between sedimentary rock outcrop area from the Neogene (measured in
km?) of the USA and the number of reported occurrences of fossil pinnipeds from this area, using
unpublished marine rock area data collected by Uhen & Pyenson [10] in 2007.

V6EL6L 9 DS Uado 205 'y sosyjeunol/BioBumsyqndiaposiekos

2.4. Museum collections

We examined the relationship between the number of fossil specimens from two most fossil-rich geologic
units in terms of the abundance of extinct pinniped remains in the USA: Calvert and Yorktown
formations and the number of published fossil occurrences from those units. For that, we focused on
the pinniped collection from those units housed in the Department of Paleobiology at the Smithsonian
Institution’s National Museum of Natural History in Washington, DC, USA (data downloaded at
https:// collections.nmnh.si.edu on 2 October 2018).

2.5. Collection curves

Collection curves from the documented occurrences of extinct species data were generated using the
software Past (v. 3.23; [16]). In Past, we selected the function individual rarefaction by estimating the
number of taxa (extinct species) expected to be collected in a sample with a small initial total number
of individuals. The input data file for Past contained occurrences of fossil species for a given
geological formation that were grouped by year. For this analysis, we considered the Calvert, Astoria,
Yorktown and Purisima Formation, given the number of taxa reported in each one.

2.6. Analysis of extinct species

To identify the principal trends for type specimens of extinct species, the following categories were
included: the catalogue number (= collection number within a research institution) of the type specimen,
type locality, skeletal element(s) of the type material (skull, cranium, skeleton or postcranium) and
their articulation and completeness conditions. For the analysis of the skeletal elements, we followed
White & Folkens [17] in defining skull as the entire bony structure of the head (dermatocranium,
splanchnocranium and neurocranium) including the lower jaw (or mandible), differing from the
terminology cranium, which only corresponds to the skull without the lower jaw. We used a modified
version of Pyenson et al. [18] and Boessenecker et al. [19] for the articulation and element association of
type material, defined here as: category 1, complete or almost complete articulated skeleton; category 2,
disarticulated skeletons and associated skeletal elements, including cranial and other skeletal elements;
and category 3, isolated elements.

Caribbean monk seals (Neomonachus tropicalis) and Japanese sea lions (Zalophus japonicus according to
[20]; or Z. californianus japonicus according to [21]) became extinct over the last century; for the purpose of
the paper, these species were categorized as extant [22].

140



(@)

no. published occurrences
5 3 g

[~3
=3

1825 1845 1865 1885 1905 1925 1945 1965 1985 2005
year of publication

® 1825 1845 1865 1885 1905 1925 1945 1965 1985 2005

minimum geologic age (Ma)

25

Figure 1. Published fossil occurrences over time. (a) Number of publications of fossil pinnipeds through calendar years (n = 1296).
(b) Minimum geological age of fossil occurrences (in millions of years; Ma) identified at level of species through calendar years. Black
dots represent occurrences of extant species and grey dots represent occurrences of extinct spedes.

2.7. Zooarchaeological record

Finally, a note of caution: the zooarchaeological record of pinnipeds is extensive (see [23-33]; and
references therein); however, these data are not consistently entered into the PaleoDB. In addition,
some of the Holocene occurrences listed in the PaleoDB are modern findings (e.g. living taxa) rather
than zooarchaeological or subfossil remains (M. Uhen, personal communication). Thus, we performed
a more in-depth verification of these reports, excluding improper zooarchaeological occurrences.
Nevertheless, the addition of more comprehensive zooarchaeological data may potentially alter the
results presented herein.

3. Results

3.1. Documented fossil record

The compilation resulted in 1296 occurrences of fossil pinnipeds identified at a variety of taxonomical
ranks (i.e. superfamily, family, subfamily, genus, subgenus, species, subspecies, tribe and subtribe) and
published in the peer-reviewed literature. The number of publications reporting fossil pinnipeds,
including extinct and extant taxa, fluctuates through calendar time. There is, however, a general
increase in the number of publications reporting new occurrences over the last 3 decades (figure 1a).
The oldest publication in our survey dates to 1826, with the report of fossil remains of extant harbour
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30

no. species

Figure 2. Number of spedes (both extant and extinct) over geological time. Note that the Chattian Stage belongs to the late
Oligocene.

seals (Phoca vitulina) from the Pleistocene of the North Sea [34]. This record is followed by the occurrence
of an indeterminate phocid from Calvert Formation (middle Miocene) of the eastern coast of North
America. More than half of the pinniped fossil record (58%; n =752) has been reported since 1990.

Remarkably, 90% (1 = 1160) of the published occurrences (including all taxonomic ranks and ages) are
derived from the Northern Hemisphere. The most productive geographical sub-regions in terms of
occurrences are the eastern North Pacific (29%; n =374), western North Atlantic (17%; n=215) and
North Sea (13%; n=162). Occurrences from the Arctic, western North Pacific and the Paratethys
Region represent 9% (1 =120), 8% (1=103) and 7% (n = 92), respectively. Fossil occurrences from other
regions (including from the Southern Hemisphere) are minor; the eastern coast of the South Atlantic
Ocean, eastern coast of the South Pacific Ocean, the western coast of the South Pacific Ocean and the
western coast of the South Atlantic Ocean represent only 5% (n=>59), 4% (n=47), 2% (n=21) and 1%
(n =8), respectively, of published fossil pinniped occurrences.

The distribution of the published occurrences over geologic time spans from the late Oligocene
(approx. 26 Ma) to the Holocene (figure 1b; electronic supplementary material, figure S1).
Additionally, there are a few putative older occurrences of fossil pinnipeds (1=2) from the early
Oligocene [35,36]. However, the validity of these occurrences and their stratigraphic provenance
remain controversial (see [14,37]). The Quaternary (Pleistocene and Holocene) yielded the largest
amount of fossil occurrences, encompassing 51% (1 =665) of the record (see below). Occurrences from
the Pliocene represent 14% (1 =187). Reports from the Miocene-Pliocene and Miocene represent 33%
(n=430). Occurrences from the late Oligocene represent 1% (n=14). It is worth noting that those
differences are possibly correlated with the extension of the time span comprising the temporal bins
used, and not necessarily implying particular properties during those temporal windows.

The number of species of both extinct and extant pinnipeds over geological time (at level of stage) is
variable with peaks during the Serravallian and Tortonian and the Pleistocene (figure 2). Furthermore, to
assess the effect of the availability of pre-Quaternary sedimentary rocks over the number of fossil
pinnipeds, we plotted pinniped richness data of extinct and extant taxa against rock outcrop area for
marine rock units of the western and eastern coasts of the USA (figure 3). These rocks comprise one
of the more consistently sampled areas for fossil pinnipeds and other fossil marine mammals in the
world. We used unpublished marine rock area data collected for similar analyses with fossil cetaceans
reported in Uhen & Pyenson [10]. These geological data range at the subepoch level from the early
Eocene through Pliocene of North America, following Uhen & Pyenson [10]'s data. Middle Eocene
rocks, especially from the southeastern US coastal plain, account for the bulk area of Cenozoic rock
outcrop in North America, but even excluding rocks of this age from our analysis (because of the lack
of Eocene age pinnipeds in this continent), we did not find a correlation between the map area of
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Figure 3. (a) Number of pinniped occurrences from the eastern and western coasts of the USA through geological time. Dashed line
represents the number of fossil occurrences including an assortment of taxonomic ranks. Black line represents the number of fossil
occurrences identified at the level of species. Grey line represents the spedies richness of pinnipeds. (b) Rock outcrop area for North
American marine rock units, using unpublished data collected for the analyses published in Uhen & Pyenson [10].

rocks from USA and the number of published occurrences of pinnipeds through geological time
(figure 3). Furthermore, we did not find a correspondence between the species richness over
geological time and the sedimentary map area. For this analysis, we excluded putative occurrences of
pinnipeds older than the late Oligocene and two occurrences identified as phocids from the late
Oligocene because their validity is controversial (see above). It is worth noting that strong differences
between rock area along the eastern and western coasts of the USA do exist: for example, abundant
early Miocene rocks are known from California and Oregon, whereas similarly aged rocks are far less
abundant (by areal map data) along the east coast of the USA.

3.2. Fossil record of extant pinnipeds

Of the 1296 documented fossil occurrences of pinnipeds, 37% (n=480) correspond to fossil and
zooarchaeological occurrences of extant species. Species belonging to Phocidae are the most abundant
representing 48% (n=231) of record of extant species, which is followed by members of Otariidae
(29%; n=141) and Odobenidae (23%; n=108). The extant species with larger representation in the
fossil record are O. rosmarus (walruses), Arctocephalus townsendi (Guadalupe fur seals), Pusa hispida
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(ringed seals), Erignathus barbatus (bearded seals), Phoca vitulina (harbour seals) and Mirounga -
angustirostris (Northern elephant seals).

Almost all (99%; n = 478) of the fossil and zooarchaeological occurrences of extant species are referred
to occurrences from the Pleistocene and the Holocene epoch (electronic supplementary material, figure
S1). The only exceptions are constituted by a single occurrence of O. rosmarus from the Miocene of
Belgium [38]; and remains assigned to Eumetopias jubata (Steller sea lions) from the Pliocene of Japan
[39]. A third record, corresponding to remains of Phocarctos hookeri (New Zealand sea lions) from the
Pliocene of New Zealand [40] is included in PBDB; however, it has been argued that this record
corresponds to a Holocene specimen, younger than 1000 years old, rather than a Pliocene occurrence [41].

3.3. Fossil record of extinct pinnipeds

A total of 388 occurrences of extinct species belonged to one of the 102 valid extinct species (electronic
supplementary material, tables S1 and S2). We observed a positive trend of growing publications on
extinct species over calendar years (figure 44). In particular, 1977, 2001 and 2008 represent outstanding
years, correlating with the publication of more than 30 occurrences of extinct species in each calendar
year in three seminal and monographic publications ([8,42,43]; figure 3a). Furthermore, 61% (1 =235)
of the occurrences of extinct species have been reported since 1990. Of the 102 species, only five
extinct species belong to an extant genus (Callorhinus gilmorei, Histriophoca alekseevi, Neophoca palatina,
Otaria fisheri and Phoca moori), representing approximately 5% of the extinct species.

The fossil record of extinct species spans from the late Oligocene to the late Pleistocene (figure 1).
When analysed by geologic stages, we found there is normal-like distribution of occurrences over the
Neogene and Quaternary (electronic supplementary material, figure S1) with a peak of known
occurrences from the Serravallian, Tortonian, Zanclean and Piacenzian, comprising together 63% (n =
246) of the record. More recent occurrences of extinct species from the Pleistocene (including the
Gelasian, Calabrian and Middle and Upper Pleistocene) represent 8% (1 =30) of the record.

In terms of their geographical origin, 93% (n = 362) of the record of extinct species is from the Northern
Hemisphere, which is practically identical to the results found for the all published occurrences (including
extant and extinct taxa, see above). North America concentrates more than half of the record, followed by
Europe, Asia, Africa and South America (electronic supplementary material, figure S2). Six North American
sedimentary formations lead the list of the most prolific pinniped-producing units, in terms of the number of
published occurrences of extinct pinnipeds (identified at level of species), in decreasing rank: Calvert
(eastern USA), Yorktown (eastern USA), Purisima (western USA), Santa Margarita (western USA),
Astoria (western USA) and Bone Valley (eastern USA) formations. In fact, the Calvert and Yorktown
formations (Middle Miocene and late Miocene-early Pliocene in age, respectively) comprise 6% (1 =25),
each of the published occurrences of extinct pinniped species. Surprisingly, the Pisco Formation of Peru
represents the seventh most prolific unit comprising 2% (1=9) of the fossil occurrences of extinct taxa.
Unfortunately, it was not possible to determine a clear and unambiguous geological formation for 11%
(n=42) of the occurrences of extinct taxa. The taxonomic accumulation curves (rarefaction curves;
electronic supplementary material, figure S3) show that neither Calvert, Astoria, Yorktown and Purisima
formations have reached a saturation in sampling over time. In turn, this analysis suggests that more
fossil pinniped species should be found from these rock units.

Using data from museum collections of the two most fossil-rich units (Calvert and Yorktown
formations; electronic supplementary material, tables S4 and S5), we investigated whether there is a
correspondence between the number of pinniped specimens in these collections and the published
record from those units. We discovered that the museum collections for the Calvert Formation comprise
a disproportionately smaller number of specimens (1 =125) compared with the number of specimens
from Yorktown Formation (1 =4153), which contrasts with the published fossil record from both units
(n=25 from Calvert Formation and 7 =21 from Yorktown Formation). When examining the taxonomic
richness of Calvert and Yorktown formations, we obtained dissimilar results. Despite having the highest
number of published fossil occurrences with 25 reports of extinct taxa, only 2 species of phocids have
been identified from the Calvert Formation: Leptophoca proxima and Monotherium? wymani. On the other
hand, six species of pinnipeds have been reported from the Yorktown Formation, including odobenids
and phocids (Ontocetus emmonsi, Phocanella pumila, Homiphoca sp., Platyphoca vulgaris, Callophoca obscura,
Auroraphoca atlantica and Gryphoca similis). Remarkably, in Pisco Formation, the seventh most prolific unit
with nine fossil occurrences of extinct taxa, four species of phocids (Acrophoca longirostris, Piscophoca
pacifica, Hadrokirus martini and Australophoca changorum) and one species of otariid (Hydrarctos
lomasiensis) have been described.
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Of the 388 occurrences of extinct pinnipeds identified at level of species, 50% (1 = 194) of them belong
to Phocidae, 30% (n = 116) belong to Odobenidae, 10% (1 = 37) belong to Otariidae and Pan-Otariidae, 5%
(n=20) belong to Desmatophocidae and 5% (1 =20) belong to the so-called enaliarctids. Similarly, in
terms of the taxonomic counts throughout the Cenozoic, of the 102 recognized extinct species,
Phocidae constitute the largest taxonomically diverse clade, comprising 45 extinct species. Odobenidae
is the second richest clade including 21 extinct species, contrasting with their monotypic extant
diversity represented only by O. rosmarus. Otariidae and Pan-Otariidae comprise together 13 extinct
species. The extinct clade Desmatophocidae comprises 11 species, and the so-called enaliarctids are
represented by 10 species. Only Palacotaria henriettae from the late Oligocene of France [44] was not
assigned to any known group because the lack of unequivocal information to confirm its identity [45],
remaining Pinnipedia incertae sedis in this study.

Overall, the odobenid Ontocetus emmonsi is the most represented extinct species constituting 16% (1 = 62;
figure 4b) of the total of the published fossil record of extinct species. Phocids, such as L. proxima and Praepusa
vindobonensis, the odobenid Imagotaria downsi and the phocid Homiphoca capensis, are frequent findings in the
fossil record, constituting 9% (1=33), 4% (n=17), 4% (n=17) and 4% (n=14), respectively (figure 4b).
Notably, nearly half (n=49) of the total of extinct species are established by a single fossil occurrence,
which means the presence of a single specimen representing a single individual (figure 4b).

It should be noted that these results might point to a hidden diversity of other extinct species that are
relatively abundant in the fossil record. For example, the phocid Homiphoca capensis from the Pliocene of
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Figure 4. Fossil record of extinct species (n = 388). () Number of pinniped occurrences of extinct species through calendar years. |l
We identified years with outstanding publications of fossil occurrences, which are indicated by numbers. 1: Repenning and Tedford
(1977); 2: Koretsky (2001); 3: Kohno and Ray (2008). (b) Number of published occurrences per extinct species. Abbreviations: 1.
Ontocetus emmonsi (n = 62); 2. Leptophoca proxima (n=33); 3. Praepusa vindobonensis (n = 17); 4. Imagotaria downsi (n =
17); 5. (ryptophoca maeotica (n = 14); 6. Homiphoca capensis (n = 14); 7. Callophoca obscura (n = 13); 8. Monachopsis pontica
(n=13); 9. Callorhinus gilmorei (n=10); 10. Phocanella pumila (n = 10); 11. Dusignathus santacruzensis (n = 8); 12. Pliophoca
etrusca (n= 8); 13. Pithanotaria starri (n = 8); 14. Pontophoca sarmatica (n=7); 15. Gryphoca similis (n=5); 16. Prophoca
rousseaui (n=5); 17. Allodesmus kernensis (n =5); 18. Pachyphoca ukrainica (n = 4); 19. Thalassoleon mexicanus (n = 4); 20.
Dusignathus  seftoni (n=4); 21. Thalassoleon macnallyae (n=4); 22. Pteronarctos goedertae (n=3); 23. Australophoca
changorum (n = 3); 24. Praepusa pannonica (n = 3); 25. Platyphoca vulgaris (n=3); 26. Batavipusa neerlandica (n = 3); 27.
Desmatophoca oregonensis (n=3); 28. Enaliarctos emlongi (n=3); 29. Acophoca longirostris (n=3); 30. Allodesmus
sinanoensis (n=3); 31. Nanophoca vitulinoides (n=3); 32. Enaliarctos mealsi (n=2); 33. Piscophoca pacifica (n=2); 34.
Pteronarctos piersoni (n = 2); 35. Frissiphoca aberrantum (n= 2); 36. Pontolis magnum (n = 2); 37. Gomphotaria pugnax (n =
2); 38. Prototaria primigenia (n=2); 39. Gryphoca nordica; 40. Titanotaria orangensis (n=2); 41. Allodesmus demerei; 42.
Pliopedia pacifica (n= 2); 43. Hydrarctos lomasiensis (n = 2); 44. Monotherium wymani (n = 2); 45. Proterozetes ulysses (n = 2);
46. Pelagiarctos thomasi (n = 2); 47. Enaliarctos mitchelli (n = 2); 48. Aivukus cedrosensis (n= 2); 49. Enaliarctos tedfordi (n =
2); 50. Pinnarctidion bishopi (n = 2); 51. Valenictus imperialensis (n= 2); 52. Pinnarctidion rayi (n = 2); 53. Phoca moori (n =
2); 54. Properyptychus argentinus (n=1); 55. Brachyallodesmus packardi (n=1); 56. Neotherium mirum (n=1); 57.
Virginiaphoca magurai (n=1); 58. Noriphoca gaudini (n=1); 59. Praepusa magyaricus (n=1); 60. Odobenus mandanoensis
(n=1); 61. Prototaria planicephala (n=1); 62. Allodesmus naorai (n=1); 63. Fotaria citrica (n=1); 64. Oriensarctos watasei
(n=1); 65. Pontophoca simionescui (n=1); 66. Otaria fischeri (n=1); 67. Atopotarus courseni (n=1); 68. Pachyphoca :
chapskii (n=1); 69. Miophoca vetusta (n=1); 70. Desmatophoca brachycephala (n=1); 71. Pseudotaria muramotoi (n=1);
72. Pacificotaria hadromma (n=1); 73. Thalassoleon inouei (n=1); 74. Palaeotaria henriettae (n=1); 75. Valenictus
chulavistensis (n=1); 76. Palmidophoca callihoe (n=1); 77. Archaeodobenus akamatsui (n=1); 78. Eotaria aypta (n=1);
79. Praepusa boeska (n = 1); 80. Hadrokirus martini (n=1); 81. Enaliarctos bamnesi (n = 81); 82. Histriophoca alekseevi (n = 1);
83. Proneotherium repenningi (n=1); 84. Eumetopias kishidai (n=1); 85. Messiphoca mauretanica (n=1); 86. Frisiphoca affine
(n=1); 87. Protodobenus japonicus (n=1); 88. Allodesmus kelloggi (n=1); 89. Afrophoca libyca (n=1); 90. Devinophoca
daytoni (n=1); 91. Auroraphoca atlantica (n=1); 92. Platyphoca danica (n=1); 93. Sarmatonectes sintsovi (n=1); 94.
Devinophoca emryi (n=1); 95. Allodesmus megallos (n=1); 96. Kamtschatarctos sinelnikovae (n=1); 97. Necromites nestoris
(n=1); 98. Allodesmus uraiporensis (n=1); 99. Neophoca palatina (n = 1); 100. Kawas benegasorum (n = 1); 101. Pontophoca
jutlandica (n=1); 102. Nanodobenus arandai (n = 1).
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South Africa is only represented by 14 fossil occurrences in electronic supplementary material, table S1.
However, Govender et al. [46] identified 40 specimens belonging to this species and suggested that ‘two
or possible three seal taxa’ existed among this material. Furthermore, Govender et al. [46] mentioned that
more than 3000 specimens have been identified belonging to H. capensis, currently housed at the Iziko
South African Museum, in Cape Town, South Africa, although a large portion remain undescribed
[46]. A similar case is represented by the phocid Callophoca obscura, which is represented by an
extensive fossil record from the western coast of North America (see electronic supplementary
material, table S5); however, only 13 records of this species are included in electronic supplementary
material, table S1. Considering this taxonomical uncertainty, we remain conservative and we only
included the specimens recognized by the PaleoDB.

Finally, the most prolific author describing fossils of extinct taxa (including a variety of taxonomical
ranks) is I. Koretsky, who is responsible for 20% of the taxonomic reporting. She is followed by N. Kohno
(12%), C. A. Repenning (8%), L. Barnes (6%), A. Berta and R. Boessenecker (the latter two with 4%, each).
To further explore in their efforts by geographical research area, we analysed the study sites for each of
these authors and found that without exception the authors have described specimens from the Northern
Hemisphere. In more detail, when analysed the geographical region of the specimens described for each
of them, we noted a proclivity for those authors for working on fossil specimens from their own region
versus other areas or continents (see electronic supplementary material, figure S4).

3.4. Type specimens of extinct species

It was not possible to state the catalogue number (i.e. the collection number of the research institution
such as museums and universities in which the materials are deposited) for the type specimen (or
holotype) of 13 extinct species: Allodesmus sinanoensis, Eumetopias kishidai, Hydrarctos lomasiensis,
Miophoca vetusta, Necromites nestoris, Oriensarctos watasei, Otaria fischeri, Pala. henriettae, Phoca (Phoca)
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Figure 5. Features of the type material of extinct species (n = 103) recognized by the PaleoDB. (a) Identity of the type specimens of
the extinct species. The bar representing postcranial remains shows the proportion of species which type materials is only
represented by an isolated humerus (light grey), isolated femur (medium grey) and associated elements (dark grey). (b)
Completeness of type specimens of extinct species by family. Light grey represents category 1 (complete or mostly complete
skeletons), medium grey represents category 2 (associated elements) and dark grey represents category 3 (isolated elements).
One spedes of phocid could not be assigned to any of the categories and it is stated as N/I.

moori, Pontophoca sarmatica, Pontophoca simionescui, Praepusa vindobonensis and Protodobenus japonicus.
Some of them (A. sinanoensis, E. kishidai, O. watasei and P. japonicus) are housed at small institutions in
Japan; therefore, our inability to state a catalogue number could be due to language constraints and
limited accessibility to the specimens by researchers. In other cases, these taxonomic entities were
erected in the nineteenth or early twentieth century without a designated type specimen, or remain
problematic in other ways. Establishing their validity ought to be the focus of future systematic work.

Regarding the anatomical basis of these latter type specimens (figure 5a), 31% (1 =32) of extinct
species have a holotype represented only by postcranial elements; 25% (1 =26) by cranium only, 21%
(n=22) by associated or articulated skeleton; 9% (1 =9) by skull (cranium and mandible); 10% (1 =10)
by isolated mandibular remains; and 4% (1 =4) by dentition alone (figure 54). We identified that the
most common postcranial elements used as type specimen are isolated humeri and femora,
representing a non-trivial quantity of 17% (n=18) and 6% (1n=6), respectively (figure 5a). Similarly,
8% (n=8) extinct species are based on type material constituted by associated postcranial elements.
Thus, we identified that 23% of the extinct species of pinnipeds are founded only on isolated (and
sometimes incomplete) appendicular elements as humeri and femora.

Regarding the completeness of type specimens of extinct species, we identified 61% (12=63)
belonging to category 3 (isolated elements), 31% (n=32) to category 2 (associated or more complete
remains), 7% (n1=7) to category 1 (complete or almost complete skeletons). For 1% (n=1), it was not
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possible to assign a category because of the missing information (i.e. Mi. vetusta). Therefore, the majority ||}
of fossil pinniped taxa are based on the type material that belong to a single isolated element (figure 5b).

4. Discussion

Uhen & Pyenson [10] were the first to examine the potential biases affecting diversity counts in fossil
marine mammals, focusing on fossil cetaceans (with a brief comparison to fossil sirenians). They
identified that taxonomic practices, such as the use of non-diagnostic-type specimens and taxonomic
over-splitting, may artificially increase diversity indices. Other factors, such as the sedimentary
outcrop area, sedimentation, preservation, collection and publication efforts, have the potential to bias
diversity estimations [10]. Unfortunately for fossil pinnipeds, a few studies have directly addressed the
influence of these factors, with the exception of Marx [11], who discussed, in part, the European fossil
record of pinnipeds. While far from an exhaustive review of the potential biases affecting the
pinniped fossil record and biodiversity estimations, our results show some relevant points.

4.1. Sampling biases of the pinniped fossil record

The effect of sampling biases (e.g. Pull of the Recent, outcrop area, among others) on diversity estimates
from the fossil record has been the topic of extensive discussion in the paleobiological literature for nearly
half a century (e.g. [47-52]; and references therein). In particular, it has been shown that the fossil record
of cetaceans and sirenians lacks significant sampling bias, nor is there a display of strong the ‘Pull of the
Recent’ (sensu [48]).

Our broad evaluation of the fossil occurrences of pinnipeds, along with their species richness through
time, showed no correspondence with sedimentary outcrop area (figures 2 and 3; electronic supplementary
material, table 53), suggesting that changes in the pinniped diversity may reflect genuine biological patterns
rather than manifest geological factors [48,50,51]. Aside from this apparent lack of rock record bias, the
pinniped record does appear to exhibit a Pull of the Recent trend with a relative increase in the number
of species in younger time bins, towards the Recent (figure 2). This pattern is not surprising given broad-
scale patterns in the marine tetrapod fossil record [18,53] that largely echo this trend in clades with
larger numbers of extant and extinct species. Several authors have argued that environmental shifts
increasing the patchiness and abundance of the primary productivity were likely strong factors in
driving this trend in taxonomic and ecological diversity in both coastal and pelagic seas (see [54-56]).
This argument seems to be supported by the timing of the diversification among otariids in the North
Pacific during the late Miocene [57] and also the Mio-Pliocene record of odobenids [3].

Furthermore, we found that the most prolific geological units for fossil pinnipeds in the USA, Calvert
and Yorktown formations did not show a correspondence with the number of species described in those
units, nor with the number of fossils recovered from those collections (electronic supplementary material,
tables S4 and S5). These results highlight that the amount of fossil remains recognized in geologic units
and the number of species identified are not correlated, probably because the influence of taphonomic
processes (among others) that limit the preservation of features with a diagnostic value (see below).

Taphonomy represents an important factor in the preservation of pinnipeds. Their amphibious
lifestyle—equally dependent on land for breeding and on water for foraging—causes pinnipeds to be
exposed to very different taphonomic processes depending on where they die (rookeries versus
coastal or even pelagic environments). In this regard, we conceive three possible scenarios in which
pinniped remains might enter into the fossil record: (i) death at sea and deposition offshore; (ii) death
at sea followed by beaching of the carcass on the coast; and (iii) death and burial on land, either at
haul out or rookery sites, or after stranding due to illness or injury. The potential effect of the
taphonomic processes associated with these scenarios on the pinniped fossil record is largely
unexplored, although they likely share some similarities with processes for other marine mammals,
such as cetaceans (see [58]). The pre- and post-mortem processes that might accompany each of these
modes of death are very different and are likely to affect the completeness of skeletons found, bone
weathering state, bone modifications, the species composition at the site and the demography of sites
with multiple individuals of the same species. While many studies have addressed taphonomic
processes involving pinniped remains in part [6,19,59-63], future work needs to address and evaluate
the full range of biotic and abiotic factors, as well intrinsic factors (e.g. body size, morphology,
physiology, ontogeny and natural history) that potentially bias preservation across the entire clade
of pinnipeds.
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4.2. Geographical biases of the fossil record

Our analysis revealed that 89% of the published fossil record of pinnipeds (from the Cenozoic and
Quaternary) is represented by occurrences from the Northern Hemisphere, denoting an enormous
disparity in the location of the fossil findings between both hemispheres. There are several potential
explanations for this dissimilarity, including differences in the past geographical distribution and
abundance of the group (including the fact that pinnipeds originated along the North Pacific), as well
other extrinsic explanations related with their fossilization and preservation; and other human-related
factors including the sampling and collection effort and the likelihood of publication (e.g. [64-71]).
Because of the unpredictability of the processes involved in the preservation and discovery of fossil
remains, we cannot reject any of these potential explanations. Nevertheless, the stark differences in the
published record from the eastern coasts of the North and South Pacific Ocean do deserve further
consideration. Both regions exhibit analogous physical and ecological conditions, including high
primary productivity [72,73] and the occurrence of a rich and diverse marine vertebrate fauna [74].
Notably, both regions exhibit broad fossiliferous sedimentary outcrops with a mostly remarkable
contemporaneous fossil record of pinnipeds (and other marine mammals) from the middle Miocene
and Pliocene (see [2] and references therein). Fossiliferous outcrops from the middle Miocene and
Pliocene along the coast of California and along the western coast of South America both extend

across a vast latitudinal gradient relatively constant range encompassing almost the entire southern |

coast of Peru and the northern and central coast of Chile, comprising two of the most important
geologic units of the Southern Hemisphere: the Pisco and Bahia Inglesa formations in southern Peru

and northern Chile, respectively [75,76]. In fact, both formations have yielded several species of

marine vertebrates including, at least, four species of pinnipeds and still several species and
morphotypes remain to be described (A.V.-T., personal observations), and rank among the world’s
richest fossil marine mammal faunas.

We propose that the disparity in the number of published fossil record of pinnipeds during the
middle Miocene and Pliocene between the two regions is likely associated with differential sampling
and publication efforts, along with the number of vertebrate paleontologists working in the field. For
example, we detected that, the six most productive systematists were Northern Hemisphere-based
researchers (electronic supplementary material, figure S2). Furthermore, these researchers show a
strong tendency of publishing specimens from regions where they live and work. Thus, field
explorations and publication efforts in the Southern Hemisphere may be a key factor explaining these
differences. Overall, this suggests a very promising future for the study of fossil pinnipeds (and other
marine mammals) in the Southern Hemisphere.

4.3. Fossil record of extant species

Surprisingly, the fossil record of extant species of pinnipeds represents 39% of the overall fossil record of
this group (including Pleistocene and Holocene occurrences), contrasting with the proportions of the
fossil record of other marine mammals, such as cetaceans and sirenians, in which the record of
modern species represents a small fraction of the fossil record (e.g. only 2% of the fossil record
of sirenians correspond to extant species; PaleoDB). Also, with a few exceptions, including remains of
O. rosmarus from the Miocene of Belgium and E. jubata from the Pliocene of Japan [38,39], the fossil
record of extant species is mostly referred to recent occurrences from the Holocene and Pleistocene
(figure 1), exhibiting, in general, a very similar geographical distribution to contemporary patterns (a
notable exception is constituted by a Ross seal (Ommatophoca rossii) from the early Pleistocene of New
Zealand; [21]). In fact, in some regions, such as the eastern and western North American coast and
Europe, the Pleistocene pinniped assemblage is identical in composition to the modern local fauna. By
contrast, we found that fewer than 15 occurrences of extinct taxa occur in this interval. The relative
paucity of Quaternary extinct species may explain the lack of knowledge about the evolutionary
history of extant species.

Equally, we suggest that careful and exhaustive studies of pinniped faunas from the Pleistocene and
Holocene might represent an exceptional opportunity to better understand the most historically recent
community-wide changes in this clade, as exemplars for the response of marine mammals to changing
environmental conditions over time (including shifting baselines from human hunting; see [6]).
Furthermore, the use of biogeochemistry and molecular techniques, such as stable isotopes and ancient
DNA, respectively, would provide new clues regarding how humans interacted and potentially affected
different populations of marine mammals during the past (e.g. [31,77]), and has the potential to shed
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light on questions as to what degree the modern distribution of pinnipeds is a reflection of their i
human-caused decimation in the past few hundred years [78,79].

4.4, Fossil record of extinct species

Our analysis highlights some features of the fossil record of extinct species that deserve further attention.
First, nearly half of the extinct species are based on a single (published) occurrence confined to single
time interval. While our study does not account for subsequent follow-up work that refers to more
skeletal material or increases the geographical and stratigraphic range data of a novel taxon, this
strong modal pattern to the description of fossil pinniped has a major impact on the historiography of
paleobiological research with this group. In this regard, an important caveat is that these results do
not necessarily represent the true plenitude of the fossil record of extinct species. In fact, we argue
that there are discrepancies between the published fossil record and museum collections, which
remain mostly unpublished (see the Results section for more details, and electronic supplementary
material, table S5), much as ‘dark data’ obscure many patterns in the Cenozoic marine invertebrate
record that co-occurs with fossil pinniped-bearing units of the west coast of North America [80].

Separately, 23% of the extinct species rely on type specimens consisting of a single isolated postcranial
element (e.g. humeri or femora). We think this practice among systematists has largely not been grounded in
a quantitative comparative context that accounts for the osteological variation and sexual dimorphism in
some extant pinniped species [81-83]. To our knowledge, most of the studies addressing the osteological
variation from sexual dimorphism in modern and fossil pinnipeds have been based on skulls (see [84-
86]), with only a few studies testing such patterns using postcranial elements [8,83,87,88]. For instance,
Koretsky [8] examined the humeri and femora of extinct and modern phocine seals, finding that most of
the dimorphic variation between males and females is related to differences in the size (e.g. absolute
length and length of the deltoid crest of the humerus), overall shape and proportions of the structures
(e.g. dorsoventral thickness of the diaphysis and length and thickness of the neck of the femur) and the
depth of muscle insertions (e.g. depth and shape of the coronoid fossa). Koretsky [8] did not find a
correlation in the variation of those features among fossil and modern species of seals, showing a high
specificity of the variation among seals. Based on the qualitative observations of the humeri of leopard
seals (Hydrurga leptonyx) and a Weddell seal (Leptonychotes weddellii), Dewaele et al. [88] proposed that
complete or nearly complete humeri can be considered as diagnostic bones to differentiate among
monachinae phocids, although this was not tested statistically. More recently, Churchill & Uhen [83]
performed an exhaustive morphometric analysis of the interspecific variation in the humeri and femora
of phocids. They found the existence of large intraspecific variation, suggesting that the diagnostic
efficacy of isolated femora and humeri is unjustified, questioning their validity as diagnostic elements for
new species.

A more critical issue is the lack of a standardized approach for systematists to deal with non-
associated elements referred to a new extinct taxon. Koretsky [8] asserted that a presumed ‘principle
of correlation of parts’ and an ‘ecomorphotype hypothesis” were sufficient to establish association, in
the absence of taphonomic, stratigraphic or locality data. The ‘ecomorphotype hypothesis’ is based on
the notion that the ecological niche of modern phocine seals is reflected in bones of the postcranial
skeleton (humeri and femora) and mandible. It also assumes that extinct phocine seals have analogous
morphological units to modern phocine species, making possible the recognition of fossil species from
isolated postcranial elements and mandibles [8]. This author then defined five morphological groups
of phocine seals, each comprising both modern and fossil species based on specific features of the
mandible, humeri and femora. Unfortunately, no exhaustive ecomorphological study has been
performed in modern pinnipeds, and the validity of this hypothesis remains to be tested, despite its
weak paleoecological foundation. An example of the taxonomic consequences of this unsupported
practice is represented by the recently described phocids Terranectes magnus and T. parvus, from the
late Miocene age Eastover and St Marys formations of the eastern USA [89]. Despite the fragmentary
nature of their holotypes (proximal half of the left humerus and a partial femur, respectively), Rahmat
et al. [89] erected taxonomic names for these species based on non-overlapping and non-associated
cranial, axial and appendicular elements (including some from different stratigraphic levels). Later,
Dewaele et al. [88] considered both T. magnus and T. parvus to be a nomen dubium.

This practice (the use of non-associated elements) might lead not merely to artificial increases in
taxonomic diversity, but also to inaccurate inferences about phylogenetic relationships among fossil
pinnipeds. For instance, the extinct phocids Prophoca proxima and Leptophoca lenis are both species
originally based on fragmentary isolated postcranial remains from the Miocene of Belgium. An exhaustive
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re-description and phylogenetic analysis of Pr. proxima and L. lenis resulted in the synonymization of both |Jill
species, with the proposition of a new combination L. proxima [37]. A similar case is represented by
desmatophocids belonging to the genus Allodesmus, from the Round Mountain Silt of California. Three
species of Allodesmus have been described (Allodesmus grmcilis, A. kelloggi and A. kernensis; [90]),
distinguished by the morphological variation on the mandibles (e.g. symphysial angle, interalveolar
septa, depth of the masseteric fossa, shape of the coronoid process; [91,92]). However, it has been argued
that these differences fall within levels of intraspecific variation in extant pinnipeds [93]. Thus, A. kelloggi
and A. gracilis should be identified as junior synonyms of A. kernensis (following [90]). Further studies
focusing on intraspecific morphological variation within extant and extinct species are needed to clarify
these issues. These taxonomic re-evaluations (e.g. declaration of nomina dubia and junior synonyms)
should add an additional complexity to the fossil record of this group since taxa, based on isolated and
non-overlapping materials, are more prone to changes in their systematic and taxonomic identity.
Similarly, taxa described longer ago are more prone to re-evaluations over time.

Finally, we could not pinpoint a specimen voucher for the holotype of 13 extinct species; in some cases, no
type specimen had been formally designated, which is an occasional aspect of ninteenth-century taxonomic
practices (see [10]). This situation is particularly relevant to the issues identified in our study because it creates
a number of negative consequences, including lack of traceability with the identification, validation and
comparability with other putative fossil occurrences (see [94]). It is incumbent on the community of
practising systematic researchers to develop best practices in specimen-based research that prevent these
problems (e.g. deposit fossil specimens in accessible natural history collections such as museums or
research institutions; avoid studying specimens derived from illegal or informal trade, as well as those
collected outside of established natural history museums). Surprisingly, many of these problems still occur
among marine mammal researchers in the twenty-first century (see [95,96,97]).
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5. Conclusion

We performed a historiographical revision of the published fossil record of pinnipeds based in the
Paleobiology Database. Our historiographical analysis revealed several clear trends in the pinniped
fossil record:

1. Most of the record is from deposits in the Northern Hemisphere, despite favourable paleoecological
and depositional conditions in the Southern Hemisphere. There appears to be a strong collection
and publication bias given strong imprint from the legacy of study in major centres of learning in
the Northern Hemisphere, especially in North America and Europe, which have larger population
centres, more researchers and longer traditions of study.

2. Nearly half of all fossil species are represented by a single occurrence—and a single specimen of a
single individual. Additionally, a substantial number of extinct species have type material
represented only by isolated postcranial elements, which might lead to artificial increases in
taxonomic diversity. Considering these results, studies focusing on intra- and interspecific variation
in the morphology of cranial and postcranial elements in modern and fossil taxa are needed.

3. Overall, despite the large geographical bias exhibited by the fossil record of pinnipeds, it is relatively
adequately represented for evolutionary and paleoecological studies depending on the geographical
region (and time interval) investigated.

Although this investigation is far from being exhaustive, it still provides a starting point for future
research addressing changes in diversity, paleobiogeography and paleoecology in pinnipeds.
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CHAPTER 5

STABLE ISOTOPE EVIDENCE FOR THE PALEOECOLOGY AND NICHE PARTITIONING IN

FOSSIL PINNIPEDS
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5.1 ABSTRACT

Living pinnipeds which include otariids (fur seals and sea lions), phocids (true seals),
and odobenids (walruses), play essential roles in the structure and function of marine
ecosystems and display divergent foraging and habitat preferences. How these
strategies emerged along the evolutionary history of pinnipeds and how they
partitioned their niche remain unclear. We analyzed the stable carbon (§13C) and
oxygen (8180) isotope compositions of tooth enamel from fossil pinnipeds and coeval
marine and terrestrial mammals from the middle Miocene Round Mountain Silt and
Temblor formations and the lower levels of the Monterey Formation from the eastern
North Pacific, and the early Pliocene Yorktown Formation in the western North Atlantic.
As expected for fully aquatic mammals, pinnipeds and control marine mammals had low
6180 variability relative to coeval terrestrial mammals, and corresponded with the
published values for some taxa, indicating the absence of diagenetic alteration. We
reveal that fossil marine mammal assemblages exhibited foraging and habitat
partitioning, as indicated by differences in §13C and 6180 compositions. We recognized
the occurrence of nearshore and offshore foraging across pinniped assemblages. The
exploitation of estuarine ecosystems and long-distance foraging were also identified
and likely contributed to resource partitioning. Among middle Miocene pinnipeds from
the eastern North Pacific, Allodesmus had consistently lower §13C values than coeval
taxa, indicating offshore foraging, supporting predictions based on morphology. The
basal otariid Pithanotaria had significantly higher enamel 613C values than co-occurring
pinnipeds, indicating preferentially nearshore foraging. The basal odobenid Neotherium

had intermediate foraging preferences between nearshore and offshore predators,
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whereas the odobenid cf. Imagotaria displayed relatively low enamel 6180 but
comparable enamel 613C values to contemporary pinnipeds, suggesting the exploitation
of estuarine resources. Morphological and taxonomic uncertainties prevented us from
genus-level identifications based on isolated phocid teeth from the Yorktown
Formation. Nevertheless, a hierarchical cluster analysis revealed that at least two
ecologically distinct pinniped groups occurred at this formation. The odobenid
Ontocetus and a subgroup of monachinae phocids were predominantly nearshore
foragers, as concluded from higher enamel 613C and 6180 values than coeval marine
mammals. A second phocid group was characterized by significantly lower §13C and
6180 values than coexisting phocids (and other marine mammal taxa), which is
compatible with northward long-distance foraging movements along the western North
Atlantic coastlines. Resembling patterns of foraging and resource partitioning, with the
co-occurrence of nearshore, offshore, and alternative foraging modes, have been
identified in living pinniped communities. These results suggest that these foraging
modes were early acquired in pinniped communities across their evolutionary history,
hinting that niche partitioning have contributed to the structure of pinniped

communities over time.
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5.2 INTRODUCTION

Among marine mammals, pinnipeds (seals, fur seals, sea lions, and walruses) have
evolved and maintained a semiaquatic lifestyle — breeding on land but foraging in the
water - over the past ~30 million years (Berta et al., 2018). Pinnipeds have a globally
distributed and well represented fossil record (Valenzuela-Toro and Pyenson, 2019);
however, their macroevolutionary history and their ecological transitions have been
comparatively understudied. In fact, one central aspect of pinniped macroevolution -
their foraging ecology over their evolutionary history, remains obscure (Berta et al.,
2018; Berta and Lanzetti, 2020).

The foraging ecology of extant pinnipeds has been intensively investigated
through scat, fatty-acid, and stable isotope analyses, as well as animal-borne telemetry
(e.g., Zeppelin and Orr, 2010; Goetsch et al., 2018; Brault et al., 2019; Chilvers, 2019;
Steingass et al,, 2019). These studies have shown that co-occurring pinniped species
display divergent foraging and habitat preferences. For instance, northern elephant
seals (Mirounga angustirostris) are highly pelagic foragers, contrasting with co-
occurring harbor seals (Phoca vitulina), which are nearshore residents and relatively
benthic feeders (Eguchi and Harvey, 2005; Robinson et al., 2012; Gibble and Harvey,
2015; Schramm and Heckel, 2021). How these strategies emerged along the
evolutionary history of pinnipeds and how patterns of niche segregation prevalent in
living pinnipeds communities compared to those by extinct ones have not been
thoroughly addressed.

Knowledge about the foraging paleoecology of pinnipeds is primary sourced from
comparative morphology of fossils. These studies show that basal pinnipeds, such as

Enaliarctos might have a coastal rather than a pelagic lifestyle and used a pierce feeding

159



strategy analogous to modern sea otters (Enhyndra lutris) (Berta and Wyss, 1994; Adam
and Berta, 2002). Based on morphology, desmatophocids, an extinct group of sexually
dimorphic stem seals including Allodesmus, have been proposed as pelagic feeders
(Mitchell, 1966; Barnes and Hirota, 1994) with specializations for deep diving like
elephant seals (Debey and Pyenson, 2013). Extinct odobenids (walruses) might have
displayed a broad diversity of foraging ecologies, with basal and small-bodied taxa (e.g.,
Neotherium) feeding in coastal areas, while later diverging taxa (e.g., Ontocetus) have
been inferred to be coastal and benthic feeders, analogous to Odobenus rosmarus, the
only living walrus species (Magallanes et al.,, 2018; Deméré, 1994; Boessenecker, 2017).
Some have proposed a range of ecomorphologies for extinct phocids (true seals)
(Koretsky, 2001), but no specific tests of their past foraging ecology, including habitat
preferences, have been performed. The same is true for extinct otariids (fur seals and
sea lions).

Studies on living pinnipeds have demonstrated that neither skull nor dental
morphology alone can fully capture the diversity of feeding and foraging behaviors
(Adam and Berta, 2002; Kienle, 2018; Churchill and Clementz, 2016). Additional
quantitative and comparative trait studies are needed to support and reject any
palaeoecological hypothesis and examine the occurrence of niche partitioning. Stable
isotope analysis is a widely used tool in ecology and paleobiology for studying habitat
use, diet, movement, physiology, and life history in terrestrial and aquatic organisms
(Koch, 2007; Newsome et al., 2010). Analysis of stable carbon (613C) and oxygen (5180)
isotope variations in tooth enamel bioapatite has emerged as a robust approach to
investigate the foraging ecology and habitat preferences of marine mammals in both

recent and deep time (e.g., Clementz and Koch, 2001, 2003, 2006; MacFadden et al.,
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2004). Together, §13C and 8180 variations provide insights into habitat use and foraging
ecology in aquatic mammals (e.g., discriminating coastal vs. pelagic feeding and marine
vs. freshwater vs. estuarine environments).

Here we examine the enamel 613C and 6180 composition of fossil pinnipeds and
coeval marine mammals from the middle Miocene of the eastern North Pacific and the
Pliocene of the western North Atlantic to assess their foraging paleoecology and

examine how extinct pinnipeds partitioned their ancient communities.

5.3 BACKGROUND INFORMATION
53.1 Enamel as a deep time ecological recorder

Tooth enamel forms by accretionary growth; however, this takes place early in
ontogeny, with no remodeling or replacement later in life. In pinnipeds, tooth enamel
forms during the development in the uterus; hence its isotopic composition will reflect
the foraging and metabolism of pregnant females (Stewart and Stewart, 1987; Stewart
etal,, 1998; Clementz and Koch, 2001). Mineralized animal tissues (e.g., tooth enamel)
are combinations of minerals, proteins, and lipids. Specifically, the minerals in teeth are
a modified form of hydroxylapatite (i.e., bioapatite). The proportion of mineral vs.
organic matter and the size of the bioapatite crystals among mineralized tissues affect
their structure, leading to differences in their resistance to diagenetic alteration and
preservation of the isotopic signature over time. Tooth enamel has large bioapatite
crystals with a low percentage of organic matter (~5%). These conditions make enamel

highly resistant to diagenetic alterations preserving the original isotopic signal over
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millions of years and yielding an exceptional substrate for isotopic studies of extinct

taxa.

5.3.2  Stable carbon isotopes as proxies of preferred foraging zone

In marine ecosystems, the 613C values of primary producers track productivity
with values decreasing from highly productive nearshore regions (e.g., upwelling zones)
to offshore and stratified areas (Fry and Wainright, 1991; Rau et al,, 1992). The
preferential uptake of 12C by photosynthetic plants can explain this pattern, which leads
to an increment of the 613C values of residual dissolved inorganic carbon. As growth
rates in productive nearshore upwelling zones increase, more 13C enriched carbon is
incorporated during photosynthesis, enriching the §13C composition of primary
producers. Moreover, warm temperatures in the tropics are typically linked with lower
CO; solubility in seawater, leading to high 613C values in phytoplankton. These
conditions are reversed at higher latitudes (>402) as cooler temperatures result in
enhanced CO; solubility, leading to lower in §13C values. The magnitude of the §13C
decrease is variable in across hemispheres, and it has been estimated to be as much as
~2%o in the Northern Hemisphere. Estuarine and freshwater ecosystems have lower
mean §13C values than marine primary producers. However, mixing atmospheric and
respired CO; variations drive more variable §13C values among primary producers
(Osmond et al. 1981; Fry and Sherr 1984; MacLeod and Barton 1998). Together, these
processes create spatial 613C gradients among primary producers, driving differences in
the 613C among consumers (Burton and Koch, 1999; Clementz and Koch, 2001).

Carbon in animal tissues is obtained from the diet. The §13C composition of

animals largely reflect the isotopic signature of their diet, including dietary proteins,
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lipids, and carbohydrates. In carnivores, the §13C composition of dental enamel is driven
by the bulk diet (proteins and lipids) (Clementz and Koch, 2001). The tissue-to-diet
fractionation for bioapatite in carnivorous marine mammals has not been
experimentally determined; however, it has been assumed to mirror that of terrestrial
carnivorous (+9%o; Tieszen and Fagre 1993). Comparisons of the §13C composition
among mammals can be influenced by trophic level (there is ~1%o0 enrichment in 613C
with each trophic step) and disparities in the timing of formation and eruption of teeth
(Clementz and Koch, 2001), which in the case of pinnipeds has been documented to
occur almost synchronically in utero. Therefore, the 613C composition will reflect the

613C values of the mother’s diet.

5.3.3 Stable oxygen isotopes as a habitat tracer

The 6180 values in marine ecosystems are primarily driven by fractionation
processes associated with the hydrologic cycle, with a significant contribution of
evaporation and precipitation. During the evaporation process, molecules of water
possessing lighter isotopes of oxygen (160) will preferentially evaporate, forming clouds,
leaving the remaining sea surface water enriched in the heavier isotope (180). Thus, sea
water in regions with net evaporation (e.g., tropics) will have higher §180 values than
water in regions with lower net evaporation. Water vapor molecules containing the
heavy isotope will condense first from clouds through precipitation resulting in 180-
enriched rainfall, which will become progressively 180-depleted as the vapor mass
continues to circulate poleward into colder regions, resulting in lower 8180 values at
high latitudes (Bowen 2010). The magnitude of this decrease has been estimated to be

as much 2.0%o in the Northern Hemisphere (Clementz et al., 2014). The 6180 values in
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seawater (8180seawater) can also be influenced by freshwater runoff into the ocean. Rivers
and glacial meltwater are 180-depleted (increasingly so at high latitudes), producing a
reduction in the §180 values of coastal waters as salinity decreases. This phenomenon is
particularly evident at high latitudes (Bowen, 2010). Together, these spatial §180scawater
gradients label the 6180 values of organisms living in these regions. Consequently, the
6180 composition of marine organisms can be used as habitat tracer for those with
ranges that span over regions with distinct 6180seawater, Such as marine mammals (e.g.,
Yoshida and Miyazaki, 1991; Borrell et al., 2013; Vighi et al.,, 2014, 2016; Matthews et al,,
2016; Drago et al., 2020).

The 8180 composition of bioapatite depends on the magnitude and isotopic
composition of the oxygen fluxes into and out of the animal and potentially isotopic
fractionations associated with metabolism, which influence, the 6180 composition of the
body fluid from which bioapatite precipitates, as well as the temperature at which it
forms (Clementz et al., 2001, 2003; Kohn and Cerling, 2002). Body temperature is
constant in mammals, inducing a fixed offset relative to body water. While water
diffusion through the skin accounts for body water in cetaceans, water in consumed
prey is one of the main influxes of water in pinnipeds (Nagy and Costa 1980). Metabolic
water (water produced by oxidation of food, which contains 180-enriched atmospheric
0., contributes to body water, but the magnitude of this flux relative to that associated
with water in prey remains largely unexplored. Overall, 6180 values in bioapatite of
pinnipeds will primarily reflect the seawater isotope values when the mother was

gestating, reflecting their foraging zone.
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5.4 MATERIALS AND METHODS
5.4.1 Fossiliferous localities and specimen information

We analyzed the 613C and 6180 values of fossil teeth (n = 66) of marine and
terrestrial mammals recovered from Neogene localities on the eastern and western
coast of North America. We included fossil specimens from the Middle Miocene Round
Mountain Silt and Temblor formations and the lower levels of the Monterey Formation
in Southern California, as well as the early Pliocene Yorktown Formation from North

Carolina (Table 5.1).

54.1.1 Temblor Formation

The formation represents diverse depositional environments from shallow
marine to bathyal marine to terrestrial deposits along the San Joaquin Valley in
Southern California (Bate, 1985; Graham, 1985; Bartow, 1991). The “Reef beds” in the
Ridge Reef sequence have yielded several marine invertebrate and vertebrate remains
(Cooley, 1982; Graham, 1985) and are considered the original unit of the fossils studied
here. This sequence contains shoreline shallow-marine shelf deposits in a close
embayment environment (Cooley, 1982). The age of the Temblor Formation has been
estimated to the middle Miocene, ranging from 14.8 to 15.8 Ma and corresponding to
the early Barstovian North American Land Mammal Age (NALMA) (Kelley and Steward,

2008).

54.1.2 Round Mountain Silt Formation

As described for the Temblor Formation, sedimentological evidence indicates

that Round Mountain Silt corresponds to relatively shallow but dynamic marine basin
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that inundated the interior of the San Joaquin Valley during the middle Miocene. The
foraminiferal assemblage in the lower part of the Round Mountain Silt indicates the
prevalence of inner to outer shelf depths followed by upper bathyal depths higher in the
stratigraphic section. Terrestrial mammals described from this sequence indicate that
the adjacent continental mass encompassed riparian, woodland, and open grassland
habitats (Prothero et al., 2008). Fossil marine mammal specimens were principally
collected from one locality, Sharktooth Hill, a marine bonebed containing a diverse
marine fauna, including marine mammals, sea birds, and sharks (Pyenson et al., 2009;
Velez-Juarbe, 2018). While the age of the bonebed at Sharktooth Hill has been estimated
from 15.2 to 15.9 Ma, the contiguous Round Mountain Silt deposits would have occurred
in an extended time span between 14.5 and 16 Ma corresponding to the early
Barstovian NALMA (middle Miocene; Pyenson et al., 2009; Welton, 2014).

Remains of several pinnipeds, including desmatophocids (i.e., Allodesmus) and
stem odobenids (i.e., Neotherium and Pelagiarctos), have been reported from the
Temblor and Round Mountain Silt formations (Velez-Juarbe 2017, 2018). The fossil
record from these localities includes other marine tetrapods (e.g., turtles, birds), sharks,
fishes, and terrestrial mammals (Velez-Juarbe, 2018). Here we evaluated the stable
isotope composition of specimens of Allodesmus sp. (n = 7) and Neotherium sp. (n = 1).
We also included original (n = 6) and published data of Desmostylus sp., an enigmatic
hippo-like herbivorous marine mammal, Allodesmus, and some unidentified odontocetes

from these localities for comparison purposes (Table 5.1, 2).
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54.1.3 Monterey Formation

The formation represents an open-marine deposit of middle to upper bathyal
conditions (Graham and Williams, 1985; Finger, 1988; Bartow, 1991; Blake, 1991).
Deposits from the Monterey Formation range from the mid Langhian to earliest
Messinian (14.9-7.1 Ma; Velez-Juarbe and Valenzuela-Toro, 2019). Specifically, the
pinniped specimens analyzed here were collected from the lower section of the
Monterey Formation at a Laguna Hills site in Orange County (LACM locality 1945;
Howard and Barnes, 1987). This locality is characterized by having a diverse
assemblage of benthic foraminifera assigned to the Luisian Benthic Foraminifera Stage
(Finger, 1988, 1992; Stanton and Alderson, 2013) corresponding to the Serravallian
(Smith, 1960; Poore et al., 1981; Stadum and Finger, 2016). More recently, Parham et al.
(2022) concluded that the lower section of the Monterey Formation, including this
locality, ranges between 15.9 and 12.9 Ma, indicating a late middle Miocene age (falling
within the Barstovian NALMA) for the remains included here.

Abundant pinniped remains have been described from the Monterey Formation,
including phocids, desmatophocids (Allodesmus), odobenids (Imagotaria), and stem
otariids (Pithanotaria) (Barnes et al., 1985; Velez-Juarbe and Valenzuela-Toro, 2019 and
refences therein). Specifically, the pinniped assemblage from the lower levels of the
Monterey Formation shows a mosaic composition (Parham et al. in 2022). From this
level, fauna known from other Middle Miocene localities such as Allodesmus and
Neotherium co-occur with fauna known for the Late Miocene, including Pithanotaria and
some early odobenids (Velez-Juarbe and Valenzuela-Toro, 2019; Parham et al., 2022).
Remains of morphologically basal odobenids have been recovered from the lower part

of the Monterey Formation (Parham et al,, 2022). However, basal odobenids show
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substantial intraspecific dental variation (Biewer et al., 2020), impeding their taxonomic
identification at the genus or species levels. The odobenid specimens included in this
study resemble the aspect of those exhibited by Imagotaria downsi. However, their
isolated condition prevents us from making a precise designation, and we identify them
as cf. Imagotaria sp. In this study, we report original stable isotope data for Allodesmus
sp. (n = 3), cf. Imagotaria sp. (n = 3) and Pithanotaria sp. (n = 2) from the lower levels of

the Monterey Formation (Table 5.1).

54.1.4 Yorktown Formation

The formation represents a widespread transgression in the central Atlantic
Coastal Plain in eastern North America. This formation consists of four members; the
basal Sunken Meadow Member, which is overlain by the Rushmere, Morgarts Beach,
and the Moore House members (Dowsett and Wiggs, 1992). The open-pit phosphate
mine at Lee Creek, near Aurora in North Carolina, exposes a nearly complete section of
the Yorktown Formation and has yielded abundant remains of fossil marine and
terrestrial vertebrates (e.g., Eshelman et al., 2008; Dewaele et al.,, 2018) and it is the
original site of the fossils studied here.

The age of the Yorktown Formation has ranges from the early Pliocene to the
late Pliocene based on planktonic foraminifera, mollusk, and ostracod fauna (Hazel,
1971; Gibson, 1983; Snyder et al., 1983; Dowsett and Wiggs, 1992; Dowsett et al., 2019,
2021). Deposits of the Yorktown Formation at Lee Creek Mine are considered to range
from 3.7 to 4.8 Ma (Hazel, 1983), corresponding to the Blancan NALMA. The mining
operation at Lee Creek penetrates and scatters sediments and fossils from the

underlying Pungo River Formation (middle Miocene) and it is possible that older fossils
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might be mixed with the Pliocene Yorktown fauna (Zug, 2001). However, the vertebrate
fossils from the mine are considered to largely derive from the basal part of the
Yorktown Formation (i.e., the Sunken Meadow Member; Olson and Rasmussen, 2001;
Eshelman et al.,, 2008; Gibson and Geisler, 2009). Also, no fossil pinniped remains have
been reported from the Pungo River Formation, further supporting the attribution of
the specimens reported in this study to the lower section of the Yorktown Formation.

Planktonic foraminifera from the Sunken Meadow Member are dominated by
cold affine taxa, contrasting with the dominance of warm-tolerant species in overlaying
members (Snyder et al., 1983; Gibson, 1983). Faunal evidence has revealed that during
the deposition of the Yorktown Formation, the marine climate shifted from
predominantly temperate and less seasonally variable conditions to subtropical settings
(Hazel, 1983; Krantz, 1990; Dowsett et al., 2019). These shifting conditions might have
resulted from the impact of the closure of the Central American Seaway on oceanic
currents, including the weakening of the cool southward Labrador Current in the
northwestern Atlantic during the early deposition of this unit (Williams et al., 2008;
Johnson et al,, 2017). The depositional environment of the lower sections of the
Yorktown Formation has been interpreted as a relatively deep and open marine
environment (Fitch and Lavenberg, 1983; Olson and Rasmussen, 2001). Moreover, the
presence of terrestrial mammals like camelids, canids, horses, and mastodonts (Ward,
2008) hints that the adjacent continental land was dominated by dry wooded
environments.

Abundant phocid remains have been documented from the Sunken Meadow
Member in the Yorktown Formation. They largely correspond to isolated or

fragmentary remains with uncertain diagnostic value (Valenzuela-Toro and Pyenson,
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2019). Nevertheless, they have been frequently identified to the genus or species level
based on ambiguous and untested ecomorphological attributes, even when they do not
morphologically overlap with type specimens (e.g., Koretsky, 2001; Koretsky and Ray,
2008). Although the taxonomic identity of fossil phocids from this locality remains
highly controversial, more recent morphological reassessments declared nomen dubium
some previously identified taxa and recognized, instead, the occurrence of at least five
phocid taxa (i.e., Auroraphoca, Homiphoca, Gryphoca, Sardonectes, and Virginiaphoca;
Dewaele et al,, 2018; Rule et al,, 2020). In addition, one odobenid species (Ontocetus
emmonsi) have been reported from this locality (Kohno and Ray, 2008; Dewaele et al,,
2018), making the pinniped assemblage from the Yorktown Formation one of the most
diverse ever reported and only comparable to living pinniped assemblages in the
eastern North Pacific.

We reported the original stable isotope data of 0. emmonsi (n = 2) and phocid
seals (n = 16) from the Yorktown Formation. The phocid specimens comprise isolated
teeth, resembling the general morphology of Monachinae seals in having double-rooted,
multicuspate cuspid post canines, which are mesiodistally longer than tall and relatively
wide. These specimens were characterized by having relatively high main cusps with a
notch between the main cusps and the immediate accessory cusp, similar to Sardonectes
(Rule et al,, 2020). Nevertheless, the other monachinae seals from this locality,
Auroraphoca and Virginiaphoca, are known only from isolated postcranial remains
(Dewaele et al.,, 2020). No cranial remains have been referred to these species, and their
dental morphology is indeterminate. Therefore, it is impossible to establish the
taxonomic identity of phocid specimens using only isolated teeth. Considering these

limitations, we recognize the phocid specimens included in this study as Monachinae
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indet. We also reported the stable isotope composition of odontocete cetaceans such as
Globicephala sp. (n = 7), Ninoziphius sp. (n = 3), Pseudorca sp. (n = 1), and “Scaldicetus”
(n = 6), and the terrestrial mammal Rhynchotherium cf. euhypodon (n = 9) for

comparison (Table 5.1, 2).

5.4.2 Stable isotope analyses

The tooth surface was abraded to remove potential contaminants. Bioapatite
pretreatment followed the protocols described by Koch et al. (1997) and Clementz and
Koch (2001). Approximately 5 mg of powder were drilled from each tooth. Powders
were soaked for 24 h in ~2% H,0- to oxidize organic matter, rinsed five times with
distilled water, soaked for 24 h in 1 M calcium acetate/acetic acid buffer to remove
carbonate contaminants, rinsed five times with distilled water, and then freeze-dried
(Koch et al. 1997; Clementz and Koch, 2001). Approximately 1 mg of powder were
analyzed in the Stable Isotope Laboratory at the University of California Santa Cruz by
acid digestion using an individual vial acid drop Themo Scientific Kiel IV carbonate
device interfaced to Thermo Scientific MAT 253 dual-inlet isotope ratio mass
spectrometer (iRMS). Samples were loaded into individual vials and dried overnight in a
70°C vacuum oven. During analysis, samples reacted at 75°C in orthophosphoric acid
(specific gravity = 1.92 g/cm3) to generate carbon dioxide and water. Water was
cryogenically separated and non-condensible gases were pumped away before
introducing the CO> analyte into the iRMS. All samples were measured with several
replicates of the externally calibrated Carrera Marble in-house standard reference
material CM12 and the NBS-18 limestone international standard reference material.

Samples with natural abundance carbonate isotope ratios are corrected to VPDB
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(Vienna Pee Dee Belemnite) for offset and linearity in a two-point correction with CM12
and NBS-18. Samples with carbonate isotope ratios outside the range of natural
abundance were corrected to VPDB only for offset in a single-point correction with
either CM12 or NBS-18. Two natural samples of “Atlantis [I” powdered coral were run
daily as independent quality control to monitor performance. Typical reproducibility of
replicate measurements is significantly better than 0.05%o for 613Cco3 and significantly
better than 0.10%o for 6180cos.

All samples were run in duplicates. [sotope data are expressed in delta (6)
notation and calculated as follows: [(Rsample / Rstandara) = 1] x 1000, where Rsampie OF
Rstandara are the 13C/12C and 180 /160 ratios in the sample or standard for carbon and
oxygen, respectively. Carbon and oxygen values are reported relative to the VPDB
standard. The oxygen isotope ratios were later calculated relative to SMOW (standard

mean ocean water) to compare them with published data, using the formula:

6180 VSMOW = 30.91 + (103091 X 8180vaB)

We assumed that the stable carbon and oxygen isotope values of marine
mammal populations from the Temblor and Round Mountain Silt Formations were
ecologically comparable based on the following evidence: (1) the Temblor and the
Round Mountain Silt Formations represent equivalent depositional environments
consisting of shallow marine basins with a tropical and outer tropical climate (Figure
S5.1), and (2) the oceanic 6180, and benthic §13C values prevalent during the deposition
of these two fossiliferous localities (i.e., ~14.5 and 16 Ma) are similar and remained

relatively stable (Figure S5.2; Zachos et al., 2001; Hall, 2002; Holbourn et al., 2014),
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hinting at no significant baseline differences. The lower sequences of the Monterey
Formation (15.9-12.9 Ma; Parham et al., 2022) have been interpreted as open marine
habitats with a dominant climate corresponding to outer tropical conditions,
comparable to those in Temblor and Round Mountain Silt Formations (Figure S5.1). Yet,
benthic foraminifera records from the eastern North Pacific show a conspicuous
decrease in their 613C values between 13.8 and 12.9 Ma (Holbourn et al., 2014),
coinciding with the upper limit of the lower levels of the Monterey Formation (Figure
S5.2). Consequently, comparisons between the marine mammal assemblages from the
Monterey Formation with those from the Temblor and Round Mountain Silt Formations
must account for baseline shifts. To do that, we corrected the §13C values of specimens
from the Monterey Formation by the difference between the mean 613C values of
benthic foraminifera ranging from (1) 14.5 to ~16 Ma (the estimated deposition time of
the Temblor and the Round Mountain Silt Formations) and those between (2) ~12.9 to
16 Ma (corresponding to the deposition of the lower levels of the Monterey Formation).
We used published 613C values of benthic foraminifera from Holbourn et al. (2014) to
calculate differences in the 613C values during these time bins, which corresponded to
0.165%o. These values were added to the §13C values for specimens from the Monterey
Formation, allowing direct comparisons with fossil marine mammals from the nearly

contemporaneous Temblor and the Round Mountain Silt Formations.

5.4.3 Data analyses
Statistical analyses were performed in R statistical software version 4.0.3. The
significance of differences in mean isotopic values among multiple groups was

calculated using the parametric one-factor analysis of variance (ANOVA) followed by a
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posthoc Tukey test for pairwise comparisons. When the assumptions of equal variance
and normality among populations were not meet, we used a nonparametric Kruskal-
Wallis one factor analysis, followed by the non-parametric Wilcoxon-Mann-Whitney
test. Comparisons of the variance between populations were conducted using simple F-
tests or the Barlett and the Levene tests (when comparing two or more groups with
normal and non-normal distributions, respectively). Statistical significance of the
correlation between §13C and the §180 values was evaluated using the Pearson and
Spearman rank correlation test, for normally and non-normally distributed data,
respectively. All these analyses were conducted using their respective functions in base
R.

Considering the taxonomic uncertainty associated with phocids from the
Yorktown Formation, we examined whether structured isotopic variability existed in
this assemblage. We conducted a hierarchical cluster analysis (HCA) using Euclidean
distances and Ward linkage method on the 613C and §180 values and body length
estimates for the studied taxa. Body size for phocids was calculated as the average of the
estimated body length of Monachinae taxa described in Yorktown Formation (i.e.,
Auroraphoca, Homiphoca, Sardonectes, and Virginiaphoca) from Rule et al. (2020). The
body length for other taxa was directly obtained from the literature. We used the
Bootstrap re-sampling (with 10,000 iterations) and the Jaccard coefficient for

evaluation of the cluster’s stability using the package fpc (Hennig, 2020).

5.5 RESULTS
The marine mammal samples from Temblor, Round Mountain Silt, Monterey, and

Yorktown Formations are scattered in their respective isospaces (Figure 5.2). Their §13C
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and 6180 values resemble the range displayed by extant marine mammal communities
and show low general variability in their §180 values (Table 5.2), as expected for aquatic

mammals (Clementz and Koch, 2001).

5.5.1 Miocene marine mammal assemblages from Southern California

Specimens covered a large range in 613C values (9.5%o), extending from -12.7%o
for one specimen of Allodesmus to -3.2%o for Desmostylus, resembling the scattering of
modern marine mammal communities in central and Southern California (Figure 5.14,
B). The range of 6180 values was smaller (3.3%0) and extended from 25.3%o for cf.
Imagotaria to 28.6%o for Neotherium (Figure 5.1A, Table 5.2). We did not find a
significant relationship between the §13C and 6180 values (Spearman, p = 0.34; n = 22).

Desmostylus and pinnipeds varied in their mean §13C values (one-way ANOVA:
F(1,20) = 32.28, p < 0.001); Desmostylus had higher 613C values than pinnipeds as a
whole (Tukey test: p < 0.001). Differences in the median §180 value between these
groups were insignificant (Kruskal-Wallis test: p = 0.12). We found no significant
differences in 613C (Barlett test: p = 0.42) and 8180 (Levene test: p = 0.075) variance
between desmotylians and pinnipeds. The average §13C value varied among genera
(Kruskal-Wallis test: x2(3) = 18.22, p = 0.00040). Wilcoxon tests revealed that
Desmostylus had significantly higher mean §13C value than Allodesmus (p = 0.0081) and
odobenids (Neotherium and cf. Imagotaria) (p = 0.028), and that Allodesmus had lower
mean §13C values than odobenids (p = 0.017) and the stem otariid Pithanotaria (p =
0.061), although this latter comparison was non-significant because of the low
Pithanotaria sample size. The mean 6180 value was less variable and we found no

significant differences between populations (Kruskal-Wallis test: p = 0.27).
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5.5.2  Pliocene marine mammal assemblages from Yorktown Formation

Specimens covered a large range in 613C values (5.0%o), extending from -11.0%o
to -6.0%o for specimens of monachinae indet. (Figure 5.1C). The range of §180 values
was smaller (3.0%o) and extended from 25.5%o for a specimen of monachinae indet. to
28.5%o for “Scaldicetus” (Figure 5.1C). No significant relationship between the 613C and
6180 values existed (Pearson, p = 0.11).

Fossil marine and terrestrial mammals significantly differed in their mean 6180
values (F(5,38) = 8.9, p < 0.001) but not in their mean 813C values (one-way ANOVA, p =
0.26). Tukey test revealed that the gomphotheriid Rhynchotherium had significantly
lower mean 6180 than “Scaldicetus” (p = 0.0040). While no significant differences were
found in 813C variance (Barlett test: p = 0.22), the 6180 variance differed significantly
(Barlett test: p = 0.028) between marine and terrestrial mammals with the latter having
higher 6180 variance than cetaceans, but comparable to those of pinnipeds. No
differences in mean §13C values were detected between Globicephala, Ontocetus,
monachinae seals, “Scaldicetus”, and Ninoziphius (one-way ANOVA: p = 0.22). Mean 6180
values were statistically distinct between populations (one-way ANOVA: F(4,30) =
13.48, p < 0.001). Tukey test revealed that phocids had consistently lower mean 6180
than co-occurring Globicephala (p = 0.00011), “Scaldicetus” (p < 0.001), and Ninoziphius
(p=0.017).

The HCA using the 613C and 6180 values and estimated body length, revealed that
populations from the Yorktown Formation grouped into three clusters (Figure 5.2A,B).
Cluster 1 (n =9) included a subset of monachinae seals, and the extinct walrus

Ontocetus. Cluster 2 (n = 9) included the remaining phocids, and Cluster 3 (n = 17)
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comprised large body-sized cetaceans. The mean §13C value was significantly different
between clusters (one-way ANOVA: F(2,32) = 10.23, p < 0.001), with phocids from
Cluster 2 having a significantly lower mean 613C value (-9.3 + 1.1%;) than pinnipeds
grouped in Cluster 1 (-7.1 = 0.9%o) (Tukey test: p < 0.001), and cetaceans from Cluster 3
(-7.9 £ 1.1%o0) (Tukey test: p = 0.0064). Likewise, the mean 6180 between clusters was
significantly different (one-way ANOVA: F(2,32) =45.73, p < 0.001). Cluster 3
(cetaceans) had significantly higher mean 6180 value (28.0 + 0.3%o) than pinnipeds in
Cluster 1 (27.3 £ 0.3%o) (Turkey test: p < 0.001) and phocids in Cluster 2 (26.5 + 0.6%0)
(Tukey test: p < 0.001), whereas Cluster 1 had significantly higher mean 6180 value than

Cluster 2 (Tukey test: p < 0.001).

5.6  DISCUSSION
5.6.1 Evaluation of diagenetic alteration

Enamel bioapatite is more highly resistant to diagenetic alteration of stable
isotope composition than other mineralized tissues, capable of retaining the original
isotopic signatures for millions of years (Koch, 2007). Yet, alterations can still occur
(Lee-Thorp and Van Der Merwe, 1991; Schoeninger et al., 2003), implying that the
diagenetic alteration of the bioapatite must be assessed when using stable isotopes from
tooth enamel for paleoecological inferences.

Patterns of variation in stable isotope composition can serve as one monitor the
occurrence of diagenetic alteration in marine mammals. Oceanic environments are
relatively homogenous, resulting in relatively low 6180 variability compared to
terrestrial environments. For homeothermic marine organisms like marine mammals

(in which water evaporation and other processes leading to substantial isotopic

177



fractionation are negligible), the §180 values should mirror the water in which the
organism lives, resulting in little variability within species that inhabit the same water
mass (Clementz and Koch, 2001). If the fossil marine mammal’s tooth enamel has
retained their original isotopic composition, very low 6180 variance (<0.5%0) compared
to coeval terrestrial mammals (>1%o) is expected (Clementz and Koch, 2001). As
anticipated, our results show that the §180 variance among fossil marine mammal
populations was low (<0.5%o; Table 5.2), except for slightly high values (0.6%o) for
Allodesmus and Monachinae indet. from the Round Mountain Silt and the Yorktown
Formations, respectively. Based on comparisons to co-occurring terrestrial mammals
(Table 5.2), we suggest that all the specimens preserve the original stable isotope
composition, and that the higher variance shown by these two pinniped taxa are likely
explained by ecological attributes rather than diagenetic alteration.

A higher variance was recorded only in Allodesmus and Monachinae indet. from
the Round Mountain Silt and Yorktown formations, respectively. Yet, these variations
are likely explained by ecological attributes of these species (see below) rather than
diagenetic alteration.

Terrestrial control taxa were only gauged for the Yorktown Formation
corresponding to the gomphotheriid Rhynchotherium (n = 7) (Family Gomphotheriidae;
Table 5.2; Figure S5.3). The calculated 6180 variance for this group was 0.6%o, higher
than any coeval marine mammal population. However, this value is lower than the
published variance (>1%o) of living terrestrial carnivores and herbivores elsewhere
(e.g., Clementz and Koch, 2001). Yet, Gomphotherium, a closely related gomphotheriid
from the Temblor Formation also had lower §180 variance (0.8%o; Clementz et al.,

2003) than coeval terrestrial mammals as well. The consistent low §180 variance
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observed in Rhynchotherium and Gomphotherium (Table 5.2) may be explained by a
larger water consumption from sources with relatively homogenous 6180 composition
as it has been described for modern elephants (Clementz et al., 2003). Consequently, the
relatively low 8180 variance observed in Rhynchotherium from Yorktown Formation
likely reflects ecological processes, further supporting the lack of diagenetic alteration.

Despite the lack of terrestrial control taxa for marine units in the eastern North
Pacific, we argue that the consistency between our novel stable isotope data with
previously reported data (Table 5.2) would support the preservation of the original
isotope composition. The isotopic ranges encompassed by our original 613C and 6180
dataset for Allodemus and desmostylians (Desmostylus) from the contemporaneous
middle Miocene Temblor and Round Mountain Silt Formations are consistent with those
described by other studies which had their corresponding terrestrial control taxa (Table
5.2; Clementz et al., 2003). Moreover, these taxa had significantly different mean 613C
(but not 6180), denoting different foraging habitat as it has been portrayed by
paleoecological studies (e.g., Clementz et al.,, 2003).

Expected differences in stable isotope composition between marine mammal
taxa may also contribute to evaluating diagenetic alteration in fossil specimens.
Previous studies on modern marine mammals have shown that cetaceans are
consistently ~1 to 2%o 180-enriched compared to pinnipeds (Clementz and Koch, 2001).
While the mechanisms underlying this difference remain unknown, the occurrence of
consistent 180-enrichment among cetaceans compared to pinnipeds might serve as
alternative evidence for the preservation of the original stable isotope composition. Our
study found that fossil cetaceans from the Yorktown Formation had significantly higher

median 6180 values than co-occurring pinnipeds (~1%o difference), supporting the
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preservation of the original isotopic composition in this unit. Conversely, the non-
significant differences in the 6180 composition of the cetaceans and other marine
mammals from fossil localities from the eastern North Pacific might be justified by the
low sample size of the fossil cetaceans reported.

Based on the low 6180 variance of fossil marine mammals, the comparable 6180
variance obtained for Rhynchotherium relative to other gomphoteriids, the consistency
between the newly reported stable isotope data with those previously reported for the
same units (with terrestrial control taxa), and the occurrence of differences in the §180
values between concurrent cetaceans and pinnipeds, we conclude that diagenesis has
not affected marine mammals' 613C and 6180 composition at the study sites, supporting

the validity of the ecological interpretations derived from their analyses.

5.6.2  Paleoecology of Miocene marine mammals from Southern California

Coeval Miocene marine mammals from the eastern North Pacific showed little
variance in their 6180 composition but broadly varied in their 613C values, resembling
the configuration of living marine mammal communities in the region. Yet, the elevated
613C values (~2%o0) among Miocene marine mammals relative to modern communities
(Figure 5.1A, B) likely reflect both natural and post-industrial anthropogenic changes in
the carbon isotopic composition of atmospheric CO; since the Miocene (Suess, 1955;
Tipple et al., 2010). Indeed, present-day atmospheric CO; has a §13C value of -8.0%o,
approximately, which is lower than the estimated values for the Cenozoic, including the
Miocene (-6.1 = 0.6%o; Clementz et al., 2014). The mean 6180 values for living and fossil
marine mammals had a similar range, suggesting that the §180scawater at this time (ca. 16

Ma) was close to present-day conditions.
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While fossil marine mammal assemblages from Southern California contain
groups with modern analogs like pinnipeds and cetaceans, it also includes others with
no modern representatives, like Desmostylus. Desmostylus is a genus of herbivores
known from the Oligocene through the Miocene of the eastern North Pacific (Matsui and
Tsuihji, 2019). Previous biogeochemical analyses revealed that they were aquatic
mammals inhabiting estuarine or freshwater environments, consuming different pools
of aquatic vegetation (Clementz et al., 2003). Our study shows that Desmostylus from the
Temblor Formation had little §180 variation, but it had significantly higher and more
variable 613C values than coeval pinnipeds. These results mirror previous assessments,
denoting that Desmostylus had aquatic lifestyles but exploited distinct foraging habitats
than coeval marine mammals, likely consuming seagrasses, and other vegetation in
estuarine or freshwater habitats (Clementz et al., 2003).

Allodesmus is an extinct genus of pinnipeds that has been frequently recovered
from Miocene marine localities across the eastern and western North Pacific. Based on
their body size, simplified dentition, and enlarged orbits, Allodesmus have been
interpreted as a pelagic and deep-diving predator, comparable to extant elephant seals
(Mitchell, 1966; Debey and Pyenson, 2013). Previous stable isotope analyses showed
that Allodesmus from Middle Miocene localities from Southern California had low 6180
variance and consistently lower 613C values than co-occurring Desmostylus, supporting
their offshore marine foraging preference (Clementz et al., 2003). Our work aligns with
these previous findings and shows that Allodesmus had consistently low 613C values
relative to coeval species with little §180 variance. Stable isotope analyses on living
marine mammals from California reveal that species with pelagic and offshore foraging

preferences, like female elephant seals and northern fur seals, are 2 to 4% 13C-depleted
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relative to nearshore and resident predators (e.g., harbor seals) (Figure 5.1B). Our
results resemble that pattern and show that Allodesmus had significantly lower 613C
values than co-occurring marine mammals. Isotopic values from Allodesmus were
~3.5%0 and ~2%o 13C-depleted relative to pinnipeds like Pithanotaria and odobenids,
hinting at a pelagic and offshore foraging preferences, supporting predictions derived
from morphology.

Various factors could explain the significantly low 613C value by a single
Allodesmus specimen (~-14%o) from the Round Mountain Silt. Still, we argue that it
likely reflects the occurrence of intraspecific dietary differences. The enamel §13C values
correlate with the §13C of bulk diet, including proteins and lipids (Clementz and Koch,
2001). Lipids have lower 613C values than other body tissues (DeNiro and Epstein
1978), and the preferential consumption of a lipid-rich diet is expected to lower a
predator’s 613C value. Among living pinnipeds from California, similar extremely low but
613C values have been observed in some female northern elephant seals, which have
even lower values than concurrent pelagic and offshore female northern fur seals
(Figure 5.2B). While they opportunistically consume diverse pelagic prey species, the
diet of female elephant seals is preferentially composed of mesopelagic myctophids
(Goetsch et al,, 2018; Yoshino et al.,, 2020), which have significantly higher lipid content
than other pelagic prey (Van Pelt et al., 1997). Therefore, female elephant seals' low but
variable enamel §13C values (Figure 5.1B) likely result from the additive influence of
their lipid-rich diet, the opportunistic consumption of other pelagic species, and
offshore foraging (Clementz and Koch, 2001). Moreover, food webs at depths >100 m
can be partially fueled by primary organic matter that is significantly lower in §13C

values compared to phytoplankton at the oceanic surface (Benner et al. 1997).
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Therefore, elephant seals feeding at greater depths (Robinson et al., 2012) might have
lower values than expected from surface primary producer values. It is conceivable that
the variability displayed by some Allodesmus individuals results from a similar
mechanism, hinting at the prevalence of intraspecific dietary differences including the
consumption of prey with distinct lipid-content and/or the performance of deep diving.
Further morphological and biogeochemical examinations of additional Allodesmus from
these and other Neogene units will be required to unravel the occurrence of ecological
diversity in this taxon.

Pithanotaria and other stem otariids have been consistently interpreted as
piercing feeders based on their simplified postcanine dentition (Adam and Berta, 2002;
Boessenecker, 2011; Velez-Juarbe, 2017). Moreover, it has been argued that they might
be offshore foragers, which would explain their paucity in fossiliferous nearshore
localities predating the late Miocene (Boessenecker and Churchill, 2015). Contrary to
this prediction, Pithanotaria enamel §13C values are ~4%o and ~1%o 13C-enriched
relative to coeval Allodesmus and stem odobenids, respectively, pointing to the use of
nearshore foraging zones. If this interpretation is correct, different factors may explain
their rarity in nearshore fossiliferous localities. Among coeval pinnipeds, Pithanotaria
had the smallest estimated body length, approaching ~1.3 m, within the range of living
sea otters and harbor seals. Coincidentally, these nearshore species also exhibit a
meager fossil record, consisting of a few isolated occurrences from Pleistocene
nearshore localities (Boessenecker, 2015; Valenzuela-Toro and Pyenson, 2019).
Together, these observations suggest that shared taphonomic factors such as body size
or natural history might bias their preservation, explaining the poor fossil record

(Cuitino etal., 2019).
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Pinniped assemblages from the Temblor and Round Mountain Silt Formations
contained the extinct odobenids Neotherium and Pelagiarctos (Velez-Juarbe, 2017).
Among them, morphological evaluations have shown that Neotherium lacked cranial
specializations for benthic feeding, suggesting the consumption of pelagic resources and
a piscivorous diet (Kohno et al., 1994; Deméré and Berta, 2001), resembling the inferred
diet of Pelagiarctos (Boessenecker and Churchill, 2013; Loch et al., 2016). While our
study only included a single Neotherium specimen, it had higher §13C composition than
co-occurring Allodesmus, it was 1%o lower than those of the nearly contemporaneous
Pithanotaria and cf. Imagotaria from the lower levels of the Monterey Formation, and
partially overlapped with Desmostylus and unidentified odontocetes from Temblor and
Round Mountain Silt formations (Figure 5.1). Combined with their nearly equivalent
6180 value, these results hint that Neotherium might have inhabited similar water
masses than coeval pinnipeds but exploited intermediate habitats between those used
by Allodesmus and Pithanotaria as indicated by their intermediate 613C value.

The odobenids cf. Imagotaria from the lower levels of the Monterey Formation
had intermediate 613C values between coeval Allodesmus and Pithanotaria,
corresponding with those of Neotherium. Yet, cf. Imagotaria were ~1.5%o 180-depleted
relative to coeval marine mammal populations. Their low enamel §180 values could be
explained by their foraging at higher latitudes (with lower 6180seawater). However, cf.
Imagotaria enamel §13C values are not significantly lower than coeval pinnipeds,
suggesting that foraging at higher latitudes is unlikely. Alternatively, foraging in
estuarine environments might explain their distinctive isotopic composition. Studies of
living aquatic mammals have shown that populations that favor estuarine habitats have

enamel 613C values equivalent to nearshore marine consumers but significantly lower
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6180 values because of the reduced salinities in estuaries (Clementz and Koch, 2001).
Together, these results are the first evidence of the use of estuarine environments by
extinct pinnipeds. Additional biogeochemical analyses in odobenid specimens from the
lower levels of the Monterey Formation are needed to test this interpretation.
Specifically, the examination of strontium isotopes (687Sr) in addition to §13C and 6180
values will be critical for evaluating whether cf. Imagotaria inhabited marine vs.

estuarine ecosystems (Clementz et al., 2003).

5.6.3  Paleoecology of Pliocene marine mammals from the Western North Atlantic

At least five phocid taxa (i.e., Auroraphoca, Homiphoca, Gryphoca, Sardonectes,
Virginiaphoca), one odobenid (Ontocetus), and several odontocetes have been
recognized from the Sunken Meadow Member at the Yorktown Formation (Valenzuela-
Toro and Pyenson, 2019; Rule et al., 2020), making it one of the most diverse marine
mammal assemblages ever reported. Although morphological uncertainties prevented
us from conducting genus-level identifications based on isolated phocid teeth, our study
revealed that at least three ecologically distinct groups of marine mammals occurred in
this site.

Little is known about the paleoecology of coeval phocids from the Yorktown
Formation. Based on its relatively large body size and robust feeding morphology, it has
been proposed that Sardonectes was a large pierce feeder, consuming larger prey (Rule
etal., 2020). Morphological comparisons also have suggested that the medium-sized
Homiphoca were piercing feeders with some capacity for filter feeding, analogous to
modern leopard seals (Govender, 2018; Kienle and Berta, 2018). No paleoecological

inferences have been conducted for other phocid species from this formation mainly
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because of their incomplete fossil record (see Dewaele et al., 2018). Using isolated teeth
that cannot be identified to genus, we show that at least two ecologically distinct
pinniped groups co-occurred during the early Pliocene in the western North Atlantic as
inferred from their §13C and 6180 variability (Figure 5.2). The odobenid Ontocetus and a
subgroup of Monachinae phocids (Cluster 1) were predominantly nearshore foragers, as
is concluded from their higher §13C and 6180 values than coeval marine mammals. The
remaining phocids were recovered as a separate group (Cluster 2) and characterized by
having significantly lower 613C and 6180 values than coeval phocids (Cluster 1) and
odontocetes (Cluster 3). Neither the exploitation of estuarine nor freshwater
ecosystems is consistent with the stable isotope composition shown by the latter phocid
subpopulation, since both foraging modes generate opposite patterns of variation of the
enamel 613C and 6180 in aquatic mammals (Clementz and Koch, 2001). Other
mechanisms must account for their variability.

The 813C and 6180 composition of marine phytoplankton and seawater is
strongly influenced by latitudinal gradients of temperature, sea surface salinity, and
primary productivity, creating a widespread and negative correlation with latitude that
has been maintained since the Paleogene (Clementz et al., 2014). The early Pliocene in
the western North Atlantic was characterized by warmer than present-day conditions,
decreased seasonality, and increased sea surface salinity, which likely increased with
latitude (Dowsett et al., 2009; Lawrence et al., 2009). We are unaware of early Pliocene
861805cawater records from the western North Atlantic. However, the ~1%o difference
between the enamel §180 values by some Monachinae phocids (Cluster 2) relative to
coeval pinnipeds from the Yorktown Formation (Figure 5.2) is equivalent to the

difference observed in the 6180secawater between low (~352N) and high (~459) latitudes
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inferred from enamel 6180 values in fossil sirenians inhabiting this region (Clementz
and Sewall, 2011). The isotopic composition of cetaceans stranded along the western
North Atlantic coastlines further supports this hypothesis (Figure 5.1D). The 613C and
6180 values of modern pilot whales (Globicephala spp.) stranded along the North
Carolina coastlines (~352N) are ~2%o higher than those at higher latitudes (402 -
42°N), presumably reflecting latitudinal differences in their foraging grounds (Clementz
etal,, 2014). Consequently, we interpret that the lower §13C and 6180 values of a
subgroup of Monachinae seals (Cluster 2) from the Yorktown Formation is consistent
with long-distance foraging movements to presumably highly productive northern
foraging grounds, enhanced by the influence of the Labrador Current during the early
Pliocene (Williams et al., 2009; Johnson et al., 2017).

Ontocetus is one of the closest extinct relatives of modern walruses (Berta et al.,
2018). Based on its skull morphology, enlarged tusks, and large body size (~15% larger
than living walruses; Boessenecker et al., 2018), it has been inferred to have a foraging
ecology analogous to living walruses but deployed in a warmer environment. Odobenus
rosmarus, the only living walruses, are relatively shallow and benthic foragers that prey
on bottom-dwelling invertebrates, especially bivalve mollusks (Gjertz et al., 2001; Garde
etal,, 2018; Gebruk et al,, 2021). If predictions based on morphology are correct, and
Ontocetus were nearshore foragers with a mollusk-specialized diet, we expect them to
have relatively higher 613C values than coeval marine mammals. Following predictions,
we found that Ontocetus had a mean 813C value ~1%o higher than the average of coeval
nearshore phocids (within Cluster 1), and 1.5%o than phocids showing long-distance-

movement (Cluster 2) (Figure 5.2). It is possible that Ontocetus feed on the abundant
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invertebrate fauna reported in the lower levels of the Yorktown Formation (e.g., Krantz,
1990).

Our study also provides insights into the paleoecology of large-bodied
odontocetes (Cluster 3) from the Yorktown Formation (Figure 5.2). Although
“Scaldicetus” likely represents a polyphyletic group, their dental morphology hints that
they were macroraptorial predators analogous to modern killer whales (Bianucci and
Landini, 2006; Hampe, 2006; Toscano et al., 2013; Lambert and Bianucci, 2019). While
“Scaldicetus” enamel §180 values showed low variability (~0.2%0), their 613C variability
was higher (~1.4%o), likely indicating the prevalence of diverse foraging strategies.
Similar variations in §13C values (with small §180 variance) in living killer whale
populations have been described (e.g., Foote et al,, 2013; Matthews et al,, 2021). The
specific factors driving this variability remain unclear; however, it likely results from
the combined effect of their vast geographical ranges and intraspecific foraging
specializations (Foote et al., 2013; Matthews and Ferguson, 2014). It is conceivable that
the enamel §13C variability observed in “Scaldicetus” might result from similar
mechanisms, supporting the occurrence of distinct foraging strategies analogous to
killer whales.

Living Globicephala spp. are predominantly offshore foragers feeding on pelagic
squids (Santos et al., 2014). However, they periodically reach nearshore zones where
they consume neritic prey (Gannon et al.,, 1997; Becker et al,, 2021). Globicephala from
the Yorktown Formation had variable §13C values with little §180 variance, overlapping
with the isospace occupied by “Scaldicetus”. Likewise, high variability in the 613C values
has been recorded in living pilot whales (Meéndez-Fernandez et al., 2012). Moreover,

their 8180 composition is indistinct from living short-finned pilot whales (G.
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macrorhynchus) stranded along the eastern coast of North America (see Figure 5.1C, D),
further suggesting the occurrence of similar foraging preferences over time.

Ninoziphius is a stem ziphiid known from the late Miocene and Pliocene of Peru
(Muizon, 1984) and the Pliocene of western North Atlantic. Compared to the extant and
deep diving ziphiids, Ninoziphius lacked traits associated with deep diving and exhibited
a more elongated rostrum, longer and more flexible neck, and shorter and less powerful
tail. They also showed dental wear patterns that are consistent with probing and
scouring the seafloor during prey search as described in some long-snouted river
dolphins (Lambert et al., 2013). Based on this morphological evidence, it has been
proposed that Ninoziphius were raptorial predators, feeding on movable prey along the
seafloor in shallow environments (Lambert et al., 2013, 2015). We show that
Ninoziphius displayed relatively higher 613C values than their coeval cetaceans,
suggesting the prevalence of nearshore foraging preferences and confirming

morphological predictions.

5.6.4  Niche partitioning of coeval pinnipeds

The pinniped taxa from the assemblages examined here are largely
phylogenetically unrelated. For instance, Allodesmus belongs to the extinct family
Desmatophocidae (Boessenecker and Churchill, 2018), whereas the concurrent
Neotherium and cf. Imagotaria are, respectively, one of the most basal and relatively
derived members of the family Odobenidae (Magallanes et al., 2018; Biewer et al.,
2020). Pithanotaria also is not closely related to any of their coeval taxa, constituting
one of the most basal members of the family Otariidae (Boessenecker and Churchill,

2015; Velez-Juarbe, 2017). While the taxonomic identification at the species level of
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phocids from the Yorktown Formation is uncertain, they are non-closely related to
Ontocetus, which is one of the most derived odobenids. Phylogenetic analyses have
shown that two of the phocid Monachinae taxa described from this formation (i.e.,
Sardonectes and Homiphoca) are not sister taxa. Sardonectes pertains to the clade
Monachini, whereas Homiphoca forms a separate clade with Acrophoca, Hadrokirus, and
Piscophoca, which are extinct phocids from the eastern South Pacific (Rule et al., 2020).
Further analyses are needed to resolve the phylogenetic relationships of Auroraphoca
and Virginiaphoca within monachinae and, from there, to refine the relatedness of the
specimens included in this study.

Modern pinniped communities are less taxonomically diverse than those
chronicled by the fossil record (Valenzuela-Toro et al., 2015; Velez-Juarbe, 2017).
However, paleontological, zooarchaeological, and historical records indicate that
pinnipeds' current abundance and distribution do not reflect their pre-historical past,
implying that the structure and dynamics observed in modern communities have
emerged from the relatively recent synergic effects of human exploitation and climate
change (e.g., Braje and Rick, 2011; Valenzuela-Toro et al,, 2013, 2015). For instance,
paleontological and historical evidence indicates that until two centuries ago, southern
elephant seals inhabited a broader area in the Southern Hemisphere than today
(Philippi, 1889; Sielfeld, 1983; Valenzuela-Toro et al., 2015), implying that pinnipeds’
community structure was different than those observed in the same coastlines and
elsewhere today (i.e., exclusively dominated by otariids).

Our stable isotope analyses revealed that fossil pinniped assemblages exhibited
consistent foraging partitioning among co-occurring taxa. We recognized the occurrence

of nearshore and offshore foraging modes within fossil pinniped assemblages across the
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Northern Hemisphere. The exploitation of estuarine ecosystems and long-distance
foraging were also identified in these assemblages, which likely contributed to niche
partitioning. Similar patterns of foraging and resource partitioning have been identified
in living pinniped communities with the co-occurrence of nearshore, offshore, and some
alternative foraging modes (Figure 5.1B). These results suggest that foraging patterns
were early acquired in pinniped communities across their evolutionary history, hinting
that niche partitioning has been an important driver for the structure of pinniped
communities over time.

Because of sampling constraints, our study only included a subset of the co-
occurring taxa across some pinniped assemblages. Therefore, resource partitioning
patterns (e.g., nearshore vs. offshore) might result from incomplete taxonomic
sampling. Nevertheless, we argue that described body size and morphological
differences between co-occurring fossil taxa further support our interpretations. Body
size and cranial morphology affect foraging dynamics. Larger taxa can, in theory, reach
greater depths and exploit a greater diversity of prey resources than smaller ones (e.g.,
Thompson et al., 1998; Weise et al,, 2010). Feeding morphology can also limit prey size
and processing efficiency, influencing foraging dynamics and resource partitioning (e.g.,
Jones et al., 2013; Segura et al.,, 2015). While the direction of the correlation between
body size, feeding morphology, and foraging remains understudied, our study showed
that co-occurring species with disparate body sizes (e.g., Allodesmus, Neotherium, and
Pithanotaria) exhibited distinct foraging methods, exposing some level of resource
partitioning. Consequently, we expect that the addition of missing taxa from middle
Miocene fossil assemblages from Southern California and the improvement of the

taxonomic sorting of phocids from the Pliocene Yorktown Formation (which largely
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varied in body size) will result in intricate patterns of resource partitioning. We
anticipate these patterns would be analogous to those displayed by the most
taxonomically diverse pinnipeds community today, inhabiting the eastern North Pacific
(Figure 5.1B). Future morphological and stable isotope analyses on additional co-
occurring pinniped species are required to further examine the foraging and niche
segregation strategies, and test hypotheses about the role of body size and feeding

morphology in these ecological dynamics.

5.7 CONCLUSIONS AND PROSPECTS

We showed that among fossil pinnipeds from the eastern North Pacific,
Allodesmus had consistently lower §13C values than coeval taxa, indicating offshore
foraging, supporting interpretations based on morphological evidence. The basal otariid
Pithanotaria had significantly higher enamel 613C values than co-occurring pinnipeds,
indicating preferentially nearshore foraging, opposing predictions based on taphonomy.
The basal odobenid Neotherium had intermediate foraging preferences between
nearshore and offshore predators, whereas the odobenid cf. Imagotaria displayed low
enamel 6180 but comparable enamel 613C values to contemporary pinnipeds, suggesting
the exploitation of estuarine resources.

Among fossil pinnipeds from the western North Atlantic, at least two ecologically
distinct pinniped groups co-occurred. The odobenid Ontocetus and a subgroup of
monachinae phocids were predominantly nearshore foragers characterized by higher
enamel 613C and 6180 values than coeval marine mammals. The second phocid group
had lower 613C and 6180 values than co-eval phocids (and other marine mammal taxa)

and is consistent with individuals performing northward long-distance foraging
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movements along the western North Atlantic coastlines. The foraging and resource
partitioning observed in fossil pinniped communities (i.e., the co-occurrence of
nearshore, offshore, and alternative foraging modes) resemble the ecological
configuration of living pinniped communities (Chapters 1, 2). These results suggest that
these distinct foraging modes were early acquired in pinniped communities across their
evolutionary history, hinting that niche partitioning have contributed to the structure of
pinniped communities over time.

In addition to including larger sample sizes and additional taxa, future
biogeochemical analyses implementing other stable isotope systems will likely offer
further insights into pinniped paleoecology. For instance, strontium stable isotope
analysis (887Sr) on tooth enamel might provide ways to disentangle the use of marine
and estuarine ecosystems by some groups (e.g., cf. Imagotaria; Clementz et al., 2003).
Likewise, the recent implementation of non-traditional stable isotopes like magnesium
(625Mg) as a trophic tracer has yielded promising results in extant, and extinct
terrestrial mammals (e.g., Martin et al,, 2015); ongoing studies by our group are testing
their feasibility in marine ecosystems. Moreover, the performance of additional
quantitative paleoecological assessments such as enamel and bone microstructure of
extant and extinct taxa will be instrumental in advancing the knowledge of the evolution
of ecological transitions and the evolution of foraging strategies over geologic time (e.g.,
Amson et al,, 2014; Loch et al,, 2013; Amson and Bibi, 2021; Dewaele et al. 2021).
Taphonomic experiments examining the effect of life-history features (e.g., habitat
preferences, reproductive strategies) on taphonomic processes and fossil preservation
in marine predators are also critical for improving our understanding of pinniped

paleoecology.
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TABLES

Table 5.1. Taxonomic, geologic, and ecological information of marine and terrestrial
mammals included in this study. Body size corresponds to body length (in cm), except
for Gomphotheriidae which is the shoulder height (in cm), and for Merychippus for
which the body mass (in Kg) is presented .Letter superscript indicates the information
source: aBBoersma and Pyenson (2015), PLambert et al. (2013), cMarine mammals
Research and Conservation of India, dMartin et al. (1987), cRule et al. (2020), fKnutsen
and Born (1994), sChurchill et al. (2014), bInuzuka et al. 2017, iLarramendi (2016),
iMacFadden (1986). Body length of indeterminate Monachinae from Yorktown
Formation was estimated as the average body length of identified monachinae seals
from this unit for which this information is available (i.e., Sardonectes and Homiphoca).
Body length of Gomphotheriidae corresponds to the shoulder height.

Ecological interpre-

Order Family Genus Geologfc Age B_ody tation from morpho-
formation size . .
logical evidence
Ceta- Physe- Scaldice- Yorktown  Plio- 6002 Macroraptorial pred-
cea teriidae tus cene ator
Ceta- Ziphiidae  Nino- Yorktown  Plio- 450>  Shallow benthic
cea ziphius cene predator
Ceta- Delphini-  Pseu- Yorktown  Plio- 550¢
cea dae dorca cene
Ceta- Delphini-  Globi- Yorktown  Plio- 5904 Offshore predator
cea dae cephala cene
Pinni- Phocidae  Mona- Yorktown  Plio- 242e Pierce feeder (Sar-
pedia chinae cene donectes and Homi-
indet. phoca)
Pinni- Odobeni- Ontoce-  Yorktown Plio- 291f Benthic feeder
pedia  dae tus cene
Pinni- Desmatop Al- Monte- mid- >2508 Pelagic and deep-div-
pedia  hocidae lodesmus rey/Roun dle ing predator
d Moun- Mio-
tain cene
Silt/Tem-
blor
Pinni- Odobeni- cf. Ima- Monterey  mid- 257s Pelagic and piscivo-
pedia  dae gotaria dle rous predator
Mio-
cene
Pinni-  Otariidae Pithano- Monterey mid- 1268 Offshore predator
pedia taria dle
Mio-
cene
Pinni- Odobeni- Neother- Round mid- 202s Pelagic and piscivo-
pedia  dae ium Mountain  dle rous predator
Silt Mio-
cene
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Des-
stylia

Pro-
bos-
cidea
Pro-
bos-
cidea

Peris-
sodac-
tyla

Desmo-
stylidae

Gom-
phothe-
riidae
Gom-
phothe-
riidae

Equidae

Desmo- Round

stylus Mountain
Silt/Tem-
blor

Rhyn- Yorktown

chother-

ium

Gom- Temblor

phother-

ium

Merychip Temblor
pus

mid-
dle

Mio-
cene
Plio-
cene

mid-
dle

Mio-
cene
mid-
dle

Mio-
cene

>380h

> 250i

> 250i

71

Estuarine or fresh-
water herbivore

Terrestrial herbivore

Terrestrial herbivore

Terrestrial herbivore

209



Table 5.2. Mean 613C and 8180 values and respective standard deviation (02) for fossil
mammals included in the study. lindicates data from Clementz et al. (2003).

Geologic
Taxa n Loc. formation 813C o2 8180 02
Allodesmus 3 1945 Monterey -9.9 0.7 271 0.5
cf. Imagotaria 3 1945 Monterey -7.7 04 254 0.5
Pithanotaria 2 1945 Monterey -6.0 27.6
Round
Mountain
Allodesmus 4 Silt -10.4 1.7 27.2 0.6
Round
Mountain
Neotherium 1 3162 Silt -7.5 28.6
Round
Mountain
Desmostylus? 6 1292 Silt -56 16 278 0.5
Round
Mountain
Allodesmus1 7 1292 Silt -9.5 08 271 0.5
Round
Mountain
Odontocete large! 4 1292 Silt -74 19 282 0.3
Round
Mountain
Odontocete smallt 6 1292 Silt -7.7 0.3 275 0.4
Allodesmus 3 Temblor -10.0 0.1 27.7 0.3
Desmostylus 6 Temblor -45 13 277 0.3
Desmostylus? 5 2124 Temblor -7 25 272 0.2
V330
Desmostylus? 8 1 Temblor -35 1 27.6 0.2
1 4224
Monachinae indet. 6 6 Yorktown -8.4 1.5 26.8 0.6
4224
Globicephala 7 6 Yorktown -79 1.0 28.0 0.3
4224
Ninoziphius 3 6 Yorktown -6.8 04 278 0.2
4224
Ontocetus emmonsi 2 6 Yorktown -6.8 27.6
4224
Pseudorca 1 6 Yorktown -8.5 27.4
4224
Scaldicetus 6 6 Yorktown -8.3 1.4 28.3 0.2
Rhynchotherium cf. euhypo- 4224
don 9 6 Yorktown -7.2 20 271 0.7
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Figure 5.1. Biplot of 613C and §180 values for fossil (A, C) and living (B, D) marine
mammals from California (eastern North Pacific Ocean) and North Carolina (western
North Atlantic Ocean). The mean and variance of fossil and modern marine mammals is
indicated for data gathered from the literature. Shapes in (A) represent specimens from
the Round Mountain Silt (triangles), Monterey (circles), and Temblor (squares)
Formations. Measurements were made from tooth enamel carbonate, except for killer
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whales (Orcinus orca) and sperm whales (Physeter macrocephalus) of panel (D), which
were from bone and dentine carbonate, respectively. n represents the sample size. Data
from the literature was taken from Clementz and Koch (2001), Clementz and Sewall
(2011), and Clementz et al. (2014).
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Figure 5.2. (A) Hierarchical Cluster Analysis using the §13C and 6180 composition, and
the estimated body length for each marine mammal populations from the Yorktown
Formation. (B) Biplot of 613C and 6180 depicting the distribution of Clusters in the
isospace.
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SUPPLEMENTARY FIGURES
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Figure S5.1. Maps showing the paleoshoreline and the marine paleoclimatic regions of
western California between 17 and 8 Ma, encompassing the depositional period of
Round Mountain Silt, Temblor, and Monterey formations. Yellow stars indicate localities
from the Round Mountain Silt formations (A), and the Monterey Formation (lower and
upper levels) (B). Figure modified from Hall (2002).
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FIGURE S5.2. Records of the §13C of benthic foraminifers from the middle Miocene. Data

corresponds to the Integrated Ocean Drilling Program Site U1338 located in the tropical

eastern North Pacific. Color bars represent the span encompassed by the fossiliferous

localities that yielded the fossil specimens included in this study. Data from Holbourn et

al. (2014).
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CONCLUSION

How organisms coexist and structure their ecological communities and how these
dynamics have changed through time are long-standing questions in ecology and
evolutionary biology (e.g., Diamond, 1975; Connor and Simberloff, 1979; Weiher et al,,
1998; Drake, 1990; Gotelli and McCabe, 2002). Functional traits can affect the
organisms’ performance, including their foraging ecology, shaping the structure and
function of ecological communities (e.g., Bowers and Brown, 1982; Stevens and Willig,
2000; Dayan and Simberloff, 2005; McGill et al., 2006; Cadotte et al., 2015). Among
them, body size and feeding morphology can affect foraging and resource partitioning in
terrestrial mammals, playing a driving role in the structure of their communities
through competitive interactions (e.g., Van Valkenburgh, 1985, 1988). Whether and how
these traits might affect the foraging ecology and, ultimately, the community structure
in taxa with different life and evolutionary histories and ecological constraints, such as
marine mammals, remains unknown. Indeed, the coexistence mechanisms underlying
pinniped communities and how these have changed through time have not been
thoroughly addressed. My dissertation contributed to filling this knowledge gap by
offering a multiscale examination of the pinniped foraging dynamics and
ecomorphology, illuminating the patterns of their communities, the mechanisms
underlying these patterns, and how they might have changed over time.

Chapter 1 showed that sympatric eared seals display consistent foraging and
resource partitioning patterns across their distributional range. Fur seals feed offshore
and on pelagic prey, whereas co-occurring sea lions rely on nearshore and benthic

resources. Although some species (or populations of species) depart from this pattern,
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divergent foraging modes still prevail in their respective communities. These foraging
distinctions are consistent with energetic trade-offs emerging from their body size
disparities (fur seals are significantly smaller than sea lions) and the distinct ecological
dynamics in benthic and pelagic food webs. Although Chapter 1 revealed that body size
disparities contribute to resource and niche partitioning in sympatric otariids, the
precise role of body size and feeding morphology in niche segregation and community
structure remained undetermined. In this regard, Chapter 2 showed a significant
relationship between body size, feeding morphology, and foraging and habitat
preferences in sympatric otariids from the eastern North Pacific, by which larger
individuals have stronger bite forces and are preferentially coastal and benthic, and
they consume slightly higher trophic level prey than smaller ones, making this one of
the first definitive ecomorphological quantifications in a living pinniped community.
This work focused on a single community, but the community-wide
ecomorphological relationships examined here may exist in other geographic areas. As
shown in Chapter 1, living otariid communities throughout the Southern Hemisphere
display comparable body size, morphological, and foraging disparities. Likewise, the
fossil record reveals that pinniped assemblages had body size and morphological
differences analogous to modern otariid and other pinniped communities (e.g.,
Valenzuela-Toro et al,, 2016). These observations suggest that variation in body size and
feeding morphology among co-occurring otariids (and other pinnipeds) have repeatedly
evolved, likely contributing to niche segregation over geologic time, as shown for some
marine herbivore and terrestrial carnivore communities (Van Valkenburgh, 1988, 1994;
Velez-Juarbe et al,, 2012). Future community-wide ecomorphological examinations

using different methodologies (e.g., tracking data, bone microstructure, stable isotopes)

218



might further clarify the mechanisms involved in their coexistence, niche segregation,
and community structure.

Factors different from foraging ecology can affect the body size and feeding
morphology of mammals (e.g., Tseng and Flynn, 2018; Pérez-Ramos et al., 2020; Law,
2021). Chapter 3 showed that density-dependent sexual selection can drive changes in
the body size and biomechanical properties of pinniped feeding morphology, affecting,
in turn, their feeding performance. Over 46 years of population recovery, adult male
California sea lions increased rather than decreased their average body size and the size
of their oral cavity and developed more powerful bite strength. These morphological
shifts are consistent with strengthening density-dependent sexual selection of more
competitive individuals with larger sizes and more potent biting forces. Whereas
increased body size results in higher absolute energy requirements, adult males have
concurrently expanded their isotopic niche, suggesting diversification of their dietary
preferences over time. While female sea lions' body size remained stable, they were rare
in central and northern California (the region represented by our collection) until the
mid-2010s. Therefore, during the study period (1983-2007), female sea lions inhabiting
central and northern California were sparse, experiencing low density-dependent
intraspecific competition for resources, contributing to their body size stability.

Chapter 3 revealed that direct selective pressures for foraging performance are not
the only factors controlling body size and feeding morphology. Population density and
life history can also shift size and feeding biomechanics in polygynous sea lions through
density-dependent sexual selection. These results demonstrate that mechanisms
controlling the feeding ecomorphology of extant and extinct pinnipeds (and likely other

marine predators) may be more complex than traditionally accepted narratives
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involving functional tradeoffs between cranial morphology and feeding performance
(Tzeng and Flynn, 2018). Consequently, over evolutionary time, the morphological and
functional disparity observed in co-occurring species (Chapter 1) might have indirectly
resulted from selection pressures not necessarily linked with feeding performance.
Future studies exploring additional mechanisms with the prospect of affecting feeding
ecomorphology, such as environment (e.g., Torres-Romero et al., 2016; Mori et al., 2019;
Adamczak et al,, 2020), hormone secretion (Kamaluddin et al., 2019; Leitch et al., 2020;
DeRango et al,, 2021), or cranial sutures (White et al., 2021) might offer opportunities to
investigate other nonfeeding factors affecting feeding morphology.

From a conservation standpoint, Chapter 3 also showed that body size decrease is
not a general response to increased resource competition in marine predators during
recovery. It revealed that marine mammals can evolve energetic compensations to
overcome increased competition due to their population recovery. However,
independent dietary records showed that these compensations were achieved during
periods in which California sea lions' diet was consistently dominated by the
commercially relevant and energy-rich pelagic prey such as Pacific sardines and
northern anchovies. As depletions of these pelagic prey associated with climate change
intensify, California sea lions will not be able to achieve and benefit from these
ecological and energetic compensations, leading to a reduction in their capability to
overcome increased resource competition, likely forcing abrupt population declines.
Additional analyses of the size and morphological dynamics experienced by female
California sea lions breeding in Southern California, which have likely reached their
carrying capacity, will further disentangle the effect of density-dependent dynamics on

body size and feeding ecomorphology. Moreover, studies examining decadal shifts in
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reproductive hormones or secondary sexual traits (e.g., baculum) in archival museum
specimens might provide ways to test and quantify density-dependent sexual selection
in adult male sea lions during population recovery.

Paleoecological research is essential for addressing long-standing questions about
how ecological dynamics and processes operate over large geographical, taxonomic, and
temporal scales (e.g., Jablonski and Sepkoski, 1996; Louys et al., 2012; Barnosky et al,,
2017). Paleoecology relies upon the ecological information chronicled by the fossil
record, offering a coarse but extensive geographic and temporal perspective on how
these interactions and dynamics have originated, operated, and shifted over time and
space (e.g., Smith et al., 2015; Blanco et al,, 2021; Wooller et al.,, 2021). However, as with
other marine mammal groups, the pinniped fossil record possesses certain qualities,
modes, and patterns. For example, despite their relative abundance in fossiliferous sites
throughout the world, fossil pinnipeds are not uniformly described across regions
(Berta et al., 2018). Moreover, the pinniped fossil record is constituted by isolated and
fragmentary remains (e.g., Dewaele et al,, 2017; Velez-Juarbe and Valenzuela-Toro,
2019). These attributes may bias their fossil record, like occur for cetaceans and
sirenians (Uhen and Pyenson 2007). It remained unclear how sources of bias, such as
geographic and temporal occurrences, or sampling efforts, might affect our knowledge
and interpretations derived from their fossil record.

Chapter 4 revealed that most of the published pinniped fossil record is constituted
by occurrences from deposits in the Northern Hemisphere, despite favorable
paleoecological and depositional conditions in the Southern Hemisphere. There appears
to be a substantial collection and publication bias associated with the legacy of study in

learning centers in the Northern Hemisphere, especially in North America and Europe.
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Extant species from Quaternary deposits represent more than half of the pinniped fossil
record. Likewise, more than half of all fossil species are described from a single
occurrence of a single specimen of a single individual, hampering the examination of
intraspecific morphological variation. Many extinct species have type material
constituted only by isolated postcranial elements, which might lead to artificial
increases in taxonomic diversity. Still, despite the geographic and sampling biases, the
pinniped fossil record is sufficiently represented, allowing evolutionary and
paleoecological studies depending on the geographic region and time interval
investigated. Novel examinations of the intra- and interspecific osteological variation in
modern and fossil taxa (e.g., Churchill and Uhen, 2019), the performance of taphonomic
studies in modern fauna (see Behrensmeyer, 1978; Behrensmeyer et al., 2003; Kidwell
and Flessa, 1995), and the investigation of fossil remains from the Southern Hemisphere
(e.g., Valenzuela-Toro et al., 2013, 2015; Rule et al., 2020, 2021) will likely contribute to
overcoming these challenges, potentially expanding the frontiers of studies based on the
fossil record.

Pinniped foraging paleoecology has been primarily sourced from the comparative
morphology of fossils (Berta et al., 2018). Yet, studies have revealed that neither skull or
dental morphology fully capture the diversity of feeding and foraging behaviors on
living pinnipeds (e.g., Adam and Berta, 2002; Churchill and Clementz, 2016). Additional
quantitative studies were needed to test any paleoecological hypotheses based on
comparative morphology. In Chapter 5, I conducted a quantitative examination of the
foraging paleoecology of some extinct pinnipeds from the middle Miocene and Pliocene
of the eastern North Pacific and western North Atlantic coasts, respectively. In addition

to confirming and rejecting some of the prevalent paleoecological hypotheses, Chapter 5
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demonstrated that pinniped foraging patterns (i.e., nearshore vs. offshore) developed
early in their evolutionary history, hinting that niche partitioning has been a significant
factor in the structure of communities over ecologic and geologic time. Future
ecomorphological and biogeochemical analyses using these and other nontraditional
stable isotope systems such as §25Mg will likely offer novel insights into pinniped

paleoecology.
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APPENDIX 1

Original raw 613C and 615N values of eared seals obtained for Chapters 1, 2, and 3

APPENDIX 2

Original raw 613C and 6180 values of eared seals obtained for Chapter 5
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