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DISSERTATION ABSTRACT

M. Kellum Tate-Jones
Doctor of Philosophy
Department of Earth Sciences
June 2023
Title: Those Queer Amphibious Animals: Digging into the Fossil Record of Otarioid

Pinnipeds to Investigate Their Early Diversification, Locomotor Evolution, and

Conservation Biogeography

Seals, sea lions, walruses, and their extinct relatives and ancestors have played a
critical role in marine ecosystems for over 25 million years. Known collectively as
pinnipeds, these secondarily aquatic animals are unique among modern marine mammals
for their obligatorily amphibious lifestyle and display remarkable ecological diversity,
employing a range of strategies for aquatic locomotion and occupying coastal and pelagic
habitats from the tropics to the poles. In addition to their extant representatives, their
fossil record contains over a hundred named pinniped species, although the majority of
these species are relatively derived members of the Phocidae (true seals), Otariidae (eared
seals, including sea lions and fur seals), and Odobenidae (walruses). In my first chapter, I
contributed to our understanding of early pinniped evolution by describing the new
species Eodesmus condoni and performing a phylogenetic analysis to determine its
placement within Pinnipedia. My analysis resolved E. condoni as the most basal species
yet described of the extinct pinniped family Desmatophocidae. I then explored the
evolution of aquatic locomotion in otarioid pinnipeds (otariids, odobenids, and
desmatophocids) by using three-dimensional geometric morphometric analyses to first

investigate the relationship between humerus morphology and swimming modes and then
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to predict the swimming mode used by fossil otarioid taxa. My results supported the
plesiomorphy of hindlimb-dominated propulsion in all pinnipeds as well as the
Otarioidea, with forelimb propulsion evolving three separate times: in the lineages of
desmatophocid Allodesmus kernensis, odobenid Pontolis barroni, and an ancestor of
modern Otariidae, likely through exaptation of humeral structures that first evolved for
pinniped terrestrial locomotion. Finally, I use ecological niche modeling to compare the
range of environmental conditions inhabited by the sole surviving walrus Odobenus
rosmarus during the Pleistocene to the conditions in which it currently resides. This study
reveals that during the Pleistocene, the regions where O. rosmarus lived encompassed
warmer conditions than its current range. Contrary to predominant narrative about walrus
response to climate change, these findings suggest that O. rosmarus may indeed be able
to survive in the seasonally ice-free conditions that will characterize the Arctic in the
coming decades.

This dissertation includes previously published and unpublished coauthored

material.
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CHAPTER1

INTRODUCTION

From the study of seals—those queer amphibious animals living at the interface of land and
sea—we gain new respect for the far-limit possibilities of mammalian adaptation.

— Victor Scheffer, from Adaptations for a Marine Existence (Riedman, 1990)

1 Background

For the past 25 million years, pinnipeds have served as critical components of global
marine ecosystems (Bowen, 1997; Estes et al., 2013; Cammen et al., 2019). Modern pinnipeds
include 18 species in the Phocidae (true or earless seals), 15 species in the Otariidae (fur seals
and sea lions or eared seals), and a single extant species of Odobenidae: Odobenus rosmarus, the
modern walrus (Berta et al., 2018). Additionally, the fossil record contains evidence of over 100
extinct pinniped species going back to the late Oligocene (Berta et al., 2018; Valenzuela-Toro
and Pyenson, 2019). Although phocids arose in the North Atlantic before expanding into the
Southern Hemisphere and eventually the North Pacific (Rule et al., 2020), stem pinnipeds and
early otarioid pinnipeds (otariids, odobenids, and the extinct desmatophocids) largely diversified
in the North Pacific and have a particularly rich fossil record from the west coast of the United
States (Tonomori and Taru, 2022). Pinnipeds perform essential ecosystem services, from
regulating lower trophic levels (Heithaus et al., 2008) and redistributing nutrients in the water
column (Theobald et al., 2006; McCauley et al., 2015) to serving as a critical food source for

other tertiary marine and terrestrial predators (Fay, 1982; Bowen, 1997; Hammerschlag et al.,
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2006) and restructuring benthic communities through the bioturbation of seafloor sediment (Ray
et al., 20006).

Today, however, pinnipeds are experiencing the same disproportionate impacts from
anthropogenic environmental degradation as other large-bodied marine predators (Springer et al.,
2003; Estes et al., 2011; McCauley et al., 2015). Two species, the Japanese sea lion (Zalophus
Jjaponicus) and the Caribbean monk seal (Neomonachus tropicalis) have already been hunted
extinction, and the IUCN considers 30% of the remaining species to be threatened with
extinction by the consequences of human activity, including, pollution, fishery collapses,
warming oceans, and habitat disruption and destruction (Kovacs et al., 2012; IUCN, 2022).
Addressing these urgent threats will require timely and fiscally efficient conservation policies
based on scientific evidence. Studying the fossil record of modern lineages provides insight into
the evolutionary roots of their ecological niches as well as their responses to past environmental
perturbations, thus providing us insight into how they are likely to respond to current
environmental change according to their respective ecologies (Jablonski and Sepkoski, 1996;
Dietl and Flessa, 2011; Dietl et al., 2015). Compared to other marine mammals, the pinniped
fossil record remains relatively understudied (Valenzuela-Toro and Pyenson, 2019), limiting our
ability to develop the long-term perspective needed for effective and dynamic conservation
efforts. In this dissertation, I aim to advance our understanding of pinniped evolutionary history
by describing newly discovered desmatophocid pinniped Eodesmus condoni (Chapter I1),
reconstructing the locomotor evolution of the Otarioidea (Chapter III), and using the fossil record

of modern walrus O. rosmarus to model its response to a rapidly warming Arctic (Chapter IV).
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2 Chapter I1

The extinct pinniped clade Desmatophocidae inhabited the North Pacific from the
Aquitanian through the early Tortonian stages of the Miocene. The first large-bodied pinnipeds,
the desmatophocids are primarily represented by around ten species of the geologically younger
allodesmine desmatophocids (Boessenecker and Churchill, 2013; Tonomori et al., 2018).
Conversely, only two species are known of the geologically older desmatophocid subclade,
genus Desmatophoca or the desmatophocines (Condon, 1906; Barnes, 1987; Deméré and Berta,
2002). Both the desmatophocines and allodesmines are relatively derived compared to the
morphology of stem pinnipeds like the so-called “enaliarctines,” Pinnarctidion, and
Pteronarctos. In this chapter, I describe a new fossil pinniped cranium from the Oregon coast and
through morphological examination and phylogenetic analysis I identify it as the most basal
desmatophocid species yet discovered, herein named Eodesmus condoni. E. condoni is the sixth
pinniped species recovered from the Iron Mountain Bed (17.3—16.6 Ma) of the Astoria
Formation, a remarkable taxonomic diversity that today is reached only in the highly productive
waters of the polar regions (King, 1983). This diverse fauna lends support to the hypothesis that
the elevated ocean productivity caused by the Mid-Miocene Climatic Optimum (18.0-16.5 Ma;
Flower and Kennett, 1993; Bohme, 2003) supported the diversification of marine species (Lipps

and Mitchell, 1976; Tsuchi, 1992; Pyenson et al., 2009).

3 Chapter I1I
While the publication of fossil otarioids like E. condoni is continuing to expand our
understanding of their early diversity, we have yet to solve the mystery of their locomotor

evolution. Significant evidence exists to support the plesiomorphy of hindlimb-dominated
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swimming, with multiple recent studies identifying stem pinnipeds Puijila darwini,
Potamotherium valletoni, and Enaliarctos mealsi as such (Bebej, 2009; Furbish, 2015; Paterson,
2017; Paterson et al., 2020). All modern phocids are highly adapted to hindlimb-propelled
swimming, likely representing an extreme specialization on the ancestral condition (Hocking et
al., 2021). Among otarioids, otariids rely on forelimb propulsion to swim while the walrus O.
rosmarus uses a swimming somewhat intermediate to phocids and otariids, relying on forelimb
propulsion at low speeds and hindlimb propulsion at higher speeds (Berta et al., 2018). This
character distribution raises the question of whether the ancestor of the otarioids was forelimb-
propelled with O. rosmarus representing a partial reversal to the ancestral condition, or was the
otarioid progenitor hindlimb-propelled and otariids evolved forelimb propulsion separate from
the minimal use of the forelimbs in O. rosmarus?

The fossil record represents an opportunity for investigating this conundrum. Indeed,
recent analyses have resolved derived allodesmine desmatophocid A/lodesmus kernensis as a
forelimb-dominated swimmer (Bebej, 2009; Furbish, 2015). However, the linear morphometric
analysis (Bebej, 2009) and ancestral trait reconstruction (Furbish, 2015) used in these and other
similar studies rely on the availability of nearly complete specimens. While the Otarioidea are
fairly well-represented in the fossil record in terms of number of specimens, most consist of
isolated elements (Valenzuela-Toro and Pyenson, 2019), precluding the use of these previous
methodologies. Therefore to investigate otarioid locomotor evolution, I used three-dimensional
geometric morphometric methods to 1) quantify humerus morphology of forelimb- and
hindlimb-propelled pinnipeds using a novel landmarking schema and Procrustes
superimposition, 2) explore the variation of humerus morphology between locomotor categories

via principal components analysis, 3) assess the utility of humerus morphology for diagnosing
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swimming mode with flexible discriminant analysis, and finally 4) predict the swimming modes
of fossil otarioids with the discriminant analysis. I found that the discriminant analysis correctly
classified the modern taxa 90% of the time. Fossil classifications supported an ancestrally
hindlimb-propelled state for Pinnipedia as well as for Otarioidea, with desmatophocid
Allodesmus kernensis, odobenid Pontolis barroni, and the ancestor of modern Otariidae each
separately acquiring forelimb propulsion, likely through the coopting of humeral structures that

first evolved to facilitate the lunging terrestrial locomotion style used by modern otarioids.

4 Chapter IV

The range of environmental conditions within which a species can thrive forms another
important dimension of ecology and is particularly relevant considering the rapidly accelerating
environmental change mediated by human activity. Nowhere is this change more apparent than
in the Arctic, which is warming two to four times as quickly as the rest of the planet (Yletyinen,
2019; Huntington et al., 2020; Turner et al., 2020; Jacobs et al., 2021; Rantanen et al., 2021).
Consequently, sea ice is expected to disappear seasonally from the Arctic within the next two to
three decades (Overland and Wang, 2013; Jahn et al., 2016; Notz and Stroeve, 2018; Diebold and
Rudebusch, 2021). Multiple species of Arctic pinnipeds rely on ice for activities such as hauling
out between feedings, pupping, maternal care, and mating (King, 1983), including the recent
poster child of climate change, the walrus Odobenus rosmarus. However, the Pleistocene and
Holocene fossil record for O. rosmarus includes specimens found far south of the southernmost
extent of sea ice during even the coldest glacial periods. The paleodistribution of walruses
suggests that despite the modern correlation between walrus range and sea ice, the full breadth of

their ecological niche may include ice-free conditions.
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To test this hypothesis, I first evaluated whether modern and fossil walrus ecospace
occupation is significantly different using a permutational multivariate analysis of variance
(PERMANOVA) and a principal components analysis (PCA). I then constructed two sets of
ecological niche models (ENMs) from modern and fossil occurrences of O. rosmarus,
respectively, using the maximum entropy algorithm, and projected these models to 2050 and
2100. The PERMANOVA supported a significant difference between the ecospace inhabited by
modern and fossil walrus populations (p = 0.0001; R? = 0.125). Similarly, the PCA revealed that
modern walrus populations indeed inhabit only a portion of their past ecospace, including the
ice-free conditions likely to characterize the Arctic in the upcoming decades. The ENM
projections also supported these findings. Furthermore, while the future projections derived from
the modern ENM predict an 18% decrease in suitable walrus habitat by 2100, the fossil model
projections predict no appreciable change in range over the next century. Although I consider an
intermediate scenario more realistic than either endmember, our results nonetheless present
encouraging evidence that with adequate conservation, walruses may adapt to the changing
Arctic climate if other anthropogenic elements such as overfishing, oceanic pollution, and habitat

disruption through shipping, drilling, and seafloor mining are mediated.
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CHAPTER 11

THE DAWN OF DESMATOPHOCIDAE: A NEW SPECIES OF BASAL
DESMATOPHOCID SEAL (MAMMALIA, CARNIVORA) FROM THE
MIOCENE OF OREGON, U.S.A.

From Tate-Jones, M. K., C. M. Peredo, C. D. Marshall, and S. S. B. Hopkins. 2020. The
dawn of Desmatophocidae: a new species of basal desmatophocid seal (Mammalia, Carnivora)
from the Miocene of Oregon, U.S.A. Journal of Vertebrate Paleontology. DOI:

10.1080/02724634.2020.1789867.

1 Introduction

The pinniped family Desmatophocidae originated in the early Miocene and dispersed
throughout the North Pacific before their final extinction approximately 10 Ma (Barnes, 1987;
Boessenecker and Churchill, 2018). Not only were Desmatophocidae the first large-bodied
pinnipeds, but they also represent the only extinct family within crown Pinnipedia (Churchill et
al., 2015; Berta et al., 2018). Desmatophocids were relatively diverse and, unlike their sister
clade Phocidae (Dewaele et al., 2018), left behind a particularly rich fossil record of numerous
well-preserved specimens, with a significant amount of articulated and cranial material. Two
monophyletic subfamilies have been identified within Desmatophocidae: the Desmatophocinae
and Allodesminae (Mitchell, 1966, 1968). Much attention has been given in particular to the
geologically younger allodesmine pinnipeds, centering on debates regarding the number of

species, how they relate to one another, and what led to their eventual extinction (Barnes, 1972;
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Barnes and Hirota, 1994; Boessenecker and Churchill, 2018; Tonomori et al., 2018). Knowledge
of desmatophocid diversity prior to the appearance of the allodesmines, however, has been
limited to only the two species of desmatophocines, the type species Desmatophoca oregonensis
and Desmatophoca brachycephala (Condon, 1906; Barnes, 1972; Deméré and Berta, 2002). The
lack of knowledge of earlier, less derived desmatophocid species hinders our ability to
confidently resolve the placement and structure of Desmatophocidae within the pinniped
phylogeny.

This study sheds new light on family Desmatophocidae by describing a new genus and
species of desmatophocid represented by a nearly complete cranium. Originating from the Lower
Miocene Iron Mountain Bed of the Astoria Formation in Oregon, the specimen we describe here
was collected nearly twenty years ago, erroneously identified as Zalophus, and stored without
further examination until the present study. As noted by Valenzuela-Toro and Pyenson (2019), a
considerable number of pinnipedimorph fossils remain unstudied or incorrectly catalogued in
museum collections, some of which undoubtedly represent species that could illuminate
previously uncertain regions of the pinniped tree. This study presents a morphological and
cladistic analysis of just such a specimen.

Institutional Abbreviations—UOMNCH — University of Oregon Museum of Natural and
Cultural History, Eugene, Oregon, U.S.A.; UO—University of Oregon, Eugene, Oregon, U.S.A.;

USNM—United States National Museum of Natural History, Washington, D.C., U.S.A.
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2 Material and Methods

2.1 Material Examined

For the purpose of this study, we examined Allodesmus kernensis (USNM 25227;
Kellogg, 1922), Desmatophoca brachycephala (USNM 251201, cast of holotype LACM
120199; Barnes 1987), Desmatophoca oregonensis (UO MNCH F-735, holotype; USNM
335478; Condon, 1906; Deméré and Berta, 2002), Enaliarctos barnesi (USNM 314295; Berta,
1991), Enaliarctos emlongi (USNM 250345; Berta, 1991), Enaliarctos mitchelli (USNM
175637; Barnes, 1979), Enaliarctos tedfordi (USNM 206273; Berta, 1991), Erignathus barbatus
(USNM 16116, 269126), Imagotaria downsi (USNM 335594; Mitchell, 1968), Monachus
monachus (USNM 219059), Pinnarctidion rayi (USNM 250321, 314325; Berta, 1994),
Proneotherium repenningi (USNM 335526, 215068, 205334; Kohno et al., 1994), Pteronarctos
goedertae (USNM 250320, 335432; Barnes, 1989), Zalophus californianus (USNM 396062,
21735), and USNM 335445, an unpublished pinniped skull. USNM 335445 represents an
undescribed desmatophocid-like pinniped from the Astoria Formation of Central Oregon.
Preliminary work indicates that it may be sister to UOMNCH F-68583 (described herein) and we
have included it in our phylogenetic analysis to determine its placement, a full description and
analysis of USNM 335445 and its relationship to other pinnipeds is beyond the scope of this
study and will be undertaken separately.
2.2 Anatomical Description

Anatomical terminology follows Deméré and Berta (2002) and Boessenecker and
Churchill (2018) with ontogenetic stage assignment following Siversten (1954). The description
addresses whichever side of the skull is more complete unless otherwise stated. Measurements

were taken with Mitutoyo 500-171-30 Digimatic 150 mm digital calipers to the nearest tenth of a
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millimeter. Angles were calculated using the angle tool in tpsDig2 2.31 (Rohlf, 2017).
Photographs were taken with a Google Pixel 2.
2.3 Phylogenetic Methods

We added the new species to the 95-character, 24-taxon data matrix of Boessenecker and
Churchill (2018) with the addition of three characters from the Tonomori et al. (2018) matrix.
Our character list is provided in Appendix A. We also included the recently published
Allodesmus uraiporensis (Tonomori et al., 2018) and the undescribed specimen USNM 335445.
We could not include the enigmatic ‘Desmatophocine B’ (Barnes, 1972) because it lacks
identified cranial material. Al/lodesmus sadoensis was also excluded from the analysis as we
agree with the assessment of Tonomori et al. (2018), considering this taxon to be a junior
synonym of Allodesmus sinanoensis. The character matrix was prepared in Mesquite 3.51
(Maddison and Maddison, 2018) and phylogenetic analysis was performed in TNT 1.5 (Goloboff
and Catalano, 2016). We coded those characters with polymorphic states as ordered and the
remainder as unordered. We conducted a new technology search using 10,000 replicates using
sectorial and tree-fusing search options and an implied weight of K = 3. We assessed support for

each node using a standard bootstrap analysis with 1,000 replicates.

3 Systematic Paleontology and Anatomical Description

3.1 Systematic Paleontology
MAMMALIA Linnaeus 1758
CARNIVORA Bowdich 1821
PINNIPEDIA Illiger 1881

DESMATOPHOCIDAE Hay 1930
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3.1.1 Emended Diagnosis of Desmatophocidae—Pinnipedia differing from Phocidae,
Odobenidae, and Otariidae, in possessing bulbous cheek teeth; a mortised, interlocking contact
between the jugal and squamosal; a corner-like extension of the pterygoid process of the maxilla
into a suborbital shelf; and a stylomastoid foramen distinct from the tympanohyal pit.

3.1.2 Type and Included Species of Desmatophocidae—FEodesmus condoni gen. et.
sp. nov., Desmatophoca oregonensis, type species (Condon, 1906), Desmatophoca
brachycephala (Barnes, 1987), Atopotarus courseni (Downs, 1956), Allodesmus kernensis
(Kellogg, 1922), Allodesmus naorai (Kohno, 1996), Allodesmus packardi (Barnes, 1972),
Allodesmus sinanoensis (Nagao, 1941), Allodesmus demerei (Boessenecker and Churchill, 2018),
Allodesmus uraiporensis (Tonomori et al., 2018).

EODESMUS gen. nov.

3.1.3 Type and Only Included Species—Eodesmus condoni gen. et. sp. nov.

3.1.4 Diagnosis—as for type and only species.

3.1.5 Etymology—Greek Eo- meaning “dawn”; -desmus (Greek, masculine) from the
naming conventions used for other taxa of Desmatophocidae and originating from the Greek “to
bind.”

EODESMUS CONDONI, sp. nov.

3.1.6 Holotype—UOMNCH F-68583, nearly complete cranium of a male individual
lacking the incisive edge of the rostrum; both canines; the posterior edge of the left mastoid;
right P1, P4, M1, and M2; and left P3, M1, and M2.

3.1.7 Etymology—In honor of Thomas Condon, who described the first desmatophocid

(Condon, 1906).
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3.1.8 Diagnosis—Fodesmus condoni can be diagnosed from other desmatophocids by
wide anterior nares laterally bounded by the maxilla rather than premaxilla, the presence of a
nasiolabialis fossa, a circular rather than dorsoventrally compressed foramen magnum, and
posteroventrally protruding paraoccipital processes.

3.2 Geographical Location and Geology

3.2.1 Locality—The type specimen was found in float at UO Locality 4663 Moolack
Beach (alternatively spelled as Moloch Beach in some publications, e.g., Deméré and Berta
(2002) just south of Beverly Beach State Park, Lincoln County, Oregon (Fig. 1). This specimen
was donated to the UOMNCH in December 2015 after collection by Andrew Berkholtz in the
early 2000s. This locality is Paleobiology Database Locality Number 190995.

3.2.2 Horizon—The type specimen comes from the Iron Mountain Bed, a prominent
horizon representing a near-shore facies in the Newport Embayment of the Astoria Formation
(Armentrout, 1981). The Iron Mountain Bed consists of calcareously cemented, well-sorted
volcaniclastic sandstone characterized by numerous concretions of varying sizes (Armentrout,
1981). The type specimen was preserved in a fine-grained, extremely hard concretionary boulder
discovered in the boulder fields at Moolack Beach (spelled “Moloch” on the U.S. Geological
Survey, Yaquina, Oregon, 15-minute topographic map, 1959 edition). Such concretions are
characteristic of the Iron Mountain bed, which outcrops for 1.5 km at Moolack Beach (Munthe
and Coombs, 1979; Armentrout, 1981; Barnes, 1990). Other higher and lower sections of the
Astoria Formation, the singular Tertiary rock unit that outcrops at Moolack Beach (Barnes,
1990), largely consist of friable, poorly sorted sandy mudstones that differ significantly in

lithology from the Iron Mountain bed (Colbath, 1985). The Iron Mountain bed has produced
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Figure 1. Map of central Oregon coastline with exposures of Astoria Formation with type
locality for Eodesmus condoni gen. et. sp. nov. (UOMNCH F-68583) noted.
numerous vertebrate fossils preserved in similar concretions, including the type specimens for
Proneotherium repenningi, Pacifocotaria hadromma, and Desmatophoca oregonensis (Condon,
1904; Barnes, 1992; Kohno et al., 1994; Deméré and Berta, 2002). Enaliarctos specimens have
also been recovered from this horizon (Poust and Boessenecker, 2018). Notable non-
pinnipedimorph taxa from this horizon include the baleen whale Cophocetus oregonensis
(Packard and Kellogg, 1934) and the desmostylian Desmostylus hesperus (Domning, 2008), as
well as terrestrial taxa such as the chalicothere 73/locephalonyx and the rhinoceros Aphelops
(Coombs, 1979). Paleomagnetic data by Prothero et al. (2001) have dated the Iron Mountain Bed
to 17.3—16.6 Ma, and these data along with the terrestrial fauna preserved here correlate this bed
with the Hemingfordian.
3.3  Anatomical Description

Measurements taken from the skull are recorded in Table 1.

3.3.1 Ontogenetic Stage and Sex—The type specimen displays well-fused cranial
sutures (suture age 35; Siversten, 1954). Its pronounced sagittal and lambdoidal crests indicate

that the Eodesmus condoni holotype likely represents an adult male.
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Table 1. Measurements (in millimetres) of cranial dimensions of Eodesmus condoni (gen. et.
sp. nov.) (UOMNCH F-68583). Alveolar measurements are recorded from the right toothrow.

Total length, premaxilla to intercondylar notch 2811
Facial length 171.6
Orbit length 62.1
Temporal fossa length 40.8
C'-M? toothrow length 97.7
Braincase length 108.4
Braincase depth 72.7
Greatest transverse braincase width 103.6
Greatest width of anterior nares 43.3
Greatest length nasals 66.4
Greatest width nasals 30.7
Transverse width of rostrum at C! 64.4
Narrowest width of rostrum 60.9
Transverse width of palate at M? 74.3
Bizygomatic width 161.0
Transverse width at mastoid 163.0
Transverse width across tympanic bullae 103.0
Transverse width at paraoccipital process 122.7
Transverse width of condyles 68.4
Foramen magnum width 21.3
Foramen magnum depth 23.0
Anteroposterior length, mastoid and paraoccipital process 57.5
Width of internal choanae between pterygoid hamuli 23.2
Infraorbital foramen, depth/transverse width 9.3/12.7
Least interorbital width 39.1
Anteroposterior length of sagittal crest 124.8
Left P! crown height/anteroposterior length 9.0/9.1
Right P? crown height/anteroposterior length 12.4/11.2
Left P? crown height/anteroposterior length 11.4/10.4
Right P? crown height/anteroposterior length 11.5/11.3
Left P* crown height/anteroposterior length 9.2/11.4
C! alveolus anteroposterior length/transverse width 13.1/9.1
M! alveolus anteroposterior length/transverse width 8.0/5.2
M? alveolus anteroposterior length/transverse width 6.1/6.0

3.3.2 Rostrum—The rostrum is anteroposteriorly elongate (74.6 mm as measured from
the anterior margin of the narial opening to the anterior extent of the orbit; 27% of condylobasal
length; Figs. 2, 3). The premaxilla forms the anterior rostral margin and is slightly anteriorly

expanded to form a small prenarial shelf. The rostral margin is smoothly rounded, lacking the

33



distinctive transverse expansion for accommodation of the canines seen in dorsal view of other
desmatophocids. The premaxillary-maxillary suture is well-fused and extends from the
anterolateral margin of the rostral border to the lateral portion of the floor of the external nares.
Unlike in all other desmatophocids, the premaxilla does not contact the nasals laterally and does
not contribute to the lateral walls of the external nares at all. Instead, it defines only the floor of
the premaxilla, forming an anteroposteriorly elongate process on either side of the nares,
extending posterolaterally from the rostral border into the nares. These processes bound a medial,
posteriorly flaring fossa between them (Fig. 3). The anterior narial opening is wide compared to
the rest of Desmatophocidae at 66% of the rostral width at the canine alveoli, compared to 38-
45% for specimens of Desmatophoca oregonensis and less for other desmatophocids as
published in Deméré and Berta (2002). This comparative width appears to derive from the lack
of contribution of the premaxilla to the lateral borders of the external nares.

Directly anterior to the orbit, the maxilla preserves a shallow but distinct nasolabialis
fossa, a plesiomorphic characteristic seen in stem pinnipeds and the fossil phocid Devinophoca
but not in other desmatophocids. Just lateral to the nasolabialis fossa, the confluence of the
maxillofrontal suture with the anterior rim of the orbit forms a poorly developed antorbital
process, a characteristic trait of desmatophocids. Along the lateral border of the maxilla, a low
ridge extends posteriorly from the anterior aspect of the canine alveolus to the anterior root of the
zygomatic arch, forming a shallow fossa below it and above the toothrow. Just anterolateral to
the anterior extent of the maxilla-nasal suture, the maxilla projects slightly over the external
nares in a low, blunted, anteromedially directed process. Laterally, the maxilla is slightly flared at
the level of the canines. Anteriorly, the nasals protrude over the nares in an M-shaped projection

and extend posteriorly to form a narrow V-shaped suture with the frontal at approximately the
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Figure 2. Eodesmus condoni gen. et. sp. nov. (UOMNCH F-68583). Holotype skull in dorsal (a,
b) and ventral (c, d) views.
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Figure 3. Eodesmus condoni gen. et. sp. nov. (UOMNCH F-68583). Holotype skull in lateral (a,
b), rostral (c, d), and occipital (e, f) views.
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level of the origination of the sagittal crest. The lateral edges of the nasals are approximately
parallel to one another anterior before narrowing at the frontal-nasal-maxillary juncture, where
they then converge into a narrow V-shaped nasal-frontal suture.

On the ventral aspect of the rostrum, the palate displays slight dorsal arching in the
transverse plane and is widest at the level of M2. Two distinct, ovoid incisive foramina separated
by a thin septum are preserved between the canine alveoli. At the level of P4, palatal foramina
are also preserved. The anterior set are proceeded by shallow grooves and the second set are just
posterior to the first. The toothrows are roughly parallel to one another up to the level of P4,
where they flare slightly, extending onto the suborbital shelf formed by the palatine process of
the maxilla. The lateral border of this shelf contacts the ventral root of the zygomatic process at a
45-degree angle just anterior to the M2 alveolus. The palatine-maxillary suture occurs at the level
of the M2 alveolus and is medially transverse before abruptly flexing posterolaterally and
extending to the posterior extent of the suborbital shelf. All other palatal sutures have been
obliterated. From the lateral extent of the palatine-maxillary suture, the lateral borders of the
palatine contract medially, forming the posterior corner of the suborbital shelf, before extending
posteriorly to contact the pterygoid. The posterior border of the palatine is smooth and bluntly
rounded, forming the anterior walls of the internal nares together with the pterygoids forming the
posterior walls.

In lateral view, the pterygoid hamuli are triangular, gracile, laterally recurved, and
laterally compressed. The pterygoid struts are widest at the level of the hamuli. They display a
rugose texture and are characterized by two ridges extending posterolaterally from laterally

adjacent to the hamuli and subsequently merging at the level of the common pit for the foramen
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ovale and alisphenoid canal; the resultant singular ridge extends to the medial corner of the
auditory bulla.

3.3.3 Orbital Region and Zygomatic Arch—In lateral aspect, the interorbital region is
high and of approximately equal height with the braincase. The interorbital region as comprised
by the frontals is relatively narrow. The sagittal crest initiates at approximately the level of the
termination of the nasals. Along its length, the sagittal crest rises between 9.8 and 11.7 mm from
the skull roof. The inner walls of the orbits are damaged, obscuring sutures, foramina, and the
presence or absence of the orbital fissure. The lacrimal bone is not preserved.

Anteriorly, the jugal-maxillary suture is fully fused. Within the maxillary root of the
zygomatic process, the infraorbital foramen is ovoid and exhibits slight anteroventral
compression. Dorsally, its posterior outlet is visible within the orbit. The floor of the infraorbital
foramen merges posteriorly with the suborbital shelf/pterygoid process of the maxilla. The
zygomatic arch is laterally compressed and quite narrow from the dorsal perspective. In dorsal
view, it extends laterally from the rostrum at the level of P3 at approximately 140° before
abruptly recurving medially at the level of the glenoid fossa, where the zygoma is at its widest.
At this juncture, it becomes dorsoventrally flattered. This flattened facet of the zygomatic root of
the squamosal forms the squamosal fossa along with the dorsal aspect of the mastoid process. A
slight ridge divides these two anterior and posterior portions of the squamosal fossa, which are
approximately equal in size. This ridge overlies the external auditory meatus. The jugal-
squamosal articulation is mortised and dorsoventrally expanded (Fig. 3). The posteroventral root
of the jugal extends posteriorly to the level of the lateral extent of the glenoid fossa, forming a
sigmoidal suture with the squamosal. The dorsal root of the jugal is triangular and forms the

postorbital process; this process extends dorsally and interlocks posteriorly with the squamosal.
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3.3.4 Braincase and Occiput—The braincase meets the interorbital region at an
approximately right angle, forming a distinct corner. The braincase appears to have been
dorsoventrally compressed post-burial, exhibiting fracturing along its lateral edges. These
fractures obscure the region of the pseudosylvian sulcus. From its origin at the nasofrontal
suture, the sagittal crest extends medially along the length of the frontals and parietals until
merging with the lambdoidal (nuchal) crests. The lambdoidal crests diverge posterolaterally from
the interparietal suture at 235° degrees to one another and posteriorly overhang the occipital
shield. They then curve ventromedially before merging laterally with the mastoid process. The
mastoid processes are large and dorsally triangular. The paraoccipital processes are not visible in
dorsal view and are discussed below (see Basicranium). As a whole, the dorsal surface of the
paraoccipital processes, the posterior surface of the mastoid processes, the posterolateral
braincase, and the overhanging, anteriorly directed lambdoidal crests form deep lateral fossae on
the braincase. The occipital shield exhibits some diagenetic fracturing but is otherwise relatively
smooth. From its crest, the shield is slightly concave. From the lateral extent of the lambdoidal
crests, the occipital shield narrows sharply before intersecting the dorsomedial surface of the
occipital condyles. The occipital condyles are positioned unusually close to one another for a
desmatophocid, bounding a small, rounded foramen magnum rather than the typical wide,
dorsoventrally compressed morphology seen in the rest of Desmatophocidae (Fig. 3).

3.3.5 Basicranium—On the whole, the basicranium is broadly similar to that of
desmatophocines. Anteriorly, the basisphenoid-basioccipital suture is visible but crushed,
obscuring its exact morphology. Overall, the basioccipital is generally pentagonal. It is also
characterized by the presence of a low, posteriorly narrow sagittal ridge that widens anteriorly

before flattening at the level of the anterior extent of the auditory bullae. Anterior to this ridge,
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the basioccipital is gently concave. Just anterior to the occipital condyles and on either side of
this low ridge are the hypoglossal foramina, which are small and blind. The paraoccipital
processes are large and triangular with excavated ventral surfaces. Unusually, they project from
the posterior aspect of the basicranium at a sharp ventrolateral angle as opposed to the
posteriorly directed paraoccipital processes of other desmatophocids. The mastoid processes
project laterally and are approximately equal in size to the posteriorly located paraoccipital
processes. Together, the anterior border of the mastoid process and the postglenoid process form
an arched, bony roof that overhangs the anterolaterally directed external auditory meatus.
The auditory bullae are relatively flattened. Anteromedially, a small hooked projection extends
medially over the common fossa for the auditory tube and median lacerate foramen. The ventral
surfaces of the bullae are characterized by a recurved ridge originating at the posteromedial
corner of the bulla before forking. One branch runs posterolaterally, just lateral to the carotid
canal and posterior lacerate foramen to the anterolateral corner of the bulla. The other curves
anterolaterally before flattening just medial to the external auditory meatus. The bullae protrude
slightly posteroventrally, extending partially over the stylomastoid foramen and tympanohyal pit.
The stylomastoid foramen and tympanohyal pit are small and of approximately equal size,
obliquely ovoid, and directed dorsomedially into the bulla. Posteromedially to the bullae, the
posterior lacerate foramina are large and elliptical with their main axes located transversely
rather than anteroposteriorly as in Desmatophoca oregonensis.

3.3.6 Dentition—The preserved dentition and alveoli indicate an upper dental formula
of I1-3, C1, P1-4, M1-2. Although the incisive border and incisor alveoli are not preserved, all
pinnipeds except the most derived odobenids have three incisors and we have no reason to

expect this species to differ (Drehmer et al., 2015; Winer et al., 2016). Preserved teeth include
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the left P1, right and left P2, right P3, and left P4. Overall, the teeth are bulbous, peg-like, and
homodont with vertically oriented roots. The left P1 is single-rooted and the alveolus of the right
P1 both display single roots. P1 and the alveoli of M1 and M2 are single-rooted; P2-P4 are
double-rooted. Each tooth features a single, bulbously triangular principal cusp. Buccally, the
enamel is smooth and slightly more bulbous at the base. Lingually, a faintly crenulated cingulum
is apparent on all of the teeth. Wear facets are present on the posteroventral surface of each of the
teeth as well. The alveoli of M1 and M2 are distinctly smaller than those of the premolars.

3.3.7 Comparison to Other Pinnipedimorpha— Eodesmus condoni represents an
important specimen for understanding the origination of Desmatophocidae as it possesses a
unique combination of basal and derived traits. Unlike the basal pinnipedimorphs, E. condoni
possesses characteristics of crown Pinnipedia such as homodont teeth, absence of the lacrimal
bone and lacrimal foramen, and an expanded infraorbital foramen (Berta et al., 2018). However,
it also possesses more basal traits such as the presence of a nasiolabialis fossa—a basal trait it
shares with basal pinnipedimorphs and Devinophoca, the earliest fossil seal known from cranial
material (Koretsky and Holec, 2002). Additionally, while the interorbital morphology is not
preserved in Eodesmus condoni, the possible sister taxon of E. condoni, USNM 335445, lacks an
orbital vacuity, as do the basal pinnipedimorphs and Desmatophoca.

Several characteristics preclude inclusion of E. condoni with any of the other three crown
pinniped families. Presence of an M2, prenarial shelf, alisphenoid canal, pronounced
paraoccipital processes, flattened tympanic bullae, and the shelf-like morphology of the
pterygoid process of the maxilla exclude this specimen from Phocidae. E. condoni differs from
Otarioidea (Otariidae + Odobenidae) in its V-shaped nasal-frontal suture, thin and laterally

directed pterygoid strut, divided squamosal fossa, reduced M1 that is smaller than the premolars,
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and its lack of antorbital and supraorbital processes. Additionally, its slightly divergent tooth
rows, the smoothly convex anterolateral margin of the braincase, and the pentagonal shape of the
basioccipital all rule out membership in Otariidae. Finally, it shares the diagnostic characters of
its mortised jugal-squamosal articulation (Fig. 3) and the presence of a tympanohyal pit that is

distinct from the stylomastoid foramen (Fig. 2) with the rest of Desmatophocidae.

4 Phylogenetic Results and Discussion

Our phylogenetic analysis with implied weighting recovered two most parsimonious trees
with a best score of 32.661, consistency index = 0.443, and retention index = 0.683. We show the
50% consensus tree and report support values for this tree in Figure 4. As this paper focuses on
desmatophocids, we limit our discussion of specific level relationships and synapomorphies to
this clade. Overall, the relationships among major pinniped clades remain similar to the original
results published with the Boessenecker and Churchill matrix (2018). Enaliarctos, Pteronarctos,
and Pinnarctidion form a successive grade into crown Pinnipedia. Within Pinnipedia, our
analysis resolved two lineages, Phocoidea (Desmatophocidae + Phocidae) and Otarioidea
(Otariidae + Odobenidae). Eodesmus condoni sp. nov. and a yet undescribed specimen, USNM
335445, resolve as sister taxa in the most basal clade within Desmatophocidae. Together, these
two specimens form a sister group to Desmatophocinae + Allodesminae in a poorly supported
topology. This new taxon can be distinguished from the rest of Desmatophocidae by one
ambiguous synapomorphy, the lack of contact between the premaxilla and the lateral border of
the nasals (shared with Odobenus; character 1: state 2), and a symplesiomorphy, the presence of

a nasiolabialis fossa (shared with basal pinnipedimorphs and Devinophoca; 11:0).
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Figure 4. Phylogenetic tree showing position of Eodesmus condoni gen. et. sp. nov (UOMNCH
F-68583). Time-calibrated most parsimonious tree from the analysis using implied weighting (K
= 3). Terminal horizontal bars represent the age range of the taxa as determined by Boessnecker
and Churchill (2018). We assigned the age range of Eodesmus condoni and USNM 335445 as
17.3-16.6 Ma because each of these specimens comes from the same horizon as Proneotherium
repenningi, which was assigned to this time range by Boessenecker and Churchill (2018). Time-
scaling was applied to the tree using the strap package (Bell and Lloyd, 2015) in R (R Core Team,
2019).
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Additionally, inclusion of Eodesmus condoni gen. et sp. nov. provided better resolution to
the topology of Desmatophocidae as a whole. Desmatophocidae is united by two unambiguous
synapomorphies: the pterygoid process of the maxilla expanded laterally as into a corner-like
suborbital shelf (8: 1) and a stylomastoid foramen distinct from the tympanohyal pit (33: 1).
Desmatophocidae also possesses one ambiguous synapomorphy that it shares with Imagotaria,
Gomphotaria, and Odobenus: round and bulbous (as opposed to transversely narrow) lower
postcanines. Similarly, Desmatophoca is here recovered with moderate support (BS = 76) rather
than poor (Boessenecker and Churchill, 2018). It is diagnosed by a single unambiguous
synapomorphy: a mortised jugal-squamosal articulation without the dorsoventral expansion
characteristic of other desmatophocids (22:1). Desmatophoca also shares an ambiguous
synapomorphy with basal pinnipedimorphs, the lack of an orbital vacuity (17:0).

Allodesminae (Afopotarus + Allodesmus) is recovered with weak support (BS = 53)
showing two unambiguous synapomorphies: divergent lower cheek tooth orientation (59:1) and
the presence of a scapular undulation in place of the secondary spine on the scapulae (72:1).
Ambiguous synapomorphies of allodesmines include an absent or indistinct genial tuberosity of
the mandible (40:0; reversal to basal character trait; 40:0), the absence of a cingulum on the
lower postcanines (61:2; shared with Gomphotaria and Odobenus; 61:2), and a large,
dorsoventrally elliptical anterior narial opening with thick borders (shared with Imagotaria,
Gomphotaria and Odobenus; 96:1). Within Allodesminae, Atopotarus resolves as the sister taxon
to Allodesmus. The remaining allodesmine species are united with moderate support (BS=79).
Allodesmus packardi and Allodesmus naori form a successively more derived grade leading to
the final clade, a weakly supported polytomy (BS=52) containing Allodesmus uraiporensis,

Allodesmus kernensis, Allodesmus demerei, and Allodesmus sinanoensis. Notably, we recovered
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a very different placement for Al. uraiporensis and Al. kernensis than seen in the Tonomori et al.
(2018) publication of this specimen. Tonomori et al. (2018) recovered Al. uraiporensis and AL
kernensis in a weakly supported (BS=53) clade intermediate between Afopotarus and the more
derived allodesmines. However, as neither topology is well-supported, we do not consider this
difference to be notable beyond the indication that the topology of Allodesminae is as yet
unsettled.

One of the most notable features of this and similar phylogenetic analyses is the failure to
conclusively resolve high level relationships within Pinnipedia. In our analysis, Pinnipedia itself
is relatively poorly resolved (BS = 59), and both Phocoidea and Otarioidea are poorly supported.
Even the monophyly of Odobenidae, one of the four traditionally recognized families within
Pinnipedia, is poorly supported. These weaknesses parallel those of other recent phylogenetic
analyses of pinnipeds (Deméré and Berta, 2002; Dewacele et al., 2017; Boessenecker and
Churchill, 2018; Tonomori et al., 2018). Although most recent morphological phylogenetic
analyses have recovered Phocidae as the immediate sister group to Desmatophocidae, this
relationship has been poorly supported in each study. As noted by Boessenecker and Churchill,
non-cladistic analyses have generally grouped Desmatophocidae with otariids and odobenids
(Downs, 1956; Barnes, 1987, 1989; Barnes and Hirota, 1994). Though our results support the
cladistically derived hypothesis, the poor support for both Phocoidea and Otarioidea in our
analysis and those of others call for more extensive future investigation of these family level
relationships with emphasis on the placement of Desmatophocidae. The lack of robust support
for the placement of this extinct family demonstrates that the interfamilial relationships in crown

Pinnipedia have yet to be fully settled.
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5 Paleobiogeographic Context

Geospatially, Eodesmus condoni co-occurs with several basal pinnipedimorphs and early
crown pinnipeds also found at the Iron Mountain bed. Basal taxa include Enaliarctos sp. (Poust
and Boessenecker, 2018), Pacificotaria hadromma (Barnes, 1992), and Pteronarctos goedertae
(Berta, 1994). Besides E. condoni, crown pinnipeds from this locality include the desmatophocid
Desmatophoca oregonensis (Condon, 1906, Deméré and Berta, 2002) and the earliest known
odobenid, the small-bodied walrus Proneotherium repenningi (Kohno et al., 1994). The presence
of at least six pinnipedimorph species at a single locality represents a remarkable taxonomic
diversity, particularly when compared to other similar localities from the early Miocene and late
Oligocene, which typically only preserve one or two species of pinnipedimorph. Notably, this
assemblage coincides with the Mid-Miocene Climatic Optimum (MMCO), a period of relative
warming and subsequently increased ocean productivity from 18.0-16.5 Ma (Flower and
Kennett, 1993; Bohme, 2003). Previous studies have indicated that this elevated productivity
drove an increase in marine species richness (Lipps and Mitchell, 1976; Tsuchi, 1992; Pyenson et
al., 2009). The diversity of the Iron Mountain bed represents an intriguing case study for further
investigation of this hypothesized process. However, greater understanding of the genesis of the
Iron Mountain bed with particular attention to the effects of time-averaging and other
taphonomic biases is needed to satisfactorily investigate the relationship between
pinnipedimorph diversity and the MMCO (Pyenson et al., 2009).

Although Eodesmus condoni represents the most basal desmatophocid yet described, the
more derived Desmatophoca brachycephala precedes it chronologically. The holotype and single
known specimen of D. brachycephala derives from the lower Astoria Formation and is dated to

23.0-20.4 Ma (Barnes, 1987). This occurrence of a more derived desmatophocid at least 3.1
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million years before the appearance of Eodesmus condoni indicates the presence of a ghost
lineage of eodesmine desmatophocids during the Aquitanian at the very least. Further fieldwork

at older localities is needed to illuminate the history of this clade.

6 Conclusions

Here we describe a new genus and species of desmatophocid pinniped, Eodesmus
condoni gen. et. sp. nov. from the Iron Mountain bed of the Astoria Formation of Oregon based
on a nearly complete cranium. Our phylogenetic analysis resolves this new taxon as the most
basal desmatophocid species identified to date. Our analyses also provide better resolution to the
topology of the Desmatophocidae. Eodesmus condoni expands our knowledge of early
pinnipedimorph diversity and further elucidates the relationships among fossil desmatophocids.
However, our failure to recover strong support for high-level relationships among the major
pinniped clades highlights the need for further phylogenetic work with an expanded subset of

taxa and characters.

7 Bridge

As our understanding of the early diversity of otarioids expands with the description of
new species like E. condoni, we gain new insight into when and how pinnipeds integrated into
marine ecosystems. The way pinnipeds and other organisms interact with their respective
ecosystems is largely a product of their locomotor mode. Whereas true seals and walruses
produce thrust while swimming through lateral oscillation of their hindflippers, eared seals swim
using forelimb propulsion in a stroke cycle sometimes known as “underwater flying.” How and

why these idiosyncratic swimming modes arose remains an outstanding mystery in pinniped
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paleoecology. In the next chapter, I turn my attention specifically to the evolution of otarioid

locomotor modes to investigate the development of modern pinniped ecology.
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CHAPTER I11

FORELIMB-DOMINATED AQUATIC PROPULSION EVOLVED THREE
TIMES IN OTARIOID PINNIPEDS AS REVEALED BY GEOMETRIC
MORPHOMETRIC ANALYSES OF MODERN AND FOSSIL HUMERI

1 Introduction

The Pinnipedia (Illiger, 1811) are one of the most species-rich clades of secondarily
aquatic vertebrates in the modern ocean. Second among marine tetrapods only to the cetaceans
for number of species (Berta, 2020), modern pinnipeds include three major taxa: the Phocidae
(Gray, 1821), also known as the true or earless seals (Fig. 1a); the Otariidae (Gray, 1825), the fur

seals and sea lions (Fig. 1b); and the Odobenidae (Fig. 1c; Allen, 1880), sister taxon to the

FIGURE 1. The three modern subclades of Pinnipedia. A, Phocidae, or true seals, showing
clockwise from top lefthand corner: Mirounga leonina, the southern elephant seal, in the
Kerguelen Islands (photo by Antoine Lamielle); a juvenile Pagophilus groenlandicus, the harp
seal, at False Cape Beach in Virginia, U.S.A. (photo by Albert Herring); and Lobodon
carcinophaga, the crabeater seal, hauled out on the ice near Almirante Brown Station in Antarctica
(photo by W. Bulach). B, Otariidae, or eared seals, showing from top to bottom: Eumetopias
Jjubatus, the Steller sea lion, in a rookery in Alaska, U.S.A. (public domain photo by U.S. Fish and
Wildlife Service); and Zalophus californianus, the California sea lion, resting near La Jolla,
California, U.S.A. (photo by Mike’s Birds). C, Odobenus rosmarus, the walrus and sole extant
member of Odobenidae, on an ice floe in the Arctic (public domain photo by U.S. Fish and Wildlife
Service). All photos are from Wikimedia Commons.

49



Otariidae and today represented by the singular extant walrus species Odobenus rosmarus
(Linnaeus, 1758). Unlike other extant marine mammals like cetaceans and sirenians, pinnipeds
have a uniquely amphibious lifestyle, relying on both the terrestrial and aquatic realms for
survival (King, 1991; Berta et al., 2018). Furthermore, the swimming modes employed by
pinnipeds differ significantly not only from those seen in other marine mammals but also
between each of the three families. Phocids chiefly propel themselves via lateral oscillation of
their hind flippers whereas otariids employ a bilateral stroke of the forelimbs for propulsion; O.
rosmarus employs a type of combination swimming, sometimes using an otariid-like stroke
cycle of the forelimbs at low speeds but relying on pelvic oscillation for high speed swimming

(Howell, 1929; Backhouse, 1962; English, 1977; Gordon, 1981; Berta et al., 2018).

Such diversity of locomotor modalities is distinct from all other modern marine mammals
which swim via dorsoventral undulation of either their tails, in the case of whales and sirenians,
or their tails and hindlimbs, in the case of sea otters (Fish, 1996, 2016; Gingerich, 2003). Indeed,
the disparity between pinniped swimming modes formed one of the primary arguments for
pinniped diphyly, with otariids and odobenids hypothetically arising from one terrestrial ancestor
and the phocids from another (Koretsky and Holec, 2002; Kuhn and Frey, 2012; Koretsky et al.,
2016). However, molecular phylogenetic analyses have unequivocally supported a monophyletic
Pinnipedia (Berta and Wyss, 1994; Arnason et al., 2006; Fulton et al., 2010; Nyakatura and
Bininda-Emonds, 2012; Luan et al., 2013), raising the question of how these differing locomotor
modes evolved from a single ancestral pinniped and what selective forces may have influenced

the development of such different swimming modes.

Members of carnivoran clade Arctoidea, pinnipeds share a common ancestor with ursids

(bears) and musteloids, which include the mustelids (weasels), procyonids (raccoons), mephitids
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(skunks), and ailurids (red pandas) (Finarelli, 2008; Nyakatura and Bininda-Emonds, 2012; Luan
et al., 2013). Both the ursids and musteloids also include secondarily aquatic species. Among the
Ursidae, the polar bear Ursus maritimus is considered a marine mammal and although primarily
adapted for ambulation on ice and land in terms of locomotor behavior, U. maritimus can swim
long distances via alternating paddle-strokes of its forelimbs while dragging its hindlimbs (Fish,
1996; Lone et al., 2018). Several fossil and modern musteloids display varying degrees of
aquaticism, from the semi-aquatic American mink Neovison vison and European river otter Lutra
lutra to the fully aquatic sea otter Enhydra lutris (Mori et al., 2015), which is more behaviorally
aquatic than any pinniped (Berta, 2020). Musteloids employ a range of swimming modes. Less
aquatically specialized species swim using strategies from the quadrupedal paddling used by the
mink Mustela vison to the somewhat unusual pectoral paddling observed in the domestic ferret
Mustela putorius furo to the range of forelimb and/or hindlimb paddling and dorsoventrally
undulatory swimming modes seen in American river otter Lutra canadensis (Fish, 1994). E.
lutris uses its dorsoventrally flattened tail and flipper-like hindlimbs to provide thrust while
swimming via dorsoventral undulation (Tarasoff et al., 2008), not altogether unlike the

dorsoventral caudal undulation employed by whales and sirenians (Fish, 1996).

Perhaps surprisingly, the locomotor modes used by pinnipeds differ significantly from the
swimming methods used by other arctoids, obscuring the trajectory by which the pinniped
swimming modes may have arisen (Fish, 2016). When phocids or O. rosmarus are swimming
rectilinearly, the animals propel themselves via alternating strokes of each hind flipper using
lateral undulation of their hindlimbs, held with solar surfaces facing one another, via alternating
adduction and abduction of the pes in the horizontal plane to produce thrust (Fish, 1996). They

hold their forelimbs adducted at the side, pressed into bilaterally present axillary depressions in
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the blubber of the torso to produce a hydrodynamic body shape for the reduction of drag
(Backhouse, 1962; Fish, 1996). Although phocids and odobenids primarily rely on the hindlimbs
for generating thrust while swimming, the forelimbs also play important roles in aquatic
locomotion (Howell, 1929; Backhouse, 1962; Gordon, 1981, 1983). To execute turns, phocids
and O. rosmarus will employ the forelimbs to produce lift by abducting the forelimb, extending
the joints distal to the elbow, and maintaining the manus in a mid-prone-supine position so that
the radius and radial digit form the leading edge of a hydroplane (Howell, 1929; Backhouse,
1962; Gordon, 1981). Occasionally, phocids will also use the foreflippers to paddle using
alternating strokes when swimming slowly or will paddle on one side of the body to provide
extra thrust for a tight turn. O. rosmarus uses this modality even more frequently than phocids,
particularly while foraging along the seafloor (English, 1977; Gordon, 1981). Paddling is
accomplished by first moving the forelimb into position via the recovery stroke, performed by
extending the forearm and manus via elbow flexion, followed by the power stroke, in which the
foreflipper is adducted, retracted, and pronated with the digits spread to provide maximal water
resistance and therefore thrust (Backhouse, 1962). O. rosmarus also uses its forelimbs as

stabilizers when it is feeding on the sea floor (Fay, 1982).

In contrast with both phocids and odobenids, otariids primarily employ pectoral
oscillation of the forelimbs for thrust production with the hindlimbs passively trailed behind
(English, 1977; Feldkamp, 1987a; Fish, 1996; Kuhn and Frey, 2012; Berta et al., 2018). At the
beginning of the power stroke, the shoulder joint is in an extended position with the humerus in
an abducted-protracted position, the elbow flexed, and the manus slightly extended (Howell,
1929; English, 1977). Subsequently, the shoulder joint undergoes flexion and the forelimb is

simultaneously medially rotated, adducted, and retracted, with extension of the elbow joint and
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flexion of the manus, so that at the end of the stroke the palmar surface of the flippers is
appressed against the flank (Howell, 1929; English, 1977). To reposition the forelimb for the
next power stroke via the recovery stroke, the foreflipper is then laterally rotated before the
shoulder joint undergoes extension, protraction, and abduction, the elbow joint is flexed, and the
manus is slightly extended (Howell, 1929; English, 1977). The hindlimbs are apparently less
involved in otariid locomotion than the forelimbs are in that of phocids and odobenids, but they

do function as rudders and occasionally brakes (English, 1977).

Given the disparity between pinniped swimming modes and those of their fissiped
(terrestrial) arctoid relatives, understanding how and when these disparate swimming methods
evolved requires investigation into the aquatic locomotion of fossil pinnipeds. The pinniped
fossil record consists of over 100 extinct species (Valenzuela-Toro et al., 2018), including a
number of stem “pinnipedimorphs” (herein referred to as stem pinnipeds), the enigmatic
Desmatophocidae (Hay, 1930) which lived in the North Pacific from the mid-Arikareean to the
early Hemphillian (Boessenecker and Churchill, 2018), and numerous extinct members of the
three extant clades. Most previous studies have focused on reconstructing the locomotor modes
of stem pinnipeds Puijila darwini (Paterson, 2017; Paterson et al., 2020) and Enaliarctos mealsi
(Berta et al., 1989; Berta and Ray, 1990; Berta and Adam, 2001; Bebej, 2009; Furbish, 2015) and
derived desmatophocid Al/lodesmus kernensis (synonymized with Allodesmus kelloggi by
Deméré and Berta, 2002, and Boessenecker and Churchill, 2018; Berta and Adam, 2001; Bebej,
2009; Furbish, 2015), as they are each represented by nearly complete specimens. Notably, each
of these three taxa display combinations of traits that, in modern species, are typically associated
with either hindlimb- or forelimb-dominated propulsion, leading previous workers to infer that

these species used a sort of combination-style swimming that involved both the forelimbs and
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hindlimbs in propulsive strokes, not dissimilarly to O. rosmarus (Berta and Ray, 1990; Bebej,
2009; Furbish, 2015; Paterson, 2017). Nevertheless, each seems to show a greater morphological
affinity for one style over the other. Basal taxa P. darwini and E. mealsi have generally been
interpreted as combination swimmers with a preference for hindlimb propulsion (Bebej 2009,
Paterson 2017). These results lend support to the hypothesis of an ancestral hindlimb-dominated
swimmer, which Hocking et al. (2018) attribute to the need to liberate the forelimbs for prey
manipulation while traveling in the aquatic environment. By this logic, the phocid swimming
modality is a further specialization of the ancestral hindlimb-dominated swimming mode

(Hocking et al., 2018, 2021).

Although significant evidence exists supporting the plesiomorphy of hindlimb propulsion
in pinnipeds, the evolution of forelimb propulsion remains perplexing. A. kernensis, the only
otarioid fossil known from a generally complex skeleton, has typically been resolved as a
forelimb-dominated combination swimmer (Bebej, 2009; Furbish, 2015). The phylogenetic
placement of the desmatophocids is controversial (Dewaele et al., 2017b; Boessenecker and
Churchill, 2018; Paterson et al., 2020; Tate-Jones et al., 2020), but if Desmatophocidae is an
otarioid as the most recent total evidence phylogenies indicate (Paterson et al., 2020; Rule et al.,
2020), a forelimb-propelled A. kernensis in conjunction with the forelimb propulsion seen in
modern otariids suggests that pectoral oscillation may indeed be ancestral to the Otarioidea, with
reversal to the plesiomorphic condition at some point in the odobenid lineage (Gordon, 1979;
Bebej, 2009). Such a scenario is supported by the reconstruction of partially known odobenid
Dusignathus seftoni as a forelimb-dominated swimmer (Furbish, 2015) and morphological
evidence that the highly derived Pleistocene odobenid Valenictus chulavistensis relied

predominantly on forelimb propulsion (Deméré, 1994). However, these characterizations of D.
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seftoni and V. chulavistensis are far from certain; Furbish (2015) notes that many of the
characters used for trait reconstruction were absent for D. seftoni, decreasing the certainty of this
classification, and Giffin (1992) interpreted the swimming of V. chulavistensis as comparable to
that of O. rosmarus through examination of neural canal anatomy. So while the locomotor
evolution of otarioid pinnipeds remains unresolved, this previous work provides a testable
hypothesis: forelimb propulsion arose once at the base of Otarioidea with a partial reversal to the
ancestral condition of hindlimb-dominated combination swimming at some point in the odobenid

lineage.

As discussed, most previous locomotor studies examine species that are represented by
nearly complete skeletons or which, in the case of D. seffoni, at least have multiple limb
elements available, severely limiting exploration of locomotor modes in basal members of the
otarioid families, none of which are represented by complete specimens and very few of which
are represented by elements other than crania and humeri (Valenzuela-Toro et al., 2018).
However, this latter bone offers a largely untapped resource for exploring the evolution of
otarioid locomotion. The mammalian humerus displays a remarkable range of morphological
diversity that has been shown to strongly correlate with function (Andersson, 2004; Fabre et al.,
2014; MacLaren and Nauwelaerts, 2016; Jones et al., 2022), including locomotion. Furthermore,
Muioz (2021) found that the morphology of the carnivoran humerus is not only strongly
correlated with locomotor mode but is also more influenced by locomotion than that of the

femur, which tends to be more conserved.

Well over a century of work focusing specifically on the functional morphology of
pinniped humeri provides a foundation for predicting how humeral shape may vary with specific

aquatic locomotor functions, particularly with regards to phocids and otariids. With their reliance
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on forelimb propulsion, the morphology of the otariid humerus (Fig. 2a) has been considered
especially associated with swimming modality. Otariid humeri display an elongated deltoid crest
and high greater tubercle which provides a long moment arm for forelimb adduction during
thrust production via the pectoralis muscle, increasing the efficiency of the power stroke (Howell
1929). The same condition allows for an extended attachment of the deltoid muscle, which is
responsible for generating the majority of the force of the recovery stroke (Howell, 1929;
English, 1977), and a similarly extended attachment of the humerotrapezius muscle, allowing for
strong, rapid extension of the humerus during this recovery stroke. Howell (1929) attributes the
elevation of the greater tubercle above the level of the humeral head and the lesser tubercle in the
California sea lion Zalophus californianus to the provision of increased leverage for the
extension of the humerus via the supraspinatus muscle during the recovery stroke. Otariids also
possess enlarged medial epicondyles compared to phocids, ostensibly for providing an anchor for

the powerfully developed digital flexors as needed for the power stroke (Howell, 1929).

As previously discussed, although the phocid foreflipper is not generally used for primary
thrust production, it nonetheless serves numerous important locomotor functions and thus phocid
humeral morphology (Fig. 2b) has also been interpreted in relation to aquatic locomotion
(Howell, 1929; Backhouse, 1962). Similar to otariids, the deltoid crest in phocids is significantly
developed relative to the usual condition in fissiped carnivorans, but the phocid deltoid crest is

generally proximodistally shorter and lateromedially wider than that of otariids. Howell (1929)

FIGURE 2 (next page). Dorsal, medial, ventral, and lateral views of the right humerus of the
three modern pinniped clades: A, Otariidae, represented by the New Zealand fur seal
Arctocephalus forsteri; B, Phocidae, represented by the harp seal Pagophilus groenlandicus; and
C, Odobenidae, represented by the walrus Odobenus rosmarus. Each scale bar represents 5 cm.
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hypothesized that the elevation of the crest in phocids resulted from the effort of the
humerotrapezius and atlantoscapularis, each of which have broader if shorter attachment sites in
phocids than otariids, to limit forelimb range of motion and to immobilize the forelimb against
the body during sustained periods of swimming. Another major distinction between phocid and
otariid humeri is the lesser tubercle (Berta et al., 2018). Although enlarged in all pinnipeds
relative to other carnivorans (Wyss, 1988), this condition is even more pronounced in phocids,
which possess massively developed lesser tubercles that extend further proximally than the
greater tubercle or the humeral head. Howell (1929) attributes this condition partially to the
greater development of the subscapularis in phocids, which holds the humerus in a more
abducted resting position relative to otariids, although he considers this to be insufficient
explanation for the enormity of the lesser tubercle. Laakkonen and Nihtild (2021) accredit the
elevation of the lesser tubercle above the humeral head to the provision of a long moment arm
for the protraction and rotation of the humerus. These movements are of particular importance
for braking, turning, and use of the forelimb as a hydroplane, considered to be the primary uses
of the forelimb in phocids (Backhouse, 1962). While the phocid medial epicondyle is notably
less developed than the otariid condition, the phocid lateral epicondyle is laterally protuberant
with a medially convex edge compared to the comparatively faint otariid state (Berta et al.,
2018), assumedly to anchor the respectively larger forearm extensors which allow for dorsal
thrusts of the manus for initiating dives or ventral bending of the anterior portion of the body

(Howell, 1929).

The humerus of O. rosmarus largely resembles the otariid condition (Murie, 1870;
Howell, 1929) with several notable differences (Fig. 2¢). Like otariids, it also possesses an

elongated deltoid crest with an elevated greater tubercle, a large lesser tubercle whose proximal
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extent does not quite extend to the level of the humeral head or the greater tubercle, and a
medially protuberant medial epicondyle. Although this condition is similar to that which allows
for forelimb-dominated swimming in otariids, Gordon (1983) attributes the elongation of the
deltoid crest in O. rosmarus to the provision of a long moment arm for the forelimb adduction
needed “push-up” phase of the forward lunge performed during terrestrial locomotion, raising
the question of whether a proximodistally long deltoid crest first arose to assist with efficient
terrestrial locomotion or, if otarioids are ancestrally forelimb-propelled, it evolved for forelimb-
dominated aquatic locomotion, and was subsequently exapted for the terrestrial gait of O.
rosmarus. Unlike otariid humeri, however, the proximal ventrolateral surface of the deltoid crest
of O. rosmarus is wide like the condition seen in many phocids. Additionally, the lateral
epicondyle protrudes in a laterally convex curve from the condyle before sloping back towards
the axis of the shaft at its proximal aspect in a condition that differs from either otariids or
phocids (Murie, 1870). However, phocid lateral epicondyles do display a greater degree of lateral
protrusion than those of otariids (although the muscle attachment for the forearm extensors rises
further proximally than in O. rosmarus), so the possibility remains that these conditions are
functionally linked with hindlimb-dominated propulsion. This work on the functional
morphology of pinniped humeri provides a foundation for exploring the relationship between
swimming mode and humeral shape and thus for predicting the locomotor affinities of fossil

otarioids.

To quantitatively analyze humeral morphology and its functional implications, I used
three-dimensional geometric morphometrics (GMM) methods to first investigate the relationship
between humeral morphology and swimming mode in modern pinnipeds and then to predict the

locomotor affinities of fossil otarioids (Zelditch et al., 2004; Marrama and Kriwet, 2017).
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Through these analyses, I can test the formerly stated hypothesis that forelimb propulsion is the
plesiomorphic state for Otarioidea with a reversal to hindlimb-dominated combination swimming

in the odobenid lineage.

2 Materials and Methods

2.1 Material Examined

We examined, photographed, and landmarked the humeri of 23 extant pinniped species
represented by 41 individual adult specimens and 17 species of fossil pinniped. A list of all taxa
and specimens included in this study is available in Table 1. This sample includes the smallest
and second largest species of phocids (Pusa sibirica and Mirounga angustirostris, respectively)
and the smallest and second largest species of otariids (Arctocephalus galapagoensis and Z.
californianus, respectively). When possible, I landmarked right humeri; the landmarks of left
humeri were reflected during the Procrustes analysis. When available, I landmarked a male and
female humerus to include the widest range of intraspecific morphological variation and because
the fossil record likely consists of both male and female specimens. All modern specimens are
housed in the Smithsonian National Museum of Natural History (USNM) and fossil specimens

are housed at both the USNM and the Natural History Museum of Los Angeles County (LACM).

2.2 Phylogenetic Information

Using all the taxa included in this study, I constructed a phylogeny in Mesquite using
previously published trees as I subsequently explain (Fig. 3). Because I landmarked at least two
specimens for most species, I included multiple representatives of a single species in our tree as a
polytomy. For the placement of stem pinnipeds Potamotherium valletoni and Pinnarctidion rayi,

I used the topology of Paterson et al. (2020). Family-level topology derives
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Table 1. List of landmarked specimens representing fossil and extant taxa. USNM = Smithsonian National
Museum of Natural History; LACM = Natural History Museum of Los Angeles County.

Taxon Specimen(s) Taxon Specimen(s)
Fossil Taxa Extant Phocids
1. Potamotherium valletoni USNM 214984  28.  Cystophora cristata USNM 188962
2. Pinnarctidion rayi USNM 250321 29 USNM 593970
3. Desmatophoca oregonensis USNM 33524 30.  Erignathus barbatus USNM 16116
4.  Allodesmus kernensis LACM 4320 3L USNM 269126
5. Pithanotaria starri LACM 52773 32.  Halichoerus grypus USNM 446405
6.  Thalassoleon mexicanus LACM 128005  33. USNM 446406
7. Neotherium mirum LACM 4319 34.  Histriophoca fasciata USNM 504959
8.  Imagotaria downsi USNM 23865 35. USNM 504960
9. Pontolis barroni LACM 214848 36 Hydrurga leptonyx USNM 396931
10.  Dusignathus seftoni USNM 314263  37.  Leptonychotes weddellii USNM 504871
11.  Pliopedia pacifica USNM 187328 38 USNM 550118
12.  Valenictus imperialensis LACM 3926 39.  Mirounga angustirostris USNM 12441
40.  Monachus monachus USNM 219059
Extant Otarioids
13.  Odobenus rosmarus USNM 21331 41.  Neomonachus schauinslandi USNM 334577
14. USNM 500252 42. USNM 395997
15. USNM 550040  43. USNM 395999
16.  Arctocephalus australis USNM 23331 44.  Ommatophoca rossii USNM 275206
17. USNM 501120  45. USNM 302975
18.  Arctocephalus forsteri USNM 396921  46.  Pagophilus groenlandicus USNM 593976
19. USNM 504891 47 USNM 594013
48. Ph jtuli USNM 594207
20. Arctocephalus galapagoensis ~ USNM 392266 oca vituina
21.  Callorhinus ursinus USNM 219847  49.  Pusa capsica USNM 175689
22. USNM 219848  50.  Pusa hispida USNM 16106
23.  Neophoca cinerea USNM 484382  5l1. USNM 7102
24. Otaria flavescens USNM 484912 52.  Pusasibirica 550038
25. USNM 95063
26. Zalophus californianus USNM 14410
27. USNM 504991

from the phylogenies of Furbish (2015) and Paterson et al. (2020): phocids are the outgroup to

the Otarioidea with Desmatophocidae as the earliest diverging member of the otarioids, with

placement of the desmatophocids resolved with moderate support (0.72 and 0.75, respectively). |

acknowledge that significant debate exists regarding the placement of the extinct pinniped family

Desmatophocidae. Initially, Kellogg (1922) classified desmatophocids as basal otariids, a
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FIGURE 3. Phylogenetic topology used for this study. Relationships between arctoid subclades,
stem pinnipeds, and the crown pinniped subclades Phocidae, Desmatophocidae, Otariidae, and
Odobenidae after Paterson et al. (2020). Interclade relationships of Phocidae, Desmatophocidae,
Odobenidae, and Otariidae after Rule et al. (2020), Tate-Jones et al. (2020), Magallanes et al.
(2018), and Boessenecker and Churchill (2014), respectively. Time-scaling applied to tree using
the strap package (Bell and Lloyd, 2015) in R (R Core Team 2021).

placement supported by later workers as well (Simpson, 1945; Mitchell, 1966, 1968; Barnes,
1989; Barnes and Hirota, 1994). Others also allied Desmatophocidae with Otarioidea but as the
sister taxon to Odobenidae (Berta et al., 1989; Rule et al., 2020). A number of relatively recent
phylogenetic analyses have alternately resolved desmatophocids as sister taxon to Phocidae
(Berta and Wyss, 1994; Boessenecker and Churchill, 2015, 2018; Tanaka and Kohno, 2015;
Dewacele et al., 2017a; Tonomori et al., 2018; Velez-Juarbe, 2018; Tate-Jones et al., 2020). First,

Furbish (2015) is the only phylogeny that specifically examines the placement of
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desmatophocids. Secondly, only Furbish (2015), Paterson et al. (2020), and Rule et al. (2020) use
both molecular and morphological data for the phylogenetic reconstruction of family-level
relationships in Pinnipedia and support for the Rule et al. 2020 resolution was lower (0.59) than
that of the other two studies. Thirdly, all currently known desmatophocids hail from the North
Pacific, which is also the region where odobenids and otariids first diversified, whereas all early-
diverging phocids have been found in the North Atlantic and Tethys basins (Berta et al., 2018).
Finally, current literature strongly supports the use of probabilistic phylogenetic reconstruction
methods and total evidence datasets with both molecular and morphological data for the most
accurate topological resolution and highest nodal support (O’Reilly et al., 2018; Puttick et al.,
2019; Smith, 2019; Mongiardino Koch et al., 2021). For the topology for intrafamilial
relationships, I also relied on total evidence phylogenies where available, referring to
Boessenecker and Churchill et al. (2014) for Otariidae, to Rule et al. (2020) for Phocidae, and to
Boessenecker and Churchill (2018), Tonomori et al. (2018), and Tate-Jones et al. (2020) for
Desmatophocidae. As O. rosmarus is the only modern species of Odobenidae, total evidence
phylogenies are not available, so I used the morphological phylogenies from Magallanes et al.

(2018) and Biewer et al. (2020) for the odobenid topology.

To timescale the phylogeny, I followed the protocol of (Morales-Garcia et al., 2021)
using the “equal” method (Brusatte et al., 2008) in package ‘paleotree’ (Bapst, 2012). I retrieved
first and last appearance data for fossil taxa from the Paleobiology Database (pbdb.org) and
divergence dates for nodal constraint from the literature (Higdon et al., 2007; Velez-Juarbe,
2017; Magallanes et al., 2018; Biewer et al., 2020; Paterson et al., 2020; Rule et al., 2020; Tate-

Jones et al., 2020). The time-scaled phylogeny is available in Appendix D.

63



23 Geometric Morphometrics

Geometric morphometric methods (GMM) are a set of statistical tools used to analyze the
morphological variation of biological structures and can be used to infer functional adaptations
including locomotor modes (Zelditch et al., 2012). To quantify the morphology of pinniped
humeri, I developed a landmarking schema consisting of 26 fixed landmarks including a
combination of Type I (homologous) and Type II (based on maxima and minima) landmarks
(Fig. 4; Table 2). This schema derives from both our own observations and previous studies

examining humeral morphology (Milne et al., 2009; Richards et al., 2022). I landmarked all

Table 2. Landmarks used to quantify the three-dimensional morphology of pinniped humeri.

1. Proximal apex of the lesser tubercle

2. Distal extent of the lesser tubercle

3. Lateral extent of the lesser tubercle

4. Medial extent of the lesser tubercle

5. Proximal apex of the greater tubercle

6. Medial extent of head at confluence with the lesser tubercle
7. Head at distodorsal edge

8. Lateral extent of head at confluence with greater tubercle/deltoid crest
9. Proximoventral extent of head at top of bicipital groove

10.  Head at center of free surface

11.  Bicipital groove

12.  Laterodistal extent of deltoid crest

13.  Distal extent of deltoid crest

14.  Proximolateral extent of ventral surface of humeral condyle
15.  Distolateral extent of humeral condyle

16.  Proximolateral extent of dorsal surface of humeral condyle
17.  Proximal extent of dorsal surface of humeral condyle

18.  Point of maximal depth of olecranon fossa

19. Proximomedial extent of dorsal surface of humeral condyle
20. Distomedial extent of humeral condyle

21.  Proximomedial extent of ventral surface of humeral condyle
22.  Inflection point of proximal edge of ventral surface of humeral condyle
23.  Inflection point of distal extent of humeral condyle

24.  Distomedial extent of medial epicondyle

25.  Proximomedial extent of medial epicondyle

26.  Proximal extent of lateral epicondyle
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20
FIGURE 4. In order of right to left, dorsal, lateral, ventral, and medial views of the landmarks used
in this study as shown on the left humerus of the spotted seal Phoca hispida. Numbers correspond
to the landmarks listed in Table 2.

humeri using a Revware Microscribe G2LX with a reported position accuracy of 0.30 mm; the

3D coordinates (X, y, z) were imported into Excel using the Revware MicroScribe Utility

Software package.

To analyze shape variation between humeri associated with specific swimming
modalities, I designated otariids as forelimb-propelled swimmers and phocids and odobenids as
hindlimb-propelled swimmers. I acknowledge that these designations collapse the true diversity
of pinniped locomotor modes into an artificial binary but chose this framework for the sake of
analytical simplicity. I then ingested the landmark data into R (R Core Team, 2021) and used the
‘gpagen’ function in R package geomorph version 4.0.4 (Baken et al., 2021; Adams et al., 2022)
to perform a generalized Procrustes analysis (GPA) on the landmark data to remove non-shape

variation from between the specimens, such as size, orientation, and positioning (Rohlf and
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Slice, 1990). I then performed a principal components analysis (PCA) to reduce the
dimensionality of the dataset and to visualize its variation with R package ggplot2 (Wickham,

2016; Marrama and Kriwet, 2017).

2.4 Flexible Discriminant Analyses

To test the hypothesis that the three dimensional morphology of pinniped humeri
distinguishes between hindlimb- and forelimb-propelled swimmers, I used flexible discriminant
analyses (FDA). Similar to linear discriminant analysis, FDA finds a combination of predictors
that maximize the separation between groups, but FDA allows for non-linear decision boundaries
by fitting flexible functions to the data rather than being limited to a line (Hastie et al., 1994). 1
performed two flexible discriminant analyses (FDAs), one without phylogenetic correction
(npFDA) and one with (pFDA), so that I could assess the degree of impact phylogeny had on
shape variation and classification rates. I conducted the npFDA using the ‘fda’ function in R
package mda version 0.5.3 (2022) and the pFDA following the protocol of Morales-Garcia et al.
(2021) which uses source code ‘phylo.fda.v0.2.R’ (Motani and Schmitz 2011). I trained the
FDASs on extant taxa with known locomotor modes with the principal components (PCs) that
accounted for up to 90% of the variation in the dataset. As part of the pFDA, I also calculated the
optimal lambda, a parameter that quantifies the degree to which the trait data of a group of
species are influenced by their shared evolutionary history (Pagel, 1999; Motani and Schmitz,
2011). I calculated confusion matrices for the FDAs, the posterior classification rates for the
training (modern) dataset, and the relative contribution of each PC to the discriminant function.
Finally, I used the FDAs to classify the fossil taxa and calculated posterior probabilities and

discriminant scores for each. I then plotted the mean discriminant score for each species on a
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phylogeny using the R package phytools (Revell, 2012). The coefficients of the FDAs, by which

each PC is multiplied to form the discriminant decision rule, are also calculated.

3 Results

3.1 Humeral Morphology and Aquatic Locomotion

Using 3D GMM, I found that humeral morphology correlates with pinniped swimming
mode. In Fig. 5, I show a visualization of PC1 and PC3, as these were the two PCs that
contributed the most to the FDAs (see following section). PC1 accounts for 32.7% of the
variation and PC3 for 10.4% of the variation. PC1 largely discriminates between otarioids on the
negative end of the axis and phocids on the positive end of the axis. Taxa with negative PC1
scores have a relatively long deltoid crest that runs parallel to the shaft and extends into an
exaggerated greater tubercle that reaches further proximally than either the humeral head or the
lesser tubercle, which is located just ventrally to the comparatively slightly more proximally
elevated head. The two tubercles are separated by a narrow intertubercular fossa. The medial
epicondyle is proximodistally short and its distal extent arises from the shaft slightly proximally
to the medial keel of the condyle and its proximal extent merges again with the shaft at
approximately the same level as does the lateral epicondyle. The olecranon fossa is small and
limited to a shallow indentation just proximal to the ventroproximal edge of the condyle.
Comparatively, taxa with positive PC1 values have a shorter deltoid crest that tilts away from the
shaft in the ventrodistal direction. The lesser tubercle is bulbous, medially offset from the
humeral head, and extends further proximally than the humeral head or the comparatively

reduced greater tubercle. A wide intertubercular fossa separates the two tubercles. The medial
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FIGURE 5. Scatter plot of the results of the principal components analysis showing principal
components (PCs) 1 and 3, the two main contributors to the flexible discriminant analyses. Extant
taxa are indicated by solid points and extinct taxa by unfilled points. Convex hulls are shown for
extant hindlimb-dominated swimmers (teal) and forelimb-dominated swimmers (gold). The
humeri of selected taxa are shown to demonstrate the range of morphologies associated with the
maxima and minima of the PCs. See Table 1 for taxon names.
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and lateral epicondyles are proximodistally longer than the condition seen in taxa with negative
PC1 values, with the lateral epicondyle extending further proximally than the medial epicondyle.

The olecranon fossa is broad and shallowly concave.

The PC3 axis forms a continuum between two distinct morphologies that are less
taxonomically discriminatory than PC1, although the otariids do fall exclusively towards the
positive end of the spectrum. The minimum for PC3 represents humeri with a broad deltoid crest
that extends proximally past the humeral head to approximately the same level as the robust,
medially protuberant lesser tubercle. The tubercles are separated by a deep, wide intertubercular
fossa. The medial and lateral epicondyles are each fairly symmetrical around the humeral
condyle and are approximately equal in proximodistal length to one another. The olecranon fossa
is extremely shallow. The positive end of the PC3 axis represents humeri with a narrow deltoid
crest that extends proximally into a greater tubercle that rises past the humeral head and the
comparatively smaller lesser tubercle. The medial epicondyle is proximodistally shorter than that
structure in specimens represented by negative PC3 values but is also bulbously protuberant
rather than flat. The lateral epicondyle extends further proximally than the medial epicondyle to
the approximate halfway between the distal extent of the humerus and the distal extent of
humeral head. The olecranon fossa is slightly deeper and wider than the condition at the PC3
minimum. Monk seals cluster towards the minimum of PC3. O. rosmarus, a male Mirounga
angustirostris (the northern elephant seal), a male Halichoerus grypus (the grey seal), and a
female Neophoca cinerea (the Australian sea lion) cluster around the median. The remaining

taxa cluster towards the PC3 maximum.

We also projected the humeral shape of fossil taxa into the morphospace of extant taxa.

Stem pinnipeds P. valletoni and P. rayi fall near the upper limit of the hindlimb morphospace, in
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line with previous predictions that hindlimb-dominated swimming is the ancestral state in
pinnipeds (Furbish, 2015; Paterson et al., 2020; Hocking et al., 2021). Early diverging
desmatophocid Desmatophoca oregonensis talls within the hindlimb-dominated morphospace
intermediate to phocids and odobenids, but derived desmatophocid A. kernensis falls outside of
modern morphospace. The two fossil otariids, the basal Pithanotaria starri and later branching
Thalassoleon mexicanus, similarly fall in the space intermediate to the modern hindlimb and
forelimb morphospaces, but P. starri has a higher PC1 value than any of the modern otariids and
falls very close to the two stem pinnipeds. Except for Pontolis barroni, all of the fossil walruses
fall within the hindlimb-dominated morphospace. The early walruses Neotherium mirum and
Imagotaria downsi cluster relatively close to early otariid P. starri and stem pinniped P. rayi,
while P. barroni falls just outside the modern otariid morphospace. The neodobenids D. seftoni,
Pliopedia pacifica, and Valenictus imperialiensis all cluster near modern O. rosmarus. Notably,

most of the fossil species fall outside regions occupied by modern pinnipeds.

3.2 Inferring Locomotor Mode from Pinniped Humeral Morphology

To train the FDAs, I used the first 13 PCs (Appendix E), which accounted for 88.8% of
the total variation in the dataset. The posterior classification rates and discriminant scores for
each species are recorded in Table 3 and probability density functions displaying the distribution
of discriminant scores for each FDA are shown in Figure 6. The coefficients of the FDAs, which
quantify the degree to which each PC contributes to the discriminant function, are recorded in
Table 4. Both FDAs performed remarkably well: the npFDA correctly classified both hindlimb-
and forelimb-dominated swimmers 100% of the time and the pFDA had an overall correct
classification rate of 90% with correct identification of all of the hindlimb swimmers and four

out of 12 forelimb swimmers incorrectly classified as hindlimb swimmers (Table 3). The
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Table 3. Results of phylogenetically uncorrected and corrected flexible discriminant analyses (FDAs). Numbers correlate with specimens
listed in Table 1; DS = discriminant score. Continued onto the subsequent page.

Uncorrected FDA Results Phylogenetically Corrected FDA Results
Taxon Name Predicted Forelimb Hindlimb DS Predicted Forelimb Hindlimb DS
Class Probability Probability Class Probability Probability

Fossil Taxa
1. Potamotherium vallentoni Hindlimb 0.000 1.000 0.06 Hindlimb 0.324 0.676 -0.30
2. Pinnarctidion rayi Hindlimb 0.000 1.000 0.60 Hindlimb 0.231 0.769 0.30
3. Desmatophoca oregonensis Hindlimb 0.000 1.000 0.84 Hindlimb 0.131 0.869 1.17
4. Allodesmus kernensis Forelimb 0.972 0.028 -1.99 Forelimb 0.651 0.349 -2.03
5. Pithanotaria starri Hindlimb 0.000 1.000 -0.28 Hindlimb 0.158 0.842 0.89
6. Thalassoleon mexicanus Forelimb 1.000 0.000 -2.98 Hindlimb 0.340 0.660 -0.39
7. Neotherium mirum Hindlimb 0.327 0.673 -1.36 Hindlimb 0.436 0.564 -0.91
8. Imagotaria downsi Hindlimb 0.001 0.999 -0.46 Hindlimb 0.261 0.739 0.09
9. Pontolis barroni Forelimb 1.000 0.000 -3.45 Forelimb 0.724 0.276 -2.46
10. Dusignathus seftoni Hindlimb 0.123 0.877 -1.17 Hindlimb 0.340 0.660 -0.39
11. Pliopedia pacifica Hindlimb 0.032 0.968 -0.96 Hindlimb 0.426 0.574 -0.85
12. Valenictus imperialensis Hindlimb 0.000 1.000 -0.10 Hindlimb 0.220 0.780 0.37

Extant Otarioids
13. Odobenus rosmarus Hindlimb 0.000 1.000 0.16 Hindlimb 0.294 0.706 -0.12
14. Hindlimb 0.000 1.000 1.51 Hindlimb 0.176 0.824 0.73
15. Hindlimb 0.000 1.000 0.29 Hindlimb 0.231 0.769 0.29
16. Arctocephalus australis Forelimb 1.000 0.000 -3.26 Hindlimb 0.321 0.679 -0.28
17. Forelimb 1.000 0.000 -5.33 Forelimb 0.591 0.409 -1.70
18. Arctocephalus forsteri Forelimb 1.000 0.000 -5.89 Forelimb 0.651 0.349 -2.03
19. Forelimb 1.000 0.000 -5.50 Forelimb 0.627 0.373 -1.90
20. Arctocephalus galapagoensis Forelimb 0.999 0.001 -2.60 Hindlimb 0.254 0.746 0.13
21. Callorhinus ursinus Forelimb 1.000 0.000 -5.27 Forelimb 0.605 0.395 -1.78
22. Forelimb 1.000 0.000 -4.60 Forelimb 0.571 0.429 -1.60
23. Neophoca cinerea Forelimb 1.000 0.000 -5.58 Forelimb 0.706 0.294 -2.35
24, Otaria flavescens Forelimb 1.000 0.000 -4.13 Hindlimb 0.442 0.558 -0.94

25. Forelimb 1.000 0.000 -4.86 Forelimb 0.553 0.447 -1.51

71



Table 3. Continued from previous page.

Uncorrected FDA Results

Phylogenetically Corrected FDA Results

Taxon Name Predicted  Forelimb Hindlimb DS Predicted Forelimb Hindlimb DS
Class Probability Probability Class Probability Probability
26. Zalophus californianus Forelimb 1.000 0.000 -4.04 Hindlimb 0.432 0.568 -0.89
217. Forelimb 1.000 0.000 -5.22 Forelimb 0.604 0.396 -1.77
Extant Phocids
28. Cystophora cristata Hindlimb 0.000 1.000 1.30 Hindlimb 0.280 0.720 -0.03
29. Hindlimb 0.000 1.000 2.21 Hindlimb 0.212 0.788 0.44
30. Erignathus barbatus Hindlimb 0.000 1.000 3.07 Hindlimb 0.138 0.862 1.10
31. Hindlimb 0.000 1.000 1.67 Hindlimb 0.254 0.746 0.14
32. Halichoerus grypus Hindlimb 0.000 1.000 3.83 Hindlimb 0.111 0.889 1.41
33. Hindlimb 0.000 1.000 1.85 Hindlimb 0.259 0.741 0.10
34. Histriophoca fasciata Hindlimb 0.000 1.000 2.21 Hindlimb 0.198 0.802 0.55
35. Hindlimb 0.000 1.000 1.93 Hindlimb 0.242 0.758 0.22
36. Hydrurga leptonyx Hindlimb 0.000 1.000 2.08 Hindlimb 0.222 0.778 0.36
37. Leptonychotes weddellii Hindlimb 0.000 1.000 1.35 Hindlimb 0.287 0.713 -0.08
38. Hindlimb 0.000 1.000 1.88 Hindlimb 0.237 0.763 0.25
39. Mirounga angustirostris Hindlimb 0.000 1.000 2.54 Hindlimb 0.180 0.820 0.69
40. Monachus monachus Hindlimb 0.000 1.000 291 Hindlimb 0.139 0.861 1.09
41. Neomonachus schauinslandi Hindlimb 0.000 1.000 3.05 Hindlimb 0.112 0.888 1.40
42, Hindlimb 0.000 1.000 1.79 Hindlimb 0.237 0.763 0.25
43, Hindlimb 0.000 1.000 2.69 Hindlimb 0.149 0.851 0.98
44. Ommatophoca rossii Hindlimb 0.000 1.000 1.23 Hindlimb 0.250 0.750 0.16
45. Hindlimb 0.000 1.000 4.27 Hindlimb 0.080 0.920 1.87
46. Pagophilus groenlandicus Hindlimb 0.000 1.000 0.67 Hindlimb 0.350 0.650 -0.45
47. Hindlimb 0.000 1.000 0.49 Hindlimb 0.422 0.578 -0.83
48. Phoca vitulina Hindlimb 0.000 1.000 1.58 Hindlimb 0.285 0.715 -0.06
49. Pusa caspica Hindlimb 0.000 1.000 2.79 Hindlimb 0.157 0.843 0.90
50. Pusa hispida Hindlimb 0.000 1.000 1.64 Hindlimb 0.230 0.770 0.30
51. Hindlimb 0.000 1.000 2.18 Hindlimb 0.199 0.801 0.54
52. Pusa sibirica Hindlimb 0.000 1.000 3.07 Hindlimb 0.132 0.868 1.16
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Table 4. The contribution of each of the first 13 principal components (PCs) to
the phylogenetically uncorrected FDA (npFDA) and phylogenetically corrected
FDA (pFDA), which quantify the contribution of each principal component (PC)
to the discriminant function.

PC npFDA Coefficient pFDA Coefficient
1 36.35 8.73
2 -1.62 -0.87
3 -35.33 -8.22
4 -4.40 -1.14
5 -20.46 -2.79
6 -16.04 -2.76
7 3.31 0.96
8 8.36 2.38
9 12.23 2.18
10 -4.37 -1.33
11 7.15 2.14
12 -1.95 -0.24
13 -13.87 -2.88

incorrectly classified specimens from the pFDA include a male Z. californianus with a
phylogenetically corrected discriminant score (pDS) of -0.89 and uncorrected discriminant score
(npDS) of -1.20, a male Otaria flavescens (pDS = -0.94, npDS = -1.22), a male Arctocephalus
australis (pDS =-0.28, npDS = -0.96), and an Arctocephalus galapagoensis of unknown sex
(pDS = 0.13, npDS = -0.77). The locomotor groups are well-separated in both FDAs with some

overlap between the groups in the pFDA (Fig. 6).

The swimming mode predictions for fossil taxa are recorded in Table 3 along with the
posterior classification rates and discriminant scores. Predictions were consistent between the
npFDA and the pFDA with the exception of otariid 7. mexicanus. Both stem pinnipeds were
classified as hindlimb-dominated swimmers (P. valletoni: pDS = -0.30, npDS = 0.06; P. rayi:
pDS = 0.30, npFD = 0.60). This finding is consistent with the morphospace occupied by these

species in the PCA and with previous predictions that hindlimb-dominated swimming is
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ancestral for pinnipeds (Bebej, 2009; Paterson, 2017; Hocking et al., 2018). Similarly, the most
basal members of the otarioid clades were classified as hindlimb-dominated swimmers: otariid P.
starri (pDS = 0.89, npDS = -0.28), desmatophocid D. oregonensis (pFDA pDS = 1.17, npDS =
0.84), and odobenids N. mirum (pDS =-0.91, npDS =-1.36) and 1. downsi (pDS = 0.09, npDS =
-0.46). Later-diverging odobenids D. seftoni (pDS = -0.39, npDS =-1.17), P. pacifica (pDS =
-0.85, npDS =-0.96), and V. imperialensis (pDS = 0.37, npDS = -0.96) were all resolved as
hindlimb-dominated swimmers. The only difference in predicted swimming modes for fossil taxa
between the two FDAs was the classification of the otariid Thalassoleon mexicanus, which
diverged after P. starri but before crown Otariidae, as a forelimb-dominated swimmer in the

npFDA (npDS = -2.98) and as hindlimb-dominated swimmer in the pFDA (pDS =-0.39).

4 Discussion

4.1 Implications of Pinniped Humerus Morphology for Locomotor Function

Overall, I found that humeral shape is significantly influenced not only by phylogeny
(optimal lambda = 0.52) but also by aquatic locomotor mode. The results of our PCA indicate
that the humeral morphospace occupied by forelimb-dominated swimmers is limited towards the
negative end of PC1 and the positive end of PC2 and is characterized by a long, narrow deltoid
crest that extends into a tall greater tubercle that reaches proximally past the humeral head and
the lesser tubercle; a shallow, narrow intertubercular fossa; a proximodistally short but medially
bulbous medial epicondyle; a broad, shallowly concave olecranon fossa; and a proximodistally
long lateral epicondyle. The humeri of hindlimb-dominated swimmers, alternately, occupy a

wider morphospace than the forelimb-dominated swimmers, with representatives from both
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extremes of PC3 and occupying nearly the entire range of PC1 as well, although phocids are
largely limited to the positive end of the PC1 axis. Both the markedly smaller morphospace for
forelimb-dominated swimmers compared to hindlimb-dominated swimmers and the positioning
of A. kernensis, T. mexicanus, and P. barroni close to the convex hull surrounding the modern
forelimb swimmers indicates that forelimb propulsion constrains the overall morphology of the
humerus. Alternately, the greater area of the morphospace occupied by hindlimb-dominated
swimmers likely reflects both the wider phylogenetic and ecological diversity of this group. It
also raises the possibility that primary dependence on the hindlimbs for aquatic locomotion
releases the forelimbs from locomotor constraint, allowing for a wider range of forelimb
morphologies as well as functions. Indeed, hindlimb-dominated swimmers utilize their forelimbs
for a wide range of activities other than aquatic locomotion, including prey manipulation
(Backhouse, 1962; Hocking et al., 2017, 2018), underwater “clapping” against the torso by grey
seals (H. grypus) (Hocking et al., 2020), extensive scratching (Backhouse, 1962), digging
through ice to create breathing holes (Stirling, 1977; Laakkonen and Nihtild, 2021), and
hollowing out snowbanks into lairs for hauling out, birthing, and protecting young (Helle et al.,
1984; Lydersen and Gjertz, 1986). Grey seals (H. grypus) even use their forelimbs during
terrestrial locomotion to propel the body forwards while the pelvis is still lifted from the ground,
primarily through hyperextension and flexion of the phalanges and metacarpals (Backhouse

1962).

As expected, the specific morphology of the major structures of the humerus correlates
with swimming modes in generally predictable ways. Here I discuss the implications of the
particular morphology of each of the major structures for aquatic locomotion as identified by our

analyses.
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4.1.1 Deltoid Crest and Greater Tubercle—At the PC1 minimum, the deltoid crest is
proximodistally long, extending proximally past both the humeral head and the lesser tubercle,
with a ventral edge that is relatively narrow and runs approximately parallel to the shaft. The
positive end of PC1 represents a proximodistally shorter crest that rises proximally to a level
intermediate between the proximal extent of the lesser tubercle and the lower humeral head; the
ventral surface of the deltoid crest is wider than the condition at the opposite end of PC1 and it
also tilts away from the shaft towards is distal extent. Along PC3, the minimum is represented by
a proximodistally long deltoid crest that runs parallel to the shaft with its lateral-most extent
located just proximal to halfway along its length, with a greater tubercle than extends proximally
past the head to approximately the same level as the lesser tubercle. At the PC3 maximum, the
deltoid crest is slightly shorter than the condition seen at the minimum and tilts distally away
from the shaft with its lateral-most extent located just proximolaterally to its furthest distal

extent; the greater tubercle extends proximally to both the humeral head and the lesser tubercle.

With at least ten different muscles attaching to the deltoid crest and greater tubercle,
these structures have significant relevance to pinniped forelimb movements. The two largest
muscles attaching to the deltoid crest are the deltoid muscle, inserting to the lateral aspect of the
deltoid crest, and the pectoralis muscles, inserting to the medial aspect of the deltoid crest, which
have opposing functions. The deltoid muscle works with other muscles that attach to the deltoid,
including the humerotrapezius, atlantoscapularis, supraspinatus, brachioradialis,
cephalohumeralis, and infraspinatus, to accomplish both the recovery stroke and the abduction-
protraction needed to execute braking or turning. The pectoralis works with the latissimus dorsi,
which attaches to the insertional edge of the pectoralis, to produce the power stroke in Z.

californianus (Howell 1929); in Phoca vitulina, the pectoralis and latissimus dorsi, each of
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which insert to the medial lip of the deltoid crest, produce the rhythmic lateral undulations of the
caudal portion of the body used during hindlimb propulsion (Howell 1929). In phocids, the
atlantoscapularis and humerotrapezius also work to hold the forelimb against the body to
maintain a hydrodynamic shape during hindlimb propulsion. Howell (1929) attributes the
shortness of the greater tubercle in P. vitulina and other phocids to a comparatively
underdeveloped supraspinatus, responsible for humeral extension and therefore less important to
phocids than otariids. Notably, although the deltoid crest in P. valletoni is relatively short,
similar to the phocid condition, its greater tubercle extends proximally past the height of the head
and lesser tubercle. This trait could indicate that P. valletoni relied more on forelimb propulsion,
perhaps via paddling as seen in semi-aquatic musteloids (Samuels et al., 2013; Fabre et al.,
2015), than later stem pinnipeds like P. rayi and E. mealsi, each of which have greater tubercles
that do not reach the level of the head or lesser tubercle. Furthermore, unlike other otarioids,
early otariid P. starri has a relatively short deltoid crest that, other than extending past the level
of the humeral head and lesser tubercle in a tall greater tubercle, is more similar to the condition
seen in phocids and stem pinnipeds than other otarioids. This condition is also seen in early
desmatophocid otarioid D. oregonensis. This lends further support to their classification as

hindlimb-dominated swimmers.

Our findings that a proximodistally long deltoid crest and tall, proximally extended
greater tubercle are associated with a forelimb-dominated swimming style are expected as this
condition provides a long moment arm for the adduction, abduction, and rotation of the forelimb
needed for the stroke cycle (Howell, 1929; Gordon, 1983). However, as previously stated, this
condition is not solely indicative of forelimb propulsion as the elongated deltoid crest also allows

for the forelimb adduction needed during the forward lunge phase of terrestrial locomotion in O.
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rosmarus (English, 1977; Gordon, 1981). Furthermore, this condition also characterizes all the
fossil otarioids in our analysis with the exception of P. starri and D. oregonensis, regardless of
whether the FDAs classified them as hindlimb- or forelimb-dominated swimmers. Although
previous workers have discussed an apparent tradeoff between the functional constraints of
aquatic versus terrestrial locomotion (Gingerich, 2003; Botton-Divet et al., 2016; Berta et al.,
2018; Hocking et al., 2021), our findings raise the possibility that this condition originally
evolved not for aquatic forelimb propulsion but rather to allow for efficient terrestrial locomotion
with an aquatically adapted bauplan. This condition was then exapted for forelimb propulsion in
otariids, A. kernensis, and P. barroni. Whereas the majority of locomotor propulsion in fissiped
carnivorans originates in the hindlimbs, otariids generate the majority of the force for terrestrial
locomotion with their forelimbs (English, 1976, 1977; Beentjes, 1990). Further investigation of
functional morphology of the forelimb with regards to terrestrial locomotion in otarioids is

needed.

In opposition to the proximodistally long deltoid crest seen in otarioids, most phocids
possess a deltoid crest that is lateromedially wider than the condition in most otariids, seen in the
PCA at the maximum of PC1 and at the minimum of PC3. O. rosmarus also possesses a laterally
expanded deltoid crest. This trait appears to accommodate a lateral placement of the
humerotrapezius in phocids compared to its attachment in Z. californianus along the ventral edge
of the deltoid crest. Although the longer attachment of the humerotrapezius in Z. californianus
allows for stronger, faster extension of the humerus during the recovery stroke needed for rapid
forelimb propulsion (English, 1977), its shorter, more laterally placed attachment in phocids
seems to represent an adaptation for immobilizing the forelimb against the body during sustained

periods of rectilinear swimming (Howell, 1929). The broader attachment for the humerotrapezius
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both limits the range of motion and allows for more energy efficient muscle contraction while
the forelimbs are being held against the body. Notably, this lateromedially wide surface of the
deltoid crest does not appear in any of the fossil stem pinnipeds or otarioids, indicating a strong

phylogenetic component to this condition.

The phocid deltoid crest also forms an acute angle to the humeral shaft from its vertex at
the greater tubercle as opposed to running parallel to the shaft as seen in most otarioids. The
phocid condition also appears in stem pinnipeds P. valletoni, P. rayi, and D. oregonensis. This
condition potentially results from a broader attachment site for the brachialis muscle, which
attaches to the shaft just dorsal to the lateral edge of the deltoid crest and assists with flexion of
the elbow joint, a critical movement in braking and turning. Although previous workers have
considered biceps muscle to be the primary actor in elbow flexion/braking (Howell, 1929;
English, 1977), the large insertion of the brachialis in phocids indicates that it may also be
significantly involved. The presence of this condition in the stem pinnipeds as well as D.

oregonensis suggests that it is the plesiomorphic condition for pinnipeds.

4.1.2 Lesser Tubercle— Another point of differentiation between the humeral
morphology associated with each swimming mode is the lesser tubercle. At the negative end of
the PC 1 axis, where the otariids and O. rosmarus fall, the lesser tubercle is located just
mediodorsally to the head, is relatively appressed to the medial edge of the head and extends
proximally neither as far as the top of the head nor the top of the greater tubercle. At the positive
end of PC1, where the phocids fall, the lesser tubercle is broader than the condition at the
negative end, strongly medially offset from the head, and extends proximally past the top of the
head and the greater tubercle. The negative end of PC3, where the monk seals fall, is

characterized by a wide, medially offset lesser tubercle that is approximately equal in height to
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the greater tubercle; at the positive end of PC3, where the otariids and phocine seals fall, the
lesser tubercle is still relatively wide but is slightly less offset from the humeral head and does

not extend as far proximally as either the head or the greater tubercle.

Compared to fissiped carnivorans, the lesser tubercle is highly developed in all pinnipeds
(Wyss, 1988; Berta et al., 2018), even in basal taxa P. valletoni (Savage, 1957), E. mealsi (Berta
and Ray, 1990), and P. rayi (Berta, 1994), allowing for a broad attachment site of the
subscapularis muscle, which is responsible for medial rotation and adduction of the humerus.
However, the lesser tubercle is particularly enormous in phocids, extending further proximally
than the head or the greater tubercle. In otarioids, while the lesser tubercle is still substantial, it is
less prominent than in phocids and does not extend as far proximally as the greater tubercle or
the top of the humerus head. As previously discussed, the phocid condition likely results both
from the more abducted resting position of the humerus in phocids relative to otarioids (Howell,
1929) and the provision of a longer moment arm for protraction and rotation of the humerus for
braking, turning, and use of the forelimb as a hydroplane (Backhouse, 1962; Laakkonen and
Nihtild, 2021). Dewaele et al. (2017) further discuss this condition and posit that the large lesser
tubercle allows for energy efficiency in maintaining the medial rotation of the humerus while the

forelimb is held against the torso during hindlimb-propelled rectilinear swimming.

In stem pinnipeds P. valletoni and P. rayi, the proximal extent of the lesser tuberosity is
already inflated compared to the fissiped condition but its proximal extent stops well short of the
level reached by the proximal extent of the humeral head or greater tubercle (Savage, 1957,
Berta and Ray, 1990; Berta, 1994). I also observed this condition in otariid 7. mexicanus and
odobenids N. mirum, I. downsi, and P. barroni. In stem otariid P. starri, the height of the lesser

tubercle is intermediate between the tall greater tubercle and the humeral head. Each of these

81



similar conditions implies a less developed subscapularis in these taxa than seen in modern
phocids, possibly because they utilized their forelimbs more regularly when swimming than
phocids. In derived odobenids P. pacifica and especially V. imperialensis, the lesser tubercle is
rather enormous despite its proximal extent falling short of the humeral head and greater
tubercle; it bows distomedially outwards from the shaft of the humerus and its proximal
confluence with the humeral head. This latter condition likely also contributes to efficient medial
rotation and adduction of the humerus during hindlimb-propelled swimming, indicating that P.
pacifica and V. imperialensis might have relied more heavily on hindlimb propulsion than their

earlier relatives.

4.1.3 Medial Epicondyle—On PC1, negative values represent a medial epicondyle that
is medially inflated with a base that is proximomedially offset from landmark 20 (the mediodistal
extent of the humeral condyle) and reaches proximally just short of the proximal extent of the
lateral epicondyle. Positive PC1 values are associated with a medial epicondyle with a base that
is just mediodorsal to landmark 20 and is proximodistally shorter than the lateral epicondyle. At
the PC3 minimum, the distal base of the medial epicondyle is closely associated with landmark
20 and it is approximately equal in proximodistal length to the lateral epicondyle. At the PC3
maximum, the medial epicondyle is proximomedially offset from the condyle and

proximodistally shorter than the lateral epicondyle.

The medially expanded medial epicondyle associated with the forelimb-dominated
morphospace provides a more secure elbow joint by providing an anchor for the enlarged medial
collateral ligament (English 1977) and allows for the attachment of well-developed forearm and
hand flexors (Milne et al., 2009), increasing the efficiency of the power stroke in modern otariids

(Howell, 1929; English, 1976). The plesiomorphic condition for this trait appears to be a medial
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epicondyle that forms a large, broad flank at approximately the same level as the base of the
trochlea, as observed in P. darwini (Paterson, 2017), P. valletoni (Savage, 1957), and P. rayi
(Berta, 1994). This is similar to the condition in mustelids (Schutz and Guralnick, 2007). This
condition is also retained in D. oregonensis (Deméré and Berta, 2002) and A. kernensis. Stem
otariid P. starri possesses a somewhat poorly developed medial epicondyle compared to living
otariids; while the medial epicondyle of 7. mexicanus is more prominent than that of P. starri, it
is also less medially protuberant than that of living otariids. The medial epicondyle of the fossil
odobenids is somewhat varied in morphology, from the comparatively weakly developed
epicondyle in N. mirum and 1. downsi to the subtriangular, intermediately protuberant condition
seen in P. pacifica to the massively medially enlarged epicondyle seen in D. seffoni and
particularly V. imperialiensis where the medial epicondyle nearly doubles the width of the distal

end of the humerus.

Although Howell (1929) attributed the greatly developed medial epicondyle seen in Z.
californianus to the flexors of the lower arm as needed for a more efficient power stroke, the
presence of this condition in hindlimb-dominated modern O. rosmarus as well as D. seftoni and
V. imperialiensis, both categorized by our analysis as hindlimb-dominated, calls this assumption
into question. Gordon (1981) reports that during the forward lunge phase of the terrestrial gait of
O. rosmarus, the manus remains flexed as the forelimb is retracted, but it seems unlikely that
such a behavior would account for the enormous development of the medial epicondyle seen in
derived odobenids. The functional role of the morphology of this structure in walruses as well as

how and if it relates to aquatic locomotion remains an open question.

4.1.4 Lateral Epicondyle—In our PCA, the negative end of both PC1 and PC3

represents a lateral epicondyle that extends approximately as far proximally as the medial
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epicondyle and flares proximolaterally from its base. At the positive end of both PC1 and PC3,
the lateral epicondyle extends further proximally than the medial epicondyle to slightly less than
halfway up the length of the shaft; it also flares at a slight angle proximally from its base. This
landmark configuration limits the utility of understanding the functionality of these character
states as it does not fully capture the variation in this structure because the only landmark
describing the lateral epicondyle is landmark 26 (apex of the lateral epicondyle). This landmark
largely shows only the relative height of this structure along the bone and not its differentiation

from the shaft. Further investigation into the variation in this structure is therefore needed.

From qualitative observations, [ noted that the apex of the lateral epicondyle in otariids
was higher than the condition in phocids, but the condyle itself was largely confluent with the
humeral shaft, whereas the lateral epicondyle formed a structure distinct from the humeral shaft
in phocids and, notably, O. rosmarus. In the latter, the lateral epicondyle is proximodistally
shorter than the medial epicondyle and bows laterally out from its confluence with the lateral
base of the condyle in a convex curve that is even more laterally protuberant than the condition
of many phocid species. I also noted that the relative height of the lateral epicondyle varied
significantly between species within the Phocidae. I consider it likely that this condition varies
according to influences other than locomotion, but it remains unclear whether this results from
other ecological adaptations or random phylogenetic variation. As the lateral epicondyle
primarily serves as the attachment site for forearm extensors (Howell, 1929), this could be a
point of variation related to the various uses of the forelimb and manus available to hindlimb-

dominated swimmers.

In the fossil taxa, stem pinnipeds P. valletoni and P. rayi possess a tall, flank-like lateral

epicondyle that rises proximally to approximately halfway along the shaft. D. oregonensis has a
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low lateral epicondyle that consists only of a slight crook in the lateral edge of the shaft just
proximal to the proximodorsal edge of the condyle; it is approximately equal in proximodistal
height to the medial epicondyle. Interestingly, 4. kernensis, which was categorized as a forelimb-
dominated swimmer by our analysis as well as other studies (Bebej, 2009; Furbish, 2015),
possesses a lateral epicondyle that more resembles the condition in phocids as opposed to
modern otariids. Its lateral edge forms a convex curve from the laterodistal edge of the condyle
before an inflection point at which it sharply curves back towards the shaft, forming a distinctive
structure from the main shaft. The lateral epicondyle of early otariid P. starri is relatively similar
to the tall, flank-like condition seen in the stem pinnipeds, although it does not extend as far
proximally as the stem species. T. mexicanus has a lateral epicondyle that forms a broad lateral
convex bend in the lateral edge of the distal shaft. Although the O. rosmarus condition is
approached in Valenictus, in the other odobenids, the lateral epicondyle approximates the
morphology of D. oregonensis. The reason for the greater development of the lateral epicondyle
in Odobenus and Valenictus compared to early odobenids is unclear, although it is possibly a
product of allometry. Extension of the manus seems unimportant in the terrestrial locomotion of
modern walruses (Gordon 1981), and it is not readily apparent how and if the greater
development of the lateral epicondyle in these two derived odobenids would impact aquatic

locomotion.

4.2 The Evolution of Swimming Modalities in Otarioid Pinnipeds

In Figure 7, I show the average discriminant scores associated with each taxon plotted
across the pinniped phylogeny. According to the results of our FDAs, both the stem pinnipeds
and the earliest diverging members of otarioid clades Desmatophocidae, Otariidae, and

Odobenidae were likely all hindlimb-propelled swimmers. The classification of P. valletoni and
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FIGURE 7. Discriminant scores from the phylogenetically corrected flexible discriminant analysis plotted across that
phylogeny. Specimen-specific discriminant scores can be viewed in Table 3. Cool colors represent a forelimb-dominated
swimming style and warm colors represent a hindlimb-dominated swimming style.
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P. rayi as hindlimb-propelled swimmers is consistent with previous studies that recovered the
plesiomorphy of hindlimb propulsion in pinnipeds (Bebej, 2009; Paterson, 2017; Hocking et al.,
2018, 2021; Paterson et al., 2020). Additionally, the resolution of P. valletoni, N. mirum, I.
downsi, D. seftoni, and P. pacifica as close to the mean discriminant score also supports their
reliance on a more intermediate swimming mode than modern hindlimb swimmers. However,
our recovery of early otarioids as hindlimb-propelled runs contrary to the hypothesis that
forelimb swimming evolved at the base of Otarioidea with a partial reversal to hindlimb-
dominated combination swimming at some point prior to the divergence of O. rosmarus. Instead,
our results suggest that forelimb-dominated swimming actually evolved three different times in
the otarioid lineage: once in an ancestor of desmatophocid 4. kernensis, as previously recovered
in Bebej (2009) and Furbish (2015); once in an ancestor of large-bodied odobenid P. barroni;
and once either in an ancestor of crown Otariidae, as supported by the pFDA, or an ancestor of 7.
mexicanus and crown Otariidae, as supported by the npFDA. Notably I consider it possible that
the pFDA misclassified 7. mexicanus for several reasons. First, 7. mexicanus possessed a
humerus with long deltoid crest that runs parallel to the shaft, a prominent greater tubercle, and a
protuberant medial epicondyle, all structures that correlated with forelimb-dominated propulsion.
Furthermore, it misclassified the modern forelimb-dominated training taxa 33% of the time, and
T. mexicanus had a posterior forelimb classification rate of 0.34. Given these circumstances, I
consider it likely that 7. mexicanus was an intermediate swimmer relying more on forelimb
propulsion than its hindlimb-propelled ancestors but not yet as strongly adapted to forelimb

propulsion as modern otariids.

Regardless of the true locomotor ecology of 7. mexicanus, the evolution of forelimb-

propelled swimming three separate times in Otarioidea raises questions about both why and how

87



this modality arose repeatedly in this lineage. As noted by Backhouse (1962), forelimb
propulsion is highly unusual among marine mammals as the majority, including phocids and
odobenids, produce most of their thrust with their hindlimbs. Cetaceans, sirenians, and the sea
otter E. lutris all generate thrust via dorsoventral caudal propulsion; cetaceans and sirenians
undulate their wide, flattened tails in the vertical plane while E. lutris undulates its tail and
webbed hindlimbs (Fish, 1996). In the fossil record, both the Miocene desmostylian Desmostylus
hesperus (Domning, 2002; Gingerich, 2005) and aquatic giant sloth Thalassocnus natans
(Amson et al., 2015) appear to have primarily relied on alternating paddling strokes of the
forelimb, similar to polar bears (Ursus maritimus), but this modality differs substantially from
the bilateral pectoral oscillation used by otariids. The otariid mode of forelimb propulsion is
indeed more similar to the “underwater flying” modality used in penguins and sea turtles

(Feldkamp, 1987b; Gutarra and Rahman, 2022).

One possible driver for the evolution of forelimb-propelled swimming could be for
counteracting torque. Torque increases as the distance increases between the source of the
propulsive force and the center of mass of the object. Forelimb propulsion places the source of
propulsive force closer to the center of mass, decreasing torque and therefore reducing energy
expenditures for counteracting torque. Indeed, otariids have a remarkably high aerobic
efficiency, the ratio of power expended to mechanical work accomplished, among marine
mammals (Fish, 1996). Otariids are also the fastest and most aquatically agile of the pinnipeds,
with California sea lion Z. californianus able to swim up to 30 miles per hour (Campagna et al.,
2021). As suggested by English (1976), the higher swimming speed achievable by otariids
compared to other pinnipeds grants access to faster prey items that slower predators cannot

reliably capture. As discussed by Hocking et al. (2021), leopard seals rely more on forelimb
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propulsion than any other modern phocid and their flippers converge on the otariid morphology;
they also are able to achieve underwater speeds of up to 23 miles per hour and typically rely on
speed, not stealth, to catch their fast-moving prey, including penguins (Muir et al., 2006). The
ability to exploit this fast-swimming guild of prey species could have acted as a strong

evolutionary attractor throughout pinniped evolution.

As I have previously noted, nearly all the fossil otarioids I examined in this study possess
an elongated deltoid crest regardless of whether the FDAs classified them as hindlimb- or
forelimb-propelled. O. rosmarus, which is primarily hindlimb-propelled, also possesses this trait,
ostensibly to provide a long moment arm for forelimb adduction during the forward lunge in the
terrestrial gait cycle (English, 1977; Gordon, 1983). Although otariid terrestrial locomotion
differs from that of O. rosmarus, primarily in that they fully support their weight on their limbs
whereas O. rosmarus rests its bulk on its venter, otariids still produce the majority of thrust
during terrestrial locomotion from forelimb adduction (Beentjes, 1990). Given that a
proximodistally long deltoid crest is not intrinsically indicative of forelimb-dominated aquatic
propulsion and seems to have evolved prior to this locomotor ecology, I posit that this trait may
have first arisen as an adaptation to accommodate terrestrial locomotion in a lineage whose
forelimb morphology is constrained by the need to effectively locomote both on land and in the
water. The prior availability of this structure thus provides a mechanism for the repeated

evolution of forelimb-dominated propulsion.

Previous workers have posited that phocids are the most aquatically specialized of the
pinnipeds as they lack external ears, are no longer able to walk on land, and generally spend
more time at sea than their otarioid cousins (Howell, 1929; Ray, 1963; King, 1983; Berta et al.,

2015). Our results present an alternative viewpoint: after diverging from a common aquatic
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ancestor, phocids further specialized the ancestral hindlimb-dominated intermediate swimming
style through a variety of skeletal changes, including the telescoping of the neck and the locking
of their hindlimbs in the backwards position by a massively enlarged astragalar process and the
resulting tension in the flexor hallucis longus muscle. Otariids, in turn, are not “less” aquatically
adapted than phocids but have simply solved the same ecological problem in a different way,
specializing in rapid, agile swimming in the marine environment while retaining the ability to
move relatively quickly while on land. Odobenids are somewhat intermediate to these two
conditions and appear to have largely maintained the ancestral combination swimming style with
hindlimb domination at higher speeds. Together with observations that many phocid species also
use forelimb propulsion to varying degrees (Backhouse, 1962; Hocking et al., 2018, 2021), this
trait distribution demonstrates that forelimb-dominated propulsion and hindlimb-dominated

propulsion form a continuum rather than two diametrically opposed conditions.

5 Conclusion

I tested the hypothesis that humeral morphology is diagnostic for swimming modality in
pinnipeds using three-dimensional geometric morphometrics and then applied this methodology
to predicting the swimming modes of fossil pinnipeds. Our results supported a hindlimb-
dominated mode of aquatic propulsion as the plesiomorphic condition for all pinnipeds as well as
otarioids, with three separate acquisitions of forelimb-dominated propulsion in desmatophocid 4.
kernensis, odobenid P. barroni, and in the Otariidae. The primary use of the forelimbs in aquatic
locomotion seems to constrain humeral morphology and the range of other associated functional

uses available to these taxa. As our analyses indicate that an elongated deltoid crest arose before
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forelimb propulsion in otarioids, this condition seems to have predisposed otarioids to the
evolution of forelimb propulsion. Overall, I find that when considering pinniped locomotion
from the perspective of the fossil record as well as their modern ecology, the two main

locomotor modes represent a continuum of swimming modalities.

6 Bridge

Understanding how pinniped locomotion has evolved provides critical insight into how
their positionality within marine ecosystems has changed through time regarding factors from
accessible prey items and predator avoidance to cooperative interactions with other predators and
the particular marine and terrestrial environments they typically inhabit. However, locomotor
abilities are only one of the dimensions influencing pinniped ecology. Abiotic environmental
variables such as water temperature, coastal landforms, and presence or absence of ice also
determine the geographic range and resources available to these marine mammals. As climate
changes through time, so too does the biogeography of the organisms that live under those
conditions. This coupling between the range of an organism and shifts in climate within
evolutionary time provides a sort of paleoecological laboratory that conservation paleobiologists
can use to better understand the fundamental niche of the organism in question, that is, the range
of environmental conditions it is capable of tolerating as opposed to those it is currently known
to inhabit. In the next chapter, I turn to the fossil record of the walrus Odobenus rosmarus, the
last living odobenid, to investigate its paleobiogeography with respect to the availability of sea

ice in order to model its response to the next hundred years of anthropogenic climate change.
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CHAPTER 1V

FOSSIL DATA INDICATE ODOBENUS ROSMARUS, THE LAST
ODOBENID, CAN SURVIVE IN SEASONALLY ICE-FREE CONDITIONS

This chapter is planned for submission to Frontiers of Biogeography, co-authored with E.
B. Davis. The project idea, data collection, coding and ecological niche modeling, and writing

were all performed by M. K. Tate-Jones. Editorial assistance was provided by E. B. Davis.

1 Introduction

With the Arctic Circle warming two to four times faster than the rest of the planet, its
constituent ecosystems are undergoing similarly rapid changes (Yletyinen 2019, Huntington et
al. 2020, Turner et al. 2020, Jacobs et al. 2021, Rantanen et al. 2021). As anthropogenic climate
change and polar amplification increase Arctic temperatures, the melting of sea ice is
accelerating (Meehl et al. 2018, Diebold and Rudebusch 2021). Even conservative models
predict a high likelihood of a seasonally ice-free Arctic by 2050 or earlier (Overland and Wang
2013, Jahn et al. 2016, Notz and Stroeve 2018, Guarino et al. 2020, Arthun et al. 2021, Diebold
and Rudebusch 2021). As sea ice plays a critical role in Arctic marine ecosystems (Wassmann et
al. 2011), its retreat will drastically alter their structuring and composition (Post et al. 2013). The
loss of sea ice is particularly threatening for the wide diversity of pagophilic (ice-dependent)
species from microscopic algae (Clarke and Peck 1991), bacteria (Amiraux et al. 2021), and
zooplankton (Werner 1997) to seabirds (Divoky et al. 2015), polar bears (Rode et al. 2014), and
pinnipeds, including six seal species and the walrus (Laidre et al. 2015). Understanding how the

decline in sea ice availability will affect these organisms as well as the broader ecosystems with
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which they interact is crucial for mitigating the impact of climate change on the Arctic
environment.

One such ice-dependent organism is the walrus, Odobenus rosmarus (Fig. 1a, b; Linnaeus
1758). The only living member of the pinniped family Odobenidae, O. rosmarus is a large-
bodied molluscivorous marine mammal easily identified by its prominent tusks and bristling
whiskers, or vibrissae (Fay 1985). Today, the walrus has a discontinuous circumpolar distribution
and consists of two genetically distinct subspecies, the Atlantic (O. rosmarus rosmarus) and

Pacific (O. rosmarus divergens) walrus (Fay 1985, Lindqvist et al. 2009; Fig. 1c). Because of its
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Figure 1. Walrus general appearance and typical habitat and map of known distribution of the
modern walrus Odobenus rosmarus. a) Female Pacific walrus and calf on a summer ice floe;
photograph taken by United States Fish and Wildlife Service, public domain. b) Atlantic walruses
hauled out at a terrestrial rookery in Svalbard, Norway; photograph taken by Jerzy Strzelecki and
provided under Creative Commons Attribution. Photographs were downloaded from Wikimedia
Commons. c¢) Range of the two subspecies of walrus: the Atlantic walrus (yellow; O. rosmarus
rosmarus) and the Pacific walrus (purple; O. rosmarus divergens) (Higdon and Stewart 2018).
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unique feeding modality, O. rosmarus serves as an Arctic ecosystem engineer (Hocking et al.
2021). While foraging, walruses uncover infaunal bivalves by sweeping away sediment with
their flippers or through oral hydraulic jetting. This sediment bioturbation restructures benthic
communities over thousands of square kilometers of ocean seafloor and changes ocean
productivity by redistributing nutrients within the water column (Ray et al. 2006). Furthermore,
walruses serve as a critical food source for Alaskan and Siberian indigenous peoples; historical
collapses of local walrus populations have led to famine and starvation in these communities
(Metcalf and Robards 2008, Jay et al. 2011, Ray et al. 2016), demonstrating the importance of
walruses for food security within the Arctic Circle.

The crucial position walruses hold within Arctic ecosystems and cultures necessitates a
robust understanding of how sea ice loss will impact them. Currently, walrus dependence on sea
ice varies seasonally and according to sex. In the winter, walruses gather in mixed herds in ice-
free polynyas deep within the pack ice where they forage for bivalves in the shallow waters of
the continental shelf (Fay 1982). In late spring, males typically remain in more southerly regions
where they haul out at terrestrial rookeries. Alternately, females and calves follow the retreating
sea ice northwards, using ice as a resting platform between foraging trips (Beatty et al. 2016). As
a result, the overall decline in summer sea ice as well as its increasing distance from the bivalve
beds where walruses typically forage raises the question of how and whether walruses will adapt
to its total loss. Jay et al. (2017) found that when walruses lack access to sea ice during the
summer, they spend significantly less time foraging or resting than when sea ice is available,
diminishing their ability to develop endogenous fat stores. Models developed by Udevitz et al.
(2017) predicted that by the second half of the 21 century, this relationship between sea ice loss

and fat storage would lead female walruses to weigh 7-12% less by the end of the summer
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foraging season than they do currently. Although the broader demographic impacts of such
changes remain unknown, the impact of this predicted trend could be substantial, especially since
walruses have the lowest reproductive rate of all pinnipeds, calving only every two years (Fay
1985). Already walrus behavior has been shifting. Increasingly, female walruses and their calves
are hauling out in large numbers along coastlines and islands by late summer as sea ice becomes
too distant and unreliable (Jay et al. 2012). This change increases their vulnerability not only to
polar bear predation but also to trampling mortality as walruses tend to stampede when disturbed
(Qren et al. 2018). Because trampling deaths disproportionately affect calves and young
walruses, this trend could be particularly detrimental to walrus populations (Udevitz et al. 2013).
With the ambiguity surrounding the future of the walrus, turning to the past can offer new
insights. Historically, extirpated walrus populations inhabited significantly warmer climes than
current walrus populations (Boessenecker and Churchill 2021). Both the Canadian Maritimes O.
rosmarus, hunted to extinction by the end of the 18™ century (McLeod et al. 2014), and the
recently identified Icelandic O. rosmarus, eradicated following Norse settlement in medieval
times (Keighley et al. 2019), seemed to have thrived in seasonally ice-free conditions. The fossil
record provides further evidence that modern walruses may indeed inhabit only a subset of the
environmental conditions they are capable of tolerating. Paleontologists have identified
Pleistocene fossils of O. rosmarus much further south than they range today, including in Tokyo
(Harington 2008), San Francisco Bay (Jefferson 1991, Harington 2008), and Edisto Island off the
southern coast of South Carolina (Roth and Laerm 1980). Even during the coldest periods of the
Pleistocene, these areas were warmer than current walrus habitat and likely ice-free much or all

of the year during both glacial and interglacial intervals (Batchelor et al. 2019).
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While the historical and paleontological distribution of O. rosmarus suggests that
walruses may indeed be capable of surviving warmer, more seasonally ice-free conditions than
they do today, this hypothesis has yet to be quantitatively tested. Ecological niche models
(ENMs) provide a robust methodology for predicting range shifts by correlating geographic
occurrence data with environmental predictor variables (Elith et al. 2010). These models can then
be projected to the conditions predicted by future climate simulations. Despite their utility, such
models are limited by the difference between the realized niche and fundamental niche of an
organism. Although a species may currently occupy a certain set of environmental parameters,
known as its realized niche, these conditions do not necessarily reflect the total breadth of
conditions within which the species can survive, its fundamental niche (Svenning et al. 2011).
The inclusion of fossil occurrences of extant organisms can illuminate potential gaps between
realized and fundamental niches (Davis et al. 2014, Dietl et al. 2015, Maguire et al. 2015, Myers
et al. 2015, Lima-Ribeiro et al. 2017). For instance, Jarvie et al. (2021) used fossil occurrences of
the tuatara, a New Zealand rhynchocephalian reptile, to identify areas of suitable habitat that fall
outside the ecological limits of its current distribution. Even more notably, Mallorcan midwife
toads, believed to be extinct until found in remote gorges on the island in 1980, have been
successfully reintroduced to suitable areas as identified by EMNs generated using fossil
occurrence data (Bloxam and Tonge 1995). Here, we are the first to apply these techniques to the
walrus.

In this study, we test the hypothesis that the fundamental niche of O. rosmarus is broader
than the range of conditions they currently occupy and that walrus fundamental niche in fact
includes the seasonally ice-free conditions predicted to characterize the Arctic within the next

two to three decades. First, we evaluate whether the environmental conditions inhabited by
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walruses during the Pleistocene are significantly different from current conditions using two
datasets of fossil and modern geographic occurrences, respectively. We then construct two sets of
ENMs derived from these two datasets to quantify the current ecological and paleoecological
niche of O. rosmarus. Finally, we extrapolate each of these ENMs to future climate scenarios and
compare the level of threat to walrus survivorship implied by each set of projections. We
conclude by exploring the implications of our results for further research into odobenid ecology

as well as the development of conservation policy.

2 Materials and Methods

2.1 Input Data

2.1.1 Modern Occurrence Data— We compiled modern occurrence data both from
online databases and literature sources for both walrus subspecies. Occurrence records for O.
rosmarus were downloaded from the Global Biodiversity Information Facility (GBIF) on July
30, 2021, and from the Ocean Biodiversity Information System (OBIS) databases on November
30, 2021. Because occurrences from GBIF and OBIS were concentrated around North America
and Svalbard, we supplemented these database occurrences with additional records drawn from
the literature to represent walrus sightings from the northern coast of Norway (Gjertz et al. 1993)
as well as populations from the Kara, Laptev, and Chukchi Seas (Zyryanov and Vorontsov 2009,
Lydersen et al. 2012, Glazov et al. 2013). We then cleaned the data of duplicates, fossil
occurrences, and points with latitude and longitude that fell out of the expected range (e.g.,
occurrences that fell well inland or in the Southern hemisphere). After cleaning, the dataset

contained 4586 occurrence points for modern O. rosmarus (Fig. 2).
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Because of geographic sampling bias, spatial autocorrelation is ubiquitous in databases like
GBIF and OBIS (Garcia-Rosello et al. 2015) as well as regional occurrences records from
specific literature sources (Dennis and Thomas 2000, Kadmon et al. 2004). Such autocorrelation
can overinflate measures of model performance, leading to overfitting and diminished model
applicability (Veloz 2009). Several studies have demonstrated that thinning occurrences
according to a spatial filter can reduce the effects of sampling bias (Pearson et al. 2007, Kramer-
Schadt et al. 2013, Boria et al. 2014, Fourcade et al. 2014). Therefore we used the R package
spThin (Aiello-Lammens et al. 2015) to spatially filter the modern occurrences so that no
occurrence fell within 50 km of any other occurrence. The 50 km spatial filter reduced the
density of well-sampled areas like the Bering Sea and Svalbard to approximate the distribution of
occurrences in areas with fewer recorded occurrences like the coast of Siberia. Following
thinning, 383 total modern occurrences remained in the modern dataset.

2.1.2  Fossil Occurrence Data—We downloaded fossil occurrence data from the
Paleobiology Dabatase (PBDB; http://paleobiodb.org) on July 21, 2021, for Odobenus rosmarus
from the Pleistocene and Holocene. Again, we cleaned this dataset of duplicate occurrences.
None of the downloaded fossil occurrences fell outside of the expected latitude and longitude.
Because most fossils are found on land as a result of collection bias, the majority of fossil
occurrences in our dataset were located on terrestrial raster cells. Consequently, we manually
moved fossil occurrence datapoints that fell on terrestrial cells to the closest laterally adjacent
marine cell using QGIS (QGIS Development Team, 2022). Following cleaning, our fossil dataset
contained 103 occurrences of O. rosmarus. We did not thin the fossil occurrences both because

preliminary models performed poorly when using thinned fossil datasets and because the
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Figure 2. Occurrences of O. rosmarus from the dataset used in this study. Modern walrus
occurrences are indicated by orange circles and were compiled from the Global Biodiversity
Information Facility (GBIF), Ocean Biodiversity Information System (OBIS), Gjertz et al. (1993),
Zyryanov and Vorontsov (2009), Lydersen et al. (2012), and Glazov et al. (2013). Fossil
occurrences are indicated by green triangles and were downloaded from the Paleobiology Database
(PBDB).
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taphonomic biases inherently present in the fossil record have already naturally thinned the fossil
sample.

Our fossil dataset exhibits relatively poor age constraint both because many of the
specimens come from poorly dated Pleistocene terrace deposits and because the PBDB assigns
fossil ages using North American Land Mammal Age rather than absolute dates (Peters and
McClennen 2015). Additionally, we used paleoenvironmental raster data from the Last Glacial
Maximum (LGM) because marine raster data were not available for other time periods and
constructing them was outside the scope of this project. However, not all of our fossil
occurrences have age ranges that include this time period. Despite these problems, we decided to
include all of the available fossil occurrences for O. rosmarus for several reasons. First, we
assume climatic conditions during the LGM are approximately equivalent to those of other
glacial periods during the Pleistocene (Lisiecki and Raymo 2005, Zachos et al. 2008, Alonso-
Garcia et al. 2011, Verbitsky et al. 2018, Batchelor et al. 2019). Second, although some number
of these occurrences undoubtedly fall during warmer transitional or interglacial periods,
considering them to all occur during the LGM allows for the most conservative temperature
estimate of their fundamental ecological niche.

2.1.3 Environmental Predictors—To train our ENMs and quantify the realized
ecological niche of walruses, we used three climatic variables: minimum annual sea surface
temperature (SSTmin), annual sea surface temperature range (SSTyg), and annual sea surface
salinity range (SSSr). Although previous studies have found strong relationships between walrus
presence and the distribution of sea ice (Beatty et al. 2016, Udevitz et al. 2017), layers directly
quantifying the presence of sea ice are not available from paleo-MARSPEC and future

predictions of such are considered overly uncertain for use in ENM construction (Bonan et al.

100



2021). Therefore we chose to use SSTmin, SSTre, and SSS;; because together they mechanistically
impact sea ice formation and distribution. When sea ice forms, the salinity of the remaining
liquid water increases; when ice melts in the summer, seawater salinity decreases again.
Additionally, the polynyas where walruses congregate in winter are associated with high winter
salinity which prevents the water there from freezing (Winsor and Bjork 2000). Because of these
factors, areas with a larger relative SSS, likely correlate with the seasonal presence of sea ice.
While the variance of sea surface salinity would be preferable to range, variance layers were not
available for the LGM or for future projections and creating these layers is outside the scope of
this project. Furthermore, Gebruk et al. (2021) demonstrated that walrus distribution also
correlates with the location and biomass of bivalves, their main prey item, and both salinity and
temperature influence the distribution and biomass of bivalves (Green 1973, Van Dolah et al.
1999, Feng and Papes 2017, Pourmozaffar et al. 2020). Although previous studies have
identified a correlation between walrus presence and water depth (Beatty et al. 2016), we did not
include bathymetry as one of our predictor variables because our fossil dataset hails almost
exclusively from the terrestrial environment, artificially biasing the fossil dataset towards
shallow water. Instead, we incorporated bathymetry post hoc by cropping our final binary
presence/absence projections to depths of 200 meters or less since walruses rarely forage in
deeper waters (Born et al. 2005, Lowther et al. 2015, Garde et al. 2018) and because the wind-
driven polynyas inhabited by walruses during the winter do not typically exceed 200 meters in
depth (Winsor and Bjork 2000). Finally, the calculated variable inflation factors (VIFs) for these
three variables were less than 5, reducing the impact of multicollinearity on the models

(Dormann et al. 2013). We calculated VIFs calculated using R package usdm (Naimi 2015).
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We downloaded modern and future environmental raster data from bio-ORACLE 2.2
(Ocean Rasters for Analysis of CLimate and Environment; Tyberghein et al. 2012, Assis et al.
2018) and paleoclimatic data for the Last Glacial Maximum (LGM; 21 ka) from paleo-
MARSPEC (MARine SPatial ECology; Sbrocco 2014) at a resolution of 5 arcmin using the R
package sdmpredictors (Bosch et al. 2017). We chose predicted future raster layers for the years
2050 and 2100 based on Representative Concentration Pathway (RCP) 8.5 which represents a
climate scenario for relatively high greenhouse gas emissions (Riahi et al. 2011, van Vuuren et
al. 2011).

We took several steps to prepare the rasters for analysis. In the modern and future raster
layers, SSTmin did not extend lower than -1.94 °C, the approximate freezing temperature of
water; however, SSTnin for the LGM extended below -1.94 °C. To ensure comparability between
the three climate scenarios, we changed all values for SSTmin that were below -1.94 °C in the
LGM raster to this value. We also recalculated SST:, for the LGM by subtracting the new SSTmin
raster from an SST maximum layer so the SST,, rasters would be comparable between the
modern and LGM datasets. Raster manipulations were accomplished using the R package raster
(Hijmans et al. 2015).

2.2 Analyses

All analyses were performed in R (R Core Team 2021) unless otherwise noted.

2.2.1 Comparing Niche Space— To compare the ecospace represented by the modern
and fossil occurrence datasets for O. rosmarus, we first extracted the values of SSTmin, SSTig,
and SSS,, associated with each occurrence and calculated the mean and standard deviation for
each of the sets of extracted environmental variables. Next, we visualized the variance between

the environmental space occupied by each respective dataset using broken-stick principal
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components analysis (PCA) (Legendre and Legendre, 1998). We then conducted a permutational
multivariate analysis of variance (PERMANOVA; Anderson 2001) to quantitatively test the
hypothesis that Pleistocene populations of O. rosmarus inhabited a significantly different niche
space than modern populations. Because PERMANOVA assumes that the multivariate dispersion
of the variables in question is roughly equal, we began by evaluating this assumption using the
PERMDISP2 procedure of Anderson (2006) to assess for multivariate homogeneity of group
dispersions using the “betadisper()”” function in the R package vegan (Oksanen et al. 2018). This
test demonstrated that the variance of the modern and fossil datasets was significantly different
(p =10.001). Although the results of PERMANOVA are robust to such heterogeneous group
dispersions, this condition applies only when the compared groups are the same size (Anderson
and Walsh 2013). To meet this criterion, we used a modified bootstrapping process to produce
1000 datasets of equal size to the fossil dataset by randomly sampling without replacement from
the modern dataset. Next, we ran the PERMANOVA using vegan function “adonis()” with 9999
permutations using the Euclidean method for calculating pairwise distance between individuals
on each of the 1000 modern sample datasets using a for-loop. We report the average p-value
from this modified bootstrap as well as the effect size (R?).

2.2.2 Ecological Niche Models—To estimate suitable habitat range for walruses, we
implemented the maximum entropy (Maxent) algorithm using the R package ENMeval version
2.0 (Kass et al. 2021). Maxent uses a machine learning algorithm to identify the environmental
variables that best discriminate between occurrence points and background points (Phillips et al.
2004, Elith et al. 2006). We chose to use Maxent for our ENMs because it performs well with
small sample sizes (Hernandez et al. 2006, Pearson et al. 2007), requires relatively little

computational power relative to other ENM methodologies (Kaky et al. 2020), outperforms
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conventional methods when analyzing complex nonlinear relationships (Elith et al. 2006,
Shoemaker et al. 2018), and balances overfitting and model complexity with overgeneralization
when used in conjunction with species-specific model parameters (Radosavljevic and Anderson
2014).

Following the protocol of Simoes et al. (2020), we first built a buffer around the modern
occurrence points using a radius of 3000 km based on the dispersal ability of walruses (Reeves et
al. 1992). We then defined the calibration area by masking the modern environmental layers
according to this buffer. Using the “randomPoints” function in R package dismo (Hijmans et al.
2017), we next generated 100,000 random background points. To calibrate the model, we tested
four Maxent features classes (linear, linear quadratic, product, and linear quadratic product) and
six regularization multipliers (0.1, 0.25, 0.5, 1, 2, and 4). Following Jarvie et al. (2021), we
evaluated the appropriateness of the resulting models using the average area under the curve
(AUC) and the omission rate of the minimum training presence value (ORmtp). AUC measures
predictive accuracy on a scale from 0 to 1 with a value of 0.5 equivalent to random predictive
accuracy and a value of 1 denoting absolute accuracy. ORwmtp signifies goodness of fit on a scale
of 0 to 1 with higher values indicating greater degrees of overfitting.

Out of the models generated under these parameters, we selected the model with the
lowest Akaike Information Criterion corrected for small sample sizes (AICc) value, which
optimizes model fit with model complexity (Warren and Seifert 2011, Muscarella et al. 2014).
We chose this model selection criterion because previous studies have shown AICc provides the
most conservative predictions and also outperforms other criteria in terms of selecting the true
model as the best model in simulations (Katz and Zellmer 2018) and because AICc optimizes

transferability across different time periods because of its penalization of model complexity
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(Moreno-Amat et al. 2015). For the final model, we selected complementary log-log (cloglog) as
the output format per the recommendation of Phillips et al. (2017) and evaluated the relative
contribution of each of the three environmental variables using a jackknife approach. We then
projected this final model to present environmental conditions and visually assessed how well it
fit the current known distribution of walruses. Lastly, we projected this model to 2050 and 2100
for RCP 8.5 to evaluate how walrus distribution is predicted to shift according to walrus current
ecological niche.

We then repeated this process for the fossil dataset. The optimal model generated from
the fossil dataset was subsequently projected to modern conditions and visually compared to
known walrus range and finally projected to future conditions for 2050 and 2100 under RCP 8.5.

2.2.3 Binary Maps and Centroid and Area Calculations—To assess the differences
in the ranges predicted by the modern and fossil models, we calculated the area and centroid of
the latitude of each of the projected ranges for current and future conditions from the two ENM:s.
To quantify these differences, projections were first restricted to the latitudes inhabited by
walruses during historical times according to the range defined by Higdon and Stewart (2018) as
we consider it unlikely walruses will establish new populations south of this range. We then
restricted the projections to water depths of 200 meters or less as previously explained. We next
converted these restricted ranges from continuous suitability indices ranging from 0 to 1 to
binary predictions of presence or absence by rejecting cells with a suitability index less than
0.25. We then calculated the centroid latitude of the range and the area of the predicted range

using R and QGIS (QGIS Development Team, 2022) respectively.

105



3 Results

31 Niche Space Comparisons

Extracting environmental variables revealed that modern occurrences were associated
with an SSTin of -1.85 + 0.55 °C, SSTy of 10.84 +2.43 °C, and an SSS, range of 4.84 + 1.88
PSS (Practical Salinity Scale) (mean + standard deviation); fossil occurrences were associated
with an SSTwin 0f 0.57 £4.73 °C, SSTyg of 7.87 £ 5.00 °C, and an SSS;; 0f 2.90 +£2.92 PSS
(mean + standard deviation). Our broken-stick PCA identified principal components (PCs) 2 and
3 as significant, accounting for 32.02% and 22.09% of the variation, respectively (Fig. 3).

Although PC1 accounted for 45.89% of the variation, it was nonsignificant according to this test
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Figure 3. Projections of the ecospace for modern (maroon) and fossil (light blue) occurrences of
O. rosmarus onto the significant axes of a broken stick principal component analysis (PCA). The
arrows indicate how sea surface temperature minimum, sea surface temperature range, and sea
surface salinity range are distributed along principal components 2 and 3. See Fig. S1 for plot of
PC1 and PC2.

106



Table 1. Percent contribution of the environmental variables sea surface temperature
minimum (SSTmin), sea surface temperature range (SSTy), and sea surface salinity range
(SSSye) to each of the three principal components (PCs) from the broken-stick principal
components analysis. The significant PCs are demarcated in grey.

E“Vvi;‘;i‘;“b‘fental PC1 PC2 PC3
SSTumin 23.85 60.27 18.80
SST,, 35.67 35.45 37.27
SSSig 40.48 428 43.92

(Appendix D). The percent contribution of each environmental variable to the three PCs is
summarized in Table 1. For the PERMANOVA comparing the fossil and modern ecospace, the
average p-value for the 1000 bootstrapped sample runs was 0.0001 £+ 0.0000 (mean =+ standard
deviation) with significance level a = 0.0005. The average R? = 0.125 + 0.010 (mean + standard
deviation).
3.2  Ecological Niche Models

The predictive ability of both the modern and fossil models was excellent. The modern
model produced an average AUC = 0.885 + 0.011 (mean + SE) and AUC range = 0.872—-0.900,
and the fossil model produced an average AUC = 0.849 + 0.012 (mean + SE) and AUC range =
0.829-0.865 (Appendix E). Neither model was overfit, with the modern model average ORmtp =
0.010 = 0.003 (mean + SE) and range = 0.002—0.010 and the fossil model average ORmtp =
0.017 + 0.006 (mean + SE) and range = 0.009—0.031 (Appendix E). In the modern ENM, the
variable that contributed the most to the model was minimum SST followed by SST range and
subsequently SSS range; for the fossil ENM, the minimum SST had the highest contribution
followed by SSS range and finally SST range. For the modern model, the iteration with the

lowest AICc (10343.94) used the linear quadratic function and 0.1 regularization multiplier; for

107



Modern Model

@) Current mm:%_o:w rJ.

Habitat Suitability

-A.O

Fossil Model

0.5

0.0

Figure 4. Maximum entropy (Maxent) models of environmental suitability derived from modern (a—c) and fossil (d—f) occurrences of Odobenus
rosmarus as projected to current (a and d) and future (b, c, e, and f) climate scenarios. We constructed the fossil model using climate data from
paleo-MARSPEC (Sbrocco 2014); for building the modern model and for the current and future projections of each model, we utilized climate data
from Bio-ORACLE 2.0 (Assis et al. 2018). The future climate scenarios derive from Representative Concentration Pathway (RCP) 8.5. In general,
the modern model predicts that suitable conditions for walruses will shift far northward by the end of the 21* century. In contrast, the fossil model
predicts relatively little change in environmental suitability. Map scale and coordinate grid are the same as Figs. 1 and 2.
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the fossil model, the lowest AICc (2770.164) was achieved with the same feature class and
regularization multiplier as the modern model.
33 Projections to Current Conditions

When projected to current environmental conditions, the modern model explained the
known range of walruses remarkably well overall, with some exceptions (Fig. 4a; for known
range of walruses, see Born et al. 1995, Jay et al. 2011, Lydersen et al. 2012, Glazov et al. 2013,
Higdon and Stewart 2018). This model did identify high suitability (> 0.8) in areas where
walruses are not known currently or in recent historical times, such as the western East Siberian
Sea, the Beaufort Sea, the western Canadian Arctic Archipelago, the eastern-central and
southeastern coast of Kamchatka, and the Sea of Okhotsk. Interestingly, the waters around the
Canadian Maritimes received a relatively low suitability index (< 0.25) except for the eastern
extent of the Bay of Fundy (0.40-0.52). Additionally, while the majority of the area around
Iceland displays a low suitability index (< 0.10 south of the island and < 0.20 north of the
island), our model identified the ocean surrounding northwestern Iceland with medium suitability
(<0.5), the same area where Keighley et al. (2018) identified the highest density of the medieval
Icelandic walrus population.

Conversely, when we projected the fossil model to current conditions, several
discrepancies with the known range of walruses arise (Figure 4d). The fossil model predicts very
high suitability (>0.90) in areas where walruses are not known to occur outside of individual
vagrants, such as the western coast of Canada, the Sea of Japan, the Yellow Sea, the northeast
coast of the United States, the southern coast of Norway, and the southern North Sea. However,
the fossil model does predict extremely high suitability around the entirety of the Canadian

Maritimes (<0.99) and also better predicts the distribution of walruses on the coast of Iceland as
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mapped by Keighley et al. (2019) with a suitability index of up to 0.80 in the northwestern
corner of the island, up to 0.73 in its northeastern extent, and up to 0.66 in the southwestern
reaches.
34 Future Projections

According to the modern model, suitable conditions shift only slightly northwards by
2050 (Fig. 4b). The most noticeable change is the development of higher suitability around
Svalbard, Franz Josef Land, and Severnaya Zemlya compared to modern conditions and
decreased suitability off the eastern coast of Chukotka Province. However, by 2100, the
suitability of much of the current range of walruses diminishes appreciably (Fig. 4c). The
suitability of the Bering Sea drops precipitously, particularly along the eastern coast of
Kamchatka and Chukotka in northeastern Russia. The southern Chukchi Sea, where female
Pacific walruses and their calves migrate in the summer, becomes less suitable as well, albeit not
as severely as the Bering Sea. Suitability also decreases sharply around Svalbard, Franz Josef
Land, and in the Barents and Kara Seas, areas formerly characterized by high suitability. Hudson
Bay suitability indices drop by more than 40% throughout most of its extent, especially in the
southern reaches of the bay where only a small relict population of walruses remains today
(Higdon and Stewart 2018). Notably, the Laptev Sea remains highly suitable by 2100.
Conversely, the fossil model essentially indicates that the Arctic will, overall, become better
suited for walruses over the next 80 years as the biome warms. No areas where walruses
currently reside become less suitable from current conditions to 2050 or 2100 and in most cases

these areas become more suitable (Fig. 4e, f).
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35 Binary Maps and Area Calculations

Consistent with predictions of Arctic warming, our results predict decreasing ecological
niche area and north-shifting latitudinal centroids for walruses by 2100 under both models (Table
2), although these trends are extremely small for the fossil model. For the modern model, the
centroid of the current range has a latitude of 70.54 °N; by 2050, the centroid latitude is
predicted to shift to 71.04 °N and by 2100 to 71.82 °N. The fossil model predicts little
appreciable shift in the centroid latitude under the projected scenarios from 71.10 °N in current
conditions to 71.17 °N by 2050 and 71.19 °N by 2100. The modern model predicts that current
suitable habitat occupies approximately 6.77 x 10° km?, and the fossil model predicts 7.10 x 10°
km? of current suitable habitat (Fig. 5a, d). Under RCP 8.5, the modern model predicts that this
range will grow by 1.26% by 2050 but shrink by 11.31% by 2100 (Fig. 5b, c). However, the
fossil model predicts almost no change in suitable habitat, with an increase of 0.07% by 2050

and a decrease 0.001 % by 2100 (Fig. Se, f).
4 Discussion

Our findings show that during the Pleistocene, O. rosmarus occupied a significantly
wider ecospace than its current representatives inhabit, supporting our hypothesis that walrus
fundamental niche does indeed include the relatively warm, seasonally ice-free conditions likely
to characterize the Arctic in the near future. Below, we discuss how the outcomes of the PCA and
PERMANOVA relate to our understanding of walrus fundamental niche. We then interpret the
modern and future projections of both the modern and fossil ENMs regarding this understanding
and predict how walrus populations will respond to climate change and the associated loss of sea
ice. Finally, we recommend future research directions and consider the implications of our study

for walrus conservation in the face of Arctic warming.
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Table 2. Geographical changes in ecological niche space predicted by the modern ENM and
fossil ENM.

Centroid Distance Shifted Percent Change
Time Period Latitude from Current Binary Area from Projected
Centroid Latitude Current Range
Modern model
Current 70.54 °N n/a 6.77 x 10° km? n/a
2050 71.04 °N 55.5 km north 6.85 x 10° km? 1.26
2100 71.82 °N 142.08 km north 6.00 x 10° km? -11.31
Fossil model
Current 71.18 °N n/a 6.98 x 10° km? n/a
2050 71.17 °N 11.1 km south 6.95 x 10° km? -0.36
2100 71.19 °N 22.2 km north 6.95 x 10° km? -0.37

4.1 Niche Space Comparisons

Plotting our PCA shows that the ecospace inhabited by the fossil dataset is wider than
that of the modern dataset with respect to both PC2 and PC3, the significant PCs according to the
broken-stick criterion (Fig. 3). The results of our PERMANOVA, which support the hypothesis
of a significantly different niche space between the two populations (p = 0.0001), demonstrate
that the difference in ecospace shown in the PCA is statistically significant, if relatively small in
terms of real-world impacts (R? = 0.125). Together, these analyses indicate that walrus
fundamental niche is not fully realized by its current distribution and that this fundamental niche
does in fact include seasonally ice-free condition.

Furthermore, our results probably still underestimate the true breadth of walrus
fundamental niche because of biases within our analyses, particularly with regard towards
warmer climates. Our fossil occurrence dataset is likely biased towards interglacial occurrences
for a number of taphonomic reasons. Because sea level was often greater than 100 meters lower
during glacial periods than it is today (Berends et al. 2021), many of the coastal facies likely to

preserve walrus fossils from glacial periods are currently below sea level and thus largely

112



Figure 5. Binary maps showing optimal walrus habitat for current and future climate scenarios for the modern model (a—c) and fossil
model (d—f). We generated these maps by constraining the optimal habitat to cells with a suitability index of 0.25 or greater and cropping
the areas to water depths of 200 meters or less. Overall, neither model predicted a significant change in optimal habitat by 2050. In
contrast, the predictions of the two models diverge substantially by 2100, with the modern model predicting a large northwards
contraction of walrus range and the fossil model predicting little appreciable change. Map scale and coordinate grid are the same as
Figs. 1 and 2.
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inaccessible to fossil collectors. While some few specimens have been recovered through
dredging (e.g., the San Francisco Bay specimens; Harington 2008), almost all of the O. rosmarus
fossils included in our study have been recovered on land in areas that would have been coastal
or underwater during past interglacial periods but far from the shore during glacial periods. For
instance, the Edisto Island, South Carolina, specimen (Roth and Laerm 1980) was likely
deposited during an interglacial period, as sea level would have been lower and the coastline
nearly 100 miles further east during glacial periods (De Groeve et al. 2022). These taphonomic
considerations strongly suggest that specimens from glacial periods are underrepresented while
interglacial occurrence records are overrepresented in our fossil dataset. Additionally, we
extracted environmental variables associated with fossil occurrence localities from rasters based
on LGM climatic conditions both because interglacial raster data were not available and because
we chose to take a conservative approach to our analyses. So even though the temperatures
associated with the fossil dataset (average SSTmin = 0.57 °C) are overall higher than those
associated with the modern dataset (average SSTmin =-1.85 °C), they are still likely cooler than
the actual conditions in which many of these individuals lived. Improving age constraints for our
fossil dataset and constructing raster layers for interglacial periods would offer clarity on these
limitations.
4.2  Current Climate Projections

Current suitable habitat projected by the modern ENM and fossil ENM display several
important differences. Overall, the geographical projection of the modern model covers a
smaller, more northerly area than the much wider range projected by the fossil model. It also
correlates more closely with the actual geographic range inhabited by modern walruses

compared to the paleontological ENM, which predicts suitable habitat over a much wider area
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than walruses actually occupy, congruent with the findings of our niche space comparisons.
Notably, it also predicts moderately suitable habitat in areas where walruses do not currently
reside but were historically present despite our decision not to include historical records in our
modern dataset. It identified both northwestern Iceland and the Bay of Fundy as moderately
suitable, both of which were home to walrus populations prior to extirpation 1,000 and 250 years
ago, respectively (McLeod et al. 2014, Keighley et al. 2019).

However, several noteworthy inconsistencies exist between the modern ENM and actual
current and historical walrus geographic range. Although the zooarchaeological record
demonstrates that walruses were widely present throughout the Maritimes (McLeod et al. 2014),
our model only identified the Bay of Fundy as moderately suitable. Similarly, although the
greatest density of Icelandic walrus specimens identified by Keighley et al. (2019) fell in areas of
moderate suitability according to the modern model, they also list specimens from areas our
model identified as unsuitable. Notably, both the Icelandic and Maritimes walrus were
genetically distinct from the modern Atlantic walrus (McLeod et al. 2014, Keighley et al. 2019)
and the Maritimes walrus was morphologically distinct as well on the basis of their larger body
size and more asymmetrical tusks. It is certainly possible that each of these populations were
relicts of more warm-adapted Pleistocene walrus populations, as suggested by Boessenecker and
Churchill (2021), and that these more heat-tolerant walruses did not survive the end-Pleistocene
megafaunal extinction event, eliminating this variation from surviving populations. More precise
dating of southerly fossil specimens could reveal the merit of this hypothesis. However, we
consider it implausible that walruses have, on the whole, become more cold-adapted as average
temperatures across their range have risen by 4-20 °C since the LGM (Osman et al. 2021).

Instead, we find it more likely that other factors have constrained their range to its current
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boundaries, where ice provides convenient haul-outs but is not a crucial element for their
survival. Further investigation is needed to determine the identity and nature of these limiting
factors.

An additional inconsistency between the modern model and documented walrus range is
the identification by the modern ENM of the Sea of Okhotsk as highly suitable. Although
paleontological and zooarchaeological evidence indicates that walruses were present in this
region during the late Pleistocene and early Holocene (Borisiak 1930; Vasilevskii 1971), an
exhaustive analysis of historical records and archeological material by Slobodin (2010)
determined that walruses have been absent from the Sea of Okhotsk for at least the last 2,500
years. The fact that our modern model identifies this area as highly suitable for walruses raises
the question of why they went extinct in this region. Investigating this quandary could lend
further insight into the factors that determine walrus distribution.

Although on the whole, the southern extent of the fossil model projections reaches much
further south than walruses usually range, summer and fall sightings of vagrant walruses around
Britain, Ireland, and the northern coast of continental Europe appear to have been increasing
according to numerous news articles reporting walrus sightings around Europe'. This pattern has
not been thoroughly investigated, obfuscating the degree to which it is the result of true
ecological change or simply alterations in reporting. However, while these nomads are far from
self-sustaining populations, the relative health of these individuals, some of whom were observed

for several months, does provide at least anecdotal evidence that walruses can survive in ice-free

1 https://www.cornwalllive.com/news/cornwall-news/wally-walrus-could-latvia-year-7323451;
https://www.politico.eu/article/wally-walrus-ireland-cork-coast/; https://www.bbc.com/news/uk-england-hampshire-
63940472; https://www.nbcnews.com/news/world/freya-the-walrus-norway-sinking-boats-rcna40174;
https://www.scotsman.com/arts-and-culture/arctic-walrus-rare-sighting-orkney-beach-328507; all accessed
December 15, 2022; https://www.smithsonianmag.com/smart-news/the-unusual-european-journey-of-thor-the-
walrus-180981734/; accessed April 18, 2023
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and much warmer conditions than the majority currently do. So perhaps the predictions of
suitable walrus habitat in the North Sea by the fossil model are less erroneous than they would
appear on first inspection.

4.3 Future Climate Projections

The two sets of ENMs display considerably disparate outcomes for the walrus over the
next seventy years. The modern model predicts a severe decrease in suitability by 2100 for
several regions where walruses currently live, including the Bering Sea, Svalbard, the Laptev
Sea, the southern Kara Sea, and the Barents Sea (Fig. 4c). Conversely, according to the fossil
model projections, no areas currently inhabited by walruses display significant decreases in
suitability and indeed many become even more suitable (Fig. 4f). Similarly, according to our
binary maps, the modern ENM predicts that by 2100, suitable habitat for walruses will decrease
by 18.47% and that the average latitude of suitable habitat will shift northwards by 1.09° or ~120
km (Table 2; Fig. 5¢). However, the fossil model predicts no appreciable change either in the
total area of suitable habitat or in the centroid latitude of suitable habitat before the end of the
21 century (Table 2; Fig. 5f).

Unfortunately, no species-wide demographic surveys of walruses have been undertaken
in the last several decades, limiting our ability to assess which of these scenarios most closely
aligns with current trends. Studies of individual walrus populations present a relatively equivocal
picture of the current status of O. rosmarus and its response to ongoing Arctic warming
(Fischbach et al. 2009, Jay and Fischbach 2010, Garlich-Miller et al. 2011, Jay et al. 2012,
MacCracken 2012). Across the Arctic, female walruses and their calves have been increasingly
utilizing terrestrial haul-outs in late summer and fall as sea ice becomes unavailable,

demonstrating adaptive behavioral plasticity (Jay et al. 2012, Lydersen et al. 2012, Udevitz et al.
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2017, Higdon and Stewart 2018). A study of changes in Kara Sea marine mammal distribution
and density between 1996 and 2013 found little to no change in Atlantic walrus occurrences
(Mikinen and Vanhatalo 2018). Similarly, a study examining the energetic impacts of increasing
distance between feeding grounds and haul-outs in the Chukchi Sea found that as long as
walruses were able to rebuild their endogenous fat reserves while overwintering in the Bering
Sea, the increased energetic costs of longer foraging trips would not likely alter walrus
population dynamics (Jay et al. 2017). Less encouragingly, Zagrebelny and Kochnev (2017)
reported that numerous historical terrestrial haul-outs in eastern Chukotka and Kamchatka have
disappeared with their previous inhabitants apparently shifting to a smaller number of much
larger haul-outs, increasing the risk of depleting benthic foraging grounds that are also being
altered by climate change. Several mass-mortality events for walruses, particularly calves and
juveniles, have also been reported in the last few decades with causes ranging from trampling to
prolonged exposure to turbulent seas (Ovsyanikov et al. 2008; Fischbach et al. 2009, Goertz et
al. 2017). Thus we consider a future intermediate to the highly optimistic fossil model and the
direr situation presented by the modern model to be more likely than either endmember.
Although the retreat of sea ice is generally predicted to have a negative consequence on
walrus populations, its seasonal disappearance from the high Arctic may open up new refugia for
the species. For instance, both the modern and fossil ENMs predict that the northern reaches of
Greenland and the Arctic Archipelago will be highly suitable for walruses by 2100 (Fig. 4c, f).
These areas are not currently accessible to walruses as they are ice-locked year-round. However,
with the northward retreat and eventual loss of the Arctic ice cap, these coastlines will open up as
potential terrestrial haul-outs. The species has already demonstrated the ability to establish

rookeries in novel locations within both the Atlantic and Pacific subpopulations (Kovacs et al.
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2014; Zagrebelny and Kochnev 2017). Investigating how and why walruses establish new
terrestrial haul-outs could reveal the likelihood of walrus dispersal to such previously
inaccessible localities.

4.4  Future Research Directions and Walrus Conservation

Our study primarily tests the hypothesis that walruses can survive without the availability
of year-round sea ice. While our results offer hope for the survival of walruses in the face of
decreasing sea ice, multiple other environmental biotic and abiotic factors influence walrus
distribution and health, including proximity to and condition of feeding grounds (Beatty et al.
2016), the presence and density of predators such as orcas and polar bears (Kryukova et al. 2012,
Oren et al. 2018), frequency and intensity of storm events (Campagna et al. 2021), and
increasing toxin exposure from harmful algae blooms (Lefebvre et al. 2022). As climate change
will impact all of these variables, we recommend incorporating dynamic quantifications of these
elements into future models. Furthermore, constructing ENMs from mechanistic rather than
correlative patterns can improve their applicability by using knowledge of the critical maximum
and minimum tolerable values for salient environmental variables (Shin et al. 2021). Research
into the range of seawater temperatures, ambient air temperatures, and seawater salinity that
walruses are physiologically capable of tolerating would allow for the construction of such
mechanistic ENMs.

We also note that our models do not incorporate directly anthropogenic elements that are
likely to impact walrus demographics. As sea ice melts, human activity in this region will also
change and without concerted international conservation efforts, these changes will likely have
negative consequences on the long term likelihood of walrus survival. Nation states are already

vying for the rights to increasingly accessible Arctic shipping lanes that pass through critical
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walrus habitat (Theocharis et al. 2018), increasing risk of collision-related mortality and
contamination from fuel spillage as well as damage from ice-breaking ships to pupping platforms
(Gross 2018, Wilson et al. 2020). Additionally, vast fossil fuel reserves have been identified in
such crucial walrus and walrus prey habitats as the Kara, Pechora, Beaufort, and Barents Seas
(Spencer et al. 2011). The overlap in undeveloped fossil fuel reserves and walrus range
highlights the need to transition to a cleaner energy future not only to reduce carbon emissions
but also to preserve the ecosystems where these resources are located. Given the status of O.
rosmarus as an Arctic keystone species and ecosystem engineer (Ray et al. 2006, Hocking et al.
2021), policies guiding Arctic resource development should include robust plans for protecting
walrus haul-outs, migration corridors, and feeding grounds in order to maintain overall

ecosystem health.
5 Conclusion

In essence, our models support the hypothesis that walrus fundamental niche
encompasses the seasonally ice-free conditions that will characterize the Arctic in the coming
decades. While the acceleration of polar warming and sea ice loss will continue to alter Arctic
ecosystems, the results presented here demonstrate that if humans protect walruses from other
sources of anthropogenic environmental degradation, they are likely to adapt to the next century

of climate change.
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CHAPTER V

DISSERTATION SUMMARY

The goals of this dissertation were to a) expand our knowledge of the early evolution of
the extinct pinniped family Desmatophocidae through the description of new basal species
Eodesmus condoni, b) investigate the locomotor evolution of otarioid pinnipeds by exploring the
utility of humerus morphology for diagnosing swimming mode in modern and fossil taxa, and c)
quantify and compare the modern and paleoecological niches of the walrus Odobenus rosmarus
in order to model its response to the next 70 years of climate change. First, I described new fossil
cranium UOMNCH F-68583 from the Iron Mountain Bed of the Astoria Formation where it
outcrops at Moolack Beach on the Oregon coast. After determining that the specimen represented
a desmatophocid pinniped based on the morphology of its mortised jugal-squamosal suture, |
identified it as a new species after comparing it to other known species of desmatophocid and
performing a phylogenetic analysis to resolve its placement within the Desmatophocidae. New
species Eodesmus condoni nests at the base of the desmatophocid phylogeny and is the earliest
diverging desmatophocid yet identified. The identification of another desmatophocid species at
the already pinniped-rich Iron Mountain Bed suggests that the approximately synchronous mid-

Miocene Climatic Optimum played a role in this increase in pinnipedimorph species diversity.

Next, I found that humeral morphology is discriminatory for aquatic locomotor mode and
recovered a hindlimb-propelled as the ancestral condition for Pinnipedia as a whole as well as
subclade Otarioidea (eared seals, walruses, and desmatophocid seals). Using three-dimensional

geometric morphometrics, I landmarked the humeri of modern phocids, otariids, and O. rosmarus
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as well as fossil stem pinnipeds and otarioids. Following data collection, I performed a
Procrustes superimposition and principal components analysis (PCA) to explore the between-
group variation; I then used the principal components to construct two flexible discriminant
analyses (FDAs), one with phylogenetic correction and one without, to classify the fossil taxa
according to their predicted aquatic locomotor mode. As the literature suggested, the humeral
structures that most distinguished between the hindlimb- and forelimb-propelled swimming were
the deltoid crest, greater tubercle, lesser tubercle, and lateral and medial epicondyles, as
identified by the PCA. The FDAs classified all the fossil pinnipeds as hindlimb-propelled with
the exception of desmatophocid Allodesmus kernensis and odobenid Pontolis barroni, and otariid
Thalassoleon mexicanus in the nonphylogenetic FDA, strongly suggesting that the otarioid
ancestor was hindlimb-propelled like the stem pinnipeds. The presence of a proximodistally
elongated deltoid crest in hindlimb-propelled species like O. rosmarus as well other earlier
otarioids raises the possibility that this trait first arose as an adaptation for the peculiar lunging
gait modern otariids and odobenids use on land before its exaptation for forelimb-propelled
swimming in these three lineages, implying that terrestrial and aquatic locomotor modes are

evolutionarily coupled in otarioids.

Finally, I found that modern walrus populations indeed inhabit only a portion of their past
ecospace, including the ice-free conditions likely to characterize the Arctic in the upcoming
decades. The permutational multivariate analysis of variance (PERMANOVA) supported a
significant difference between the ecospace inhabited by modern and fossil walrus populations
and the PCA showed that during the Pleistocene, walruses inhabited a wider range of
environmental conditions with a higher temperature maximum than they do today. Furthermore,

while the future projections derived from the modern ecological niche model predict an 18%
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decrease in suitable walrus habitat by 2100, the fossil model projections predict no appreciable
change in range over the next century. Although we consider an intermediate scenario more
realistic than either endmember, our results nonetheless present encouraging evidence that with
the enactment of conservation policies addressing other sources of anthropogenic environmental
degradation, walruses may survive and adapt to a seasonally ice-free Arctic climate. These
findings contrast the widespread narrative of probable walrus population collapse with the loss of
summer sea ice, inviting further investigation into how conservation strategies can enhance O.

rosmarus survivorship in an increasingly ice-free Arctic Ocean.

In conclusion, this dissertation advances our knowledge of early desmatophocid
diversification, the locomotor evolution of otarioid pinnipeds, and the fundamental ecological
niche of O. rosmarus with respect to predicting their response to climate change in the Arctic.
This provides a framework for further exploration of how pinniped fauna have evolved with
respect to taxonomic and locomotor ecology as well as the range of environmental parameters
within which pinnipeds can survive. As human exploitation continues to deteriorate global and
marine and coastal ecosystems, understanding the paleoecology of disproportionately threatened
tertiary consumers like pinnipeds will provide a critical baseline for the establishment of

evidence-based conservation policies.
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APPENDIX A

DESCRIPTION OF CHARACTERS USED IN THE
PHYLOGENETIC ANALYSIS OF CHAPTER 11

Rostrum, premaxilla-nasal contact. Boessenecker and Churchill (2018: character
1) Deméré and Berta (2002: character 1), Kohno (1996: character 2).

0 = extensive along lateral border of nasal; ~50% or greater of total nasal length.
1 = reduced along lateral border of nasal; ~25%-50% of total nasal length

2 = reduced; does not contact lateral border of nasal and only contacts anterior
margin

Rostrum, nasal-frontal suture. Boessenecker and Churchill (2018: character 2),
Deméré and Berta (2002: character 2), Kohno (1996: character 3, 6).

0 = transverse

1 = v-shaped

2 = w-shaped

Rostrum, prenarial shelf. Boessenecker and Churchill (2018: character 3), Kohno
(1996: character 1).

0 = absent

1 = present

2 = present and transversely expanded anteriorly

Rostrum, alveolar margin of maxilla in lateral view. Boessenecker and Churchill
(2018: character 4).

0 = straight or slightly concave

1 = distinctly concave leading to posteroventrally inclined maxillary root of
zygomatic arch

2 = strongly concave, but leading to no change in the orientation of the maxillary
root of the zygomatic arch

Nasals, anterior margin. Boessenecker and Churchill (2018: character 5).
0 = at level of canine or P
1 = well posterior

Premaxilla, prenarial process. Boessenecker and Churchill (2018: character 6),
Berta and Wyss (1994: character 3), Kohno et al. (2007: character 1),
Boessenecker and Churchill (2013: character 1).

0 = absent or indistinct

1 = present
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10.

11.

12.

13.

14.

Premaxilla, posterior termination. Boessenecker and Churchill (2018: character
7).

0 = well anterior to level of infraorbital foramen

1 = extends posteriorly to level of infraorbital foramen

Pterygoid process of the maxilla. Boessenecker and Churchill (2018: character 8),
Berta and Wyss (1994: character 6), Deméré and Berta (2002: character 3),
Kohno (1996: character 16).

0 = does not form anteromedial floor to orbit

1 = posterolaterally expanded as corner-like shelf below orbit

Infraorbital foramen. Boessenecker and Churchill (2018: character 9), Berta and
Wyss (1994: character 11), Deméré and Berta (2002: character 17).

0 = large and broad, visible in anterior view

1 = narrow, not visible in anterior view

Antorbital process. Boessenecker and Churchill (2018: character 10), Deméré
(1994: character 6), Kohno (1996: character 7).

0 = present

1 = absent

2 = prominent

Maxilla, nasolabialis fossa. Boessenecker and Churchill (2018: character 11),
Berta and Wyss (1994: character 7), Boessenecker and Churchill (2015: 12).
0 = present

1 = absent

Palate arching. Boessenecker and Churchill (2018: character 12), Deméré and
Berta (2002: character 4), Kohno (1996: character 9).

0 = relatively flat (palatal arch approximately 0.18-0.19)

1 = transversely arched (palatal arch greater than 0.25)

Palate: Incisive foramina. Boessenecker and Churchill (2018: character 13),
Demér¢ and Berta (2002: character 7), Kohno (1996: character 4).

0 = divided by medial septum

1 = medial septum absent

2 = foramina reduced

Palate, toothrows. Boessenecker and Churchill (2018: character 14), Berta and
Wyss (1994: character 13), Kohno (1996: character 8).

0 = slightly divergent

1 = strongly divergent

2 = parallel
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15.

16.

17.

18.

19.

20.

21.

22.

Supraorbital process of frontals. Boessenecker and Churchill (2018: character 15),
Berta and Wyss (1994: character 17), Deméré and Berta (2002: character 8),
Kohno (1996: characters 11, 12).

0 = low but distinct ridge

1 = polymorphic for states 0 and 2

2 = absent or indistinct

3 = small and posteriorly positioned along intertemporal bar

4 = strongly developed rectangular or triangular supraorbital shelf

Orbit size. Boessenecker and Churchill (2018: character 16).
0 = Large (18-21% BL)

1 = Very Large (+21% BL)

2 = Small (< 18%)

Orbit, orbital vacuity. Boessenecker and Churchill (2018: character 17), Berta and
Wyss (1994: character 12), Kohno (1996, character 13).

0 = absent

1 = present

Orbit, optic foramen. Boessenecker and Churchill (2018: character 18), Kohno
(1996: character 17).

0 = located anterodorsally

1 = positioned posteroventrally anterior to braincase

Orbit, optic foramina. Boessenecker and Churchill (2018: character 19), Kohno
(1996: character 19).

0 = bilateral and separated

1 = merged at sagittal plane

Lateral wall of alisphenoid canal. Boessenecker and Churchill (2018: character
20), Berta and Wyss (1994: character 20); Furbish (2015: character 22).

0 = thick and well-developed

1 = thin

2 = absent

Zygomatic arch: dorsal margin of maxillary root. Boessenecker and Churchill
(2018: character 21), Deméré and Berta (2002: character 6), Kohno (1996:
character 10).

0 = not retracted dorsal to infraorbital foramen

1 =retracted dorsal to infraorbital foramen

Zygomatic arch: squamosal-jugal articulation. Boessenecker and Churchill (2018:
character 22), Berta and Wyss (1994: character 39), Deméré and Berta (2002:
character 11), Kohno (1996: character 15).

0 = splint like
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23.

24.

25.

26.

27.

28.

29.

30.

1 = mortised, zygomatic process of squamosal exhibits minimal dorsoventral
expansion
2 = mortised, zygomatic process of squamosal greatly expanded dorsoventrally

Zygomatic arch: jugal-maxillary suture. Boessenecker and Churchill (2018:
character 23), Demér¢ and Berta (2002: character 12), Kohno (1996: character
14).

0 = jugal with anterodorsal and anteroventral splints

1 = polymorphic for states 0 and 2

2 = jugal with anterodorsal splint only

3 = elongate anteroventral splint extends anteriorly to level of M1

Zygomatic arch, ventral tuberosity of anterior zygomatic root. Boessenecker and
Churchill (2018: character 24), Kohno et al. (2007: character 7).

0 = absent

1 = present

Zygomatic arch, postorbital process. Boessenecker and Churchill (2018: character
25).

0 = well developed and triangular

1 = indistinct, dorsal surface smooth and flush with zygomatic process

Zygomatic arch, transverse width. Boessenecker and Churchill (2018: character
26).

0 = widest point at approximate level of anterior border of the glenoid fossa

1 = anterior to glenoid fossa

Braincase, pseudosylvian sulcus. Boessenecker and Churchill (2018: character
27), Kohno (1996, character 25).

0 = visible externally on braincase

1 = absent, lateral wall of braincase smoothly convex

Braincase, anterolateral margin in dorsal view. Boessenecker and Churchill
(2018: character 28), Boessenecker and Churchill (2015: character 58).

0 = forms a corner

1 = smoothly convex

Braincase, squamosal fossa. Boessenecker and Churchill (2018: character 29),
Deméré and Berta (2002: character 18).

0 = undivided

1 = divided, posterior and anterior portions of approximately equal in size

2 = divided, posterior portion smaller than anterior

Basicranium, paroccipital process. Boessenecker and Churchill (2018: character

30), Berta and Wyss (1994: character 45). Deméré and Berta (2002: character 9),
Kohno (1996: character 29).
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31.

32.

33.

34.

35.

36.

37.

0 = small and blunt

1 = large and excavated

2 = large and not excavated
3 = small and crest-like

Basicranium, tympanic bulla. Boessenecker and Churchill (2018: character 31),
Deméré¢ and Berta (2002: character 10).

0 = only ectotympanic inflated

1 = ectotympanic flat with minimal inflation

2 = entotympanic and ectotympanic greatly inflated and bulbous

Styloid process of tympanic bulla. Boessenecker and Churchill (2018: character
32), Berta and Wyss (1994: character 41), Deméré and Berta (2002: character 13).
0 = present

1 = absent, anterior corner of entotympanic retracted posteriorly

2 =absent, ectotympanic reduced

Stylomastoid foramen. Boessenecker and Churchill (2018: character 33), Deméré
and Berta (2002: character 14).

0 = in common fossa with tympanohyal pit

1 = separated from tympanohyal by a raised strut or ridge

Basicranium, pterygoid strut. Boessenecker and Churchill (2018: character 34),
Deméré (1994: character 13), Kohno (1996: character 18).

0= slender

1= dorsoventrally and laterally projected

2= dorsoventrally thick and transversely broad

3= transversely thin and "rolled"

Basicranium, shape of basioccipital. Boessenecker and Churchill (2018: character
35), Berta and Wyss (1994: character 42), Kohno (1996, character 26).

0 = parallel sided

1 = pentagonal in shape, gradually but noticeably narrows anteriorly

Basicranium, posterior lacerate foramen. Boessenecker and Churchill (2018:
character 36), Berta and Wyss (1994: character 43), Kohno (1996, character 28).
0 = anteroposteriorly expanded

1 = transversely expanded

2 = fissure

Mandible, angular process. Boessenecker and Churchill (2018: character 37),
Berta and Wyss (1994: character 21).

0 = well developed

1 = polymorphic for states 0 and 2

2 =reduced or absent
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38.

39.

40.

41.

42.

43.

44,

45.

Mandible, digastric insertion. Boessenecker and Churchill (2018: character 38),
Berta and Wyss (1994: character 52), Deméré (1994: character 44), Deméré and
Berta (2002: character 22), Kohno (1996: character 30).

0 = small and indistinct

1 = well developed

Mandible: depth of horizontal ramus. Boessenecker and Churchill (2018:
character 39), Boessenecker and Churchill (2013: 43).

0 = deepest part of horizontal ramus posterior to mandibular symphysis

1 = deepest part of horizontal ramus at posteroventral terminus of symphysis

Mandible: mandibular condyle. Boessenecker and Churchill (2018: character 40),
Berta and Wyss (1994: character 53).

0 = at or slightly above level of tooth row

1 = elevated above tooth row

Mandible, genial tuberosity. Boessenecker and Churchill (2018: character 41),
Boessenecker and Churchill (2013: character 37).

0 = absent or indistinct

1 = present; developed as small tubercle or process on anterior portion of ramus
2 = present and well developed; extends well below ventral margin of ramus

Symphyseal angle of mandible (angle between longest axis of symphysis and
alveolar margin of mandible in medial view). Boessenecker and Churchill (2018:

character 43).
0=>50°

1 =40-50°

2 =<40°

Mandible: length of lower postcanine tooth row length. Boessenecker and
Churchill (2018: character 43), Berta and Wyss (1994: character 69),
Boessenecker and Churchill (2013: character 65).

0 = long (length of tooth row greater than 40% of the mandible length).

1 = short (length of tooth row less than or equal to 40% of the mandible length).

Dentition, 13 orientation. Boessenecker and Churchill (2018: character 44),
Deméré and Berta (2002: character 23), Kohno (1996: character 31).

0 = vertical or subvertical

1 = procumbent and laterally directed

I3 size and shape. Boessenecker and Churchill (2018: character 45).
0 = same size or only slightly larger than 11-2

1 = greatly larger than I1-2 and canine-like

2 = similar in morphology to premolars
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46.

47.

48.

49.

50.

51.

52.

53.

C1, carinae. Boessenecker and Churchill (2018: character 46), Deméré and Berta
(2002: character 24), Kohno (1996: character 32).

0 = posterior and medial carinae present

1 = posterior and medial carinae absent

Upper postcanine tooth roots orientation. Boessenecker and Churchill (2018:
character 47), Deméré and Berta (2002: character 28)

0 = vertical

1 = anteriorly inclined

P1-3 crowns, cingulum. Boessenecker and Churchill (2018: character 48), Berta
and Wyss (1994: character 67), Boessenecker and Churchill (2013: character 71;
2015: character 82).

0 = narrow, smooth lingual cingulum

1 = well-developed cuspate cingulum

2 =no cingulum

P2-P3 rooting. Boessenecker and Churchill (2018: character 49), Berta and Wyss
(1994: character 62), Boessenecker and Churchill (2013: character 74; 2015:
character 82)

0 = double
1 = polymorphic for states 0 and 2
2 =single

P4 rooting. Boessenecker and Churchill (2018: character 50), Berta and Wyss
(1994: character 64), Boessenecker and Churchill (2013: character 76; 2015:
character 82)

0 = Triple

1 = polymorphic for states 0 and 2
2 =Double

3 = Single

P4, metacone. Boessenecker and Churchill (2018: character 51), Deméré and
Berta (2001: character 16).

0 = distinct

1 = reduced or absent

P4, protocone shelf. Boessenecker and Churchill (2018: character 52), Berta and
Wyss (1994: character 63), Boessenecker and Churchill (2013: character 75),
Deméré (1994: character 36), Kohno et al. (2007: character 47).

0 = anteromedially placed

1 = posteromedially placed with small cuspules

2 =reduced or absent

Dentition, size of M1 relative to premolars. Boessenecker and Churchill (2018:
character 53), Berta and Wyss (1994: character 66), Kohno (1996: character 40).
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54.

55.

56.

57.

58.

59.

60.

0 =equal in size
1 = reduced in size

MI rooting. Boessenecker and Churchill (2018: character 54), Berta and Wyss
(1994: character 65), Boessenecker and Churchill (2013: character 77; 2015:
character 82).

0 = Triple

1 = polymorphic for state 0 and 2
2 =Double

3 = polymorphic for state 2 and 4
4 = Single

M2. Boessenecker and Churchill (2018: character 55), Berta and Wyss (1994
character 68), Kohno (1996: character 39).

0 = present
1 = polymorphic for states 0 and 2
2 = absent

M1, metacone. Boessenecker and Churchill (2018: character 56).
0 = distinct, prominent cusp
1 = absent or indistinct

M1, protocone. Boessenecker and Churchill (2018: character 57).

0 = distinct, prominent and posteromedially positioned, resulting in a triangular-
shaped M1

1 = indistinct or absent, resulting in a largely round or square M1

Dentition, lower cheek teeth, size. Boessenecker and Churchill (2018: character
58), Berta and Wyss (1994: character 66), Kohno (1996: character 40).

0 =p4-ml larger than p2-3

1 =p2-ml all approximately equal size

2 =ml distinctly smaller than p2-4

Dentition, orientation of lower cheek teeth. Boessenecker and Churchill (2018:
character 59).

0 = teeth parallel to adjacent cheek teeth, oriented dorsoventrally

1 = cheektooth orientation is divergent, with p1 directed anterodorsally and
posterior teeth posterodorsally

Lower postcanines, crowns. Boessenecker and Churchill (2018: character 60),
Berta and Wyss (1994: character 75), Boessenecker and Churchill (2013,
character 63; 2015: character 74).

0 = transversely narrow

1 = round and bulbous
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61.

62.

63.

64.

65.

66.

67.

68.

Lower postcanines, cingulum. Boessenecker and Churchill (2018: character 61),
Boessenecker and Churchill (2013: character 67).

0 = present lingually and labially

1 = present lingually only

2 = absent

p2-4 rooting. Boessenecker and Churchill (2018: character 62), Boessenecker and
Churchill (2013: 72, 73; 2015: character 92).

0 = double rooted

1 = polymorphic for states 0 and 2

2 = single rooted

p2-4 crowns, paraconid and hypoconid cusps. Boessenecker and Churchill (2018:
character 63), Berta and Wyss (1994: character 70); Boessenecker and Churchill
(2013: character 66, 68; 2015: 93).

0 = trenchant

1 = conical

2 = absent or reduced

m1 rooting. Boessenecker and Churchill (2018: character 64), Boessenecker and
Churchill (2013: 79; 2015: 92).

0 = double
1 = polymorphic for states 0 and 2
2 = single

ml, talonid basin. Boessenecker and Churchill (2018: character 65), Berta and
Wyss (1994: character 71), Boessenecker and Churchill (2013: 69).

0 = present as slight concavity or small shelf

1 = absent

ml, metaconid. Boessenecker and Churchill (2018: character 66), Berta and Wyss
(1994: character 72), Boessenecker and Churchill (2013: 70).

0 = present
1 =reduced
2 = absent

m2. Boessenecker and Churchill (2018: character 67), Berta (1995: character 31),
Berta (1994: character 19), Berta and Wyss (1994: character 85), Churchill et al.
(2014: character 83), Boessenecker and Churchill (2015: character 98)

0 = present

1 = polymorphic for states 0 and 2

2 = absent

Manubrium, proportions. Boessenecker and Churchill (2018: character 68).

0 = anterior and posterior halves similar in transverse diameter
1 = anterior portion transversely wider
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69.

70.

71.

72.

73.

74.

75.

76.

77.

Scapula, supraspinous fossa. Boessenecker and Churchill (2018: character 69),
Berta and Wyss (1994: character 85).

0 = slightly larger than infraspinous fossa.

1 = much larger than infraspinous fossa.

Scapula, acromion process. Boessenecker and Churchill (2018: character 70),
Berta and Wyss (1994: character 83).

0 = knoblike

1 =reduced

Scapula, hook-like process for teres major. Boessenecker and Churchill (2018:
character 71), Berta and Wyss (1994: character 82).

0 = present

1 = absent

Scapula, secondary spine. Boessenecker and Churchill (2018: character 72), Berta
and Wyss (1994: character 86), Boessenecker and Churchill 2015: character 103).
0 = absent

1 = absent, but a scapular undulation is present

2 = present

Humerus, greater tuberosity. Boessenecker and Churchill (2018: character 73).
0 = at level of humeral head
1 = extends far proximal to humeral head and lesser tuberosity

Humerus, length of deltopectoral crest. Boessenecker and Churchill (2018:
character 74), Berta and Wyss (1994: character 88).

0 = less than or equal to 1/2 humerus length

1 =1/2 to 3/4 humerus length

Humerus, distal termination of deltopectoral crest. Boessenecker and Churchill
(2018: character 75), Berta and Wyss (1994: character 88).

0 = gradual

1 = abrupt

Humerus, supinator ridge. Boessenecker and Churchill (2018: character 76), Berta
and Wyss (1994: character §9).

0 = well developed

1 = absent or reduced

Humerus, diameter of humeral trochlea. Boessenecker and Churchill (2018:
character 77), Berta and Wyss (1994: character 93), Deméré (1994: character 47).
0 = medial and lateral edges equal

1 = medial edge much larger
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78.

79.

80.

81.

82.

83.

84.

85.

86.

Humerus, deltoid tubercle. Boessenecker and Churchill (2018: character 78),
Deméré (1994: character 45).

0 = on deltopectoral crest

1 = separated from deltopectoral crest

Humerus, posterior margin in lateral view. Boessenecker and Churchill (2018:
character 79).

0 = straight to concave

1 = strongly sinuous owing to anteriorly prominent supinator ridge

Ulna, olecranon process. Boessenecker and Churchill (2018: character 80), Berta
and Wyss (1994: character 94).

0 = knoblike and unexpanded

1 = transversely flattened and posteriorly expanded

Radius, shape in lateral view. Boessenecker and Churchill (2018: character 81),
Berta and Wyss (1994: character 95).

0 = convexly arched and distal end similar in anteroposterior width to proximal
end

1 = distal end expanded and approximately twice as wide as proximal end

Radius, distal end. Boessenecker and Churchill (2018: character 82), Deméré
(1994: character 48).

0 = unexpanded

1 = expanded, with small radial process

2 = expanded, with large radial process

Radius, pronator teres process. Boessenecker and Churchill (2018: character 83),
Berta and Wyss (1994: character 96).

0 = positioned at midpoint or on distal 1/2 of shaft

1 = positioned on proximal 1/2 of shaft

Scapholunar, pit for magnum. Boessenecker and Churchill (2018: character 84),
Demeéré (1994: character, 50).

0 = absent

1 = present

Metacarpal 1, pit or rugosity. Boessenecker and Churchill (2018: character 85),
Berta and Wyss (1994: character 99).

0 = absent

1 = present

Ungual phalanges. Boessenecker and Churchill (2018: character 86), Berta and
Wyss (1994: character 102).

O=small claw core present

1=distal end blocky and rugose for cartilaginous extension of digit
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87.

88.

89.

90.

91.

92.

93.

94.

95.

Innominate, foramen for obturator nerve. Boessenecker and Churchill (2018:
character 87), Berta and Wyss (1994: character 113).

0 = obturator foramen absent

1 = obturator foramen present

Innominate, ischial spine. Boessenecker and Churchill (2018: character 88), Berta
and Wyss (1994: character 114).

0 = small

1 = large and triangular

Femur, fovea for teres femoris ligament. Boessenecker and Churchill (2018:
character 89), Berta and Wyss (1994: character 115).

0 = present

1 = absent

Femur, lesser trochanter. Boessenecker and Churchill (2018: character 90), Berta
and Wyss (1994: character 116).

0 = present

1 = absent

Femur, greater trochanter. Boessenecker and Churchill (2018: character 91), Berta
and Wyss (1994: character 117).

0 = small and rounded

1 = large and anteroposteriorly flattened

Astragalus, calcaneal process. Boessenecker and Churchill (2018: character 92),
Berta and Wyss (1994: character 126).

0 = absent

1 = present

2 = elongated

Calcaneum, calcaneal tuber. Boessenecker and Churchill (2018: character 93),
Berta and Wyss (1994: character 125).

0 = straight

1 = medially prominent

Calcaneum, secondary sustentacular shelf. Boessenecker and Churchill (2018:
character 94), Berta and Wyss (1994: character 123).

0 = absent

1 = present

Tarsals, entocuneiform/mesocuneiform articulation. Boessenecker and Churchill
(2018: character 95), Deméré (1994: character 53).

0 = abutting

1 = overlapping

135



96.

97.

98.

Anterior narial opening. Tonomori et al. (2018: character 3).
0 = large, thin margin, and rounded
1= large, thick margin, and dorsoventrally elliptical

Epitympanic recess. Tonomori et al. (2018: character 28).
0= small

1=large

2= very large

Jugal, postorbital process. Tonomori et al. (2018: character 22).

0 = small
1 = dorsally projecting
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APPENDIX B

NEXUS FORMATTED MORPHOLOGICAL CHARACTER MATRIX FOR
CHAPTER1I

#NEXUS
[written Thu Dec 19 17:47:40 PST 2019 by Mesquite version 3.51 (build 898) at LAPTOP-
2ALJS32L/10.0.0.48]

BEGIN TAXA;

TITLE Taxa,;

DIMENSIONS NTAX=26;

TAXLABELS

Enaliarctos_spp. Pteronarctos goedertae Pinnarctidion bishopi

Pinnarctidion _rayi Desmatophoca_oregonensis Desmatophoca brachycephala
Allodesmus_kernensis Atopotarus courseni Allodesmus_packardi Allodesmus_naorai
Allodesmus_demerei Allodesmus_uraiporensis Allodesmus_sinanoensis
Thalassoleon_mexicanus Callorhinus_ursinus Zalophus_californianus
Proneotherium_repenningi Neotherium mirum Imagotaria spp. Gomphotaria pugnax

Odobenus_rosmarus Devinophoca claytoni Monachus_monachus Erignathus barbatus
USNM 335445 UOMNCH_F 68583

5

END;

BEGIN CHARACTERS;

TITLE Character Matrix;

DIMENSIONS NCHAR=98;

FORMAT DATATYPE = STANDARD GAP = - MISSING =? SYMBOLS=" 0123
4";

MATRIX

Enaliarctos_spp.
0000000000000000000000000000000000000000000000000000020000000000000?1000000000
00000?701000000000000

Pteronarctos_goedertae
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Pinnarctidion rayi
0000010100000001010000000100210?010101102?1000000201020001001010100?71000010000

Desmatophoca oregonensis
1100000100101001010001300000221011001111211110010211131011011010100?10100101?00

Allodesmus_kernensis
11211011101120311111123010112211111121102211111223121411121122211101101101110001
111001101110101121

Atopotarus_courseni
220701?2771220???77222200077?2270?7?77721102111117222122222711120?0?121101101110001111

??101010101121
Allodesmus_sinanoensis

??100?71?010?1??

Thalassoleon_mexicanus
0200010002100240101000000010011000000010211010000212020111001020112?1012110100
11111001101010000070

Callorhinus_ursinus
020001000210024110100000001001100000001020101000231203111100121211201012110100
11111001101010010000

Zalophus_californianus
0200010002100241101000000010011000000010211010012312041111001212112?1012110100
11111001101010010000

Proneotherium_repenningi

?1007??117?1110?010
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Imagotaria_spp.
0000010002100200010000000011011002100110201010011211020?11011110111?710?01101100
112011???1011101110

Gomphotaria_pugnax

112011??11011101111

Odobenus_rosmarus
20000101021102021100000001110110021000101?17210227127?27??01222?112010101101110
1120111111011101111

Devinophoca_claytoni

Monachus monachus
110000000210012111020220010013220310211111100001021212211100000010200110001100
11100000011112000021

Erignathus_barbatus
11020000001001111102021?00000322030201011110000002120220110000?01?2?01000011001
1100000011112000021

USNM 335445

2

END;
ctype ord : 1523 37 49 50 54 55 62 64 67,

END;
BEGIN ASSUMPTIONS;
TYPESET * UNTITLED = unord: 1-98;

END;

BEGIN MESQUITECHARMODELS;
ProbModelSet * UNTITLED = 'MKkI (est.)": 1-98;

END;

Begin MESQUITE;
MESQUITESCRIPTVERSION 2;
TITLE AUTO;

tell ProjectCoordinator;
timeSaved 1576806460323;
getEmployee #mesquite.minimal.ManageTaxa.ManageTaxa;
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tell It;
setID 0 421770968555457424;
endTell;
getEmployee #mesquite.charMatrices.ManageCharacters.ManageCharacters;
tell It;
setID 0 3333749591159525760;
mqVersion 351;
checksumv 0 3 2067079459 null getNumChars 98 numChars 98
getNumTaxa 26 numTaxa 26 short true bits 31 states 31 sumSquaresStatesOnly 11630.0
sumSquares 11630.0 longCompressibleToShort false usingShortMatrix true NumFiles 1
NumMatrices 1;
mgqVersion;
endTell;
getWindow;
tell It;
suppress;
setResourcesState false false 141;
setPopoutState 300;
setExplanationSize 0;
setAnnotationSize 0;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 2091 1174;
setLocation 1510 150;
setFont SanSerif;
setFontSize 10;
getToolPalette;
tell It;
endTell;
desuppress;
endTell;
getEmployee #mesquite.trees.BasicTreeWindowCoord.BasicTreeWindowCoord;
tell It;
makeTreeWindow #421770968555457424
#mesquite.trees.BasicTree WindowMaker.BasicTreeWindowMaker;
tell It;
suppressEPCResponse;
setTreeSourceEditMode #mesquite.trees.Stored Trees.Stored Trees;
tell It;
laxMode;
setTreeBlock -2147483647;
toggleUseWeights off;
endTell;
setAssignedID 985.1576714518141.3785034216871739372;
getTreeWindow;
tell It;
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setExplanationSize 30;
setAnnotationSize 20;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 1950 1102;
setLocation 1510 150;
setFont SanSerif;
setFontSize 10;
getToolPalette;
tell It;
setTool
mesquite.trees.BasicTreeWindowMaker.BasicTree Window.interchange;
endTell;
getTreeDrawCoordinator
#mesquite.trees.BasicTreeDrawCoordinator.BasicTreeDrawCoordinator;
tell It;
suppress;
setTreeDrawer
#mesquite.trees.SquareLineTree.SquareLineTree;
tell It;
setNodeLocs
#mesquite.trees.NodeLocsStandard.NodeLocsStandard;
tell It;
branchLengthsToggle off;
toggleScale on;
toggleBroadScale off;
toggleCenter on;
toggleEven on;
setFixedTaxonDistance 0;
endTell;
setEdgeWidth 4;
showEdgeLines on;
orientRight;
endTell;
setBackground White;
setBranchColor Black;
showNodeNumbers off;
showBranchColors on;
labelBranchLengths off;
centerBrLenLabels on;
showBrLensUnspecified on;
showBrLenLabelsOnTerminals on;
setBrLenLabelColor 0 0 255;
setNumBrLenDecimals 6;
desuppress;
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getEmployee
#mesquite.trees.BasicDrawTaxonNames.BasicDrawTaxonNames;
tell It;
setFontSize 24;
setColor Black;
toggleColorPartition off;
toggleColorAssigned on;
toggleShadePartition off;
toggleShowFootnotes on;
toggleNodeLabels on;
toggleCenterNodeNames off;
toggleShowNames on;
namesAngle ?;
endTell;
endTell;
setTreeNumber 1;
setTree
(((((((25,26),((5,6).((T.(8,9),((10,11),(12,13))))),(24,(23,22))),(14,(15,16)),((20,21),19),(18,17)),
(3.4)).2),1);;
setDrawingSizeMode 0;
toggleLegendFloat on;
scale 0;
toggleTextOnTree off;
togglePrintName off;
showWindow;
endTell;
setEditMode 'Edited, based on Untitled Tree [Stored Trees]';
desuppressEPCResponseNORESET;
getEmployee #mesquite.trees.ColorBranches.ColorBranches;
tell It;
setColor Red;
removeColor off;
endTell;
getEmployee #mesquite.ornamental. BranchNotes.BranchNotes;
tell It;
setAlwaysOn off;
endTell;
getEmployee
#mesquite.ornamental.ColorTreeByPartition.ColorTreeByPartition;
tell It;
colorByPartition off;
endTell;
getEmployee
#mesquite.ornamental. Draw TreeAssocDoubles.DrawTree AssocDoubles;
tell It;
setOn on;
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toggleShow consensusFrequency;
toggleShow posteriorProbability;
toggleShow bootstrapFrequency;
toggleShow consensusFrequency;
toggleShow posteriorProbability;
toggleShow bootstrapFrequency;
setDigits 4;
setThreshold ?;
writeAsPercentage off;
toggleCentred off;
toggleHorizontal on;
toggleWhiteEdges on;
toggleShowOnTerminals on;
setFontSize 10;
setOffset 0 0;
endTell;
getEmployee
#mesquite.ornamental. Draw TreeAssocStrings.DrawTree AssocStrings;
tell It;
setOn on;
toggleCentred on;
toggleHorizontal on;
setFontSize 10;
setOffset 0 0;
toggleShowOnTerminals on;
endTell;
getEmployee #mesquite.trees. TreeInfoValues. TreeInfo Values;
tell It;
panelOpen false;
endTell;
endTell;
endTell;
getEmployee
#mesquite.charMatrices.BasicDataWindowCoord.BasicDataWindowCoord;
tell It;
showDataWindow #3333749591159525760
#mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindowMaker;
tell It;
getWindow;
tell It;
setExplanationSize 30;
setAnnotationSize 20;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 1950 1102;
setLocation 1510 150;
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setFont SanSerif;
setFontSize 10;
getToolPalette;
tell It;
setTool
mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindow.ibeam;
endTell;
setActive;
setTool
mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindow.ibeam;
colorCells #mesquite.charMatrices.NoColor.NoColor;
colorRowNames
#mesquite.charMatrices. TaxonGroupColor. TaxonGroupColor;
colorColumnNames
#mesquite.charMatrices.CharGroupColor.CharGroupColor;
colorText #mesquite.charMatrices.NoColor.NoColor;
setBackground White;
toggleShowNames on;
toggleShowTaxonNames on;
toggleTight off;
toggleThinRows off;
toggleShowChanges on;
toggleSeparateLines off;
toggleShowStates on;
toggleAutoWCharNames on;
toggleAutoTaxonNames off;
toggleShowDefaultCharNames off;
toggleConstrainCW on;
toggleBirdsEye off;
toggleShowPaleGrid off;
toggleShowPaleCellColors off;
toggleShowPaleExcluded off;
togglePalelnapplicable on;
toggleShowBoldCellText off;
toggleAllowAutosize on;
toggleColorsPanel off;
toggleDiagonal on;
setDiagonalHeight 80;
toggleLinkedScrolling on;
toggleScrollLinkedTables off;
endTell;
showWindow;
getWindow;
tell It;
forceAutosize;
endTell;
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getEmployee #mesquite.charMatrices.AlterData. AlterData;
tell It;
toggleBySubmenus off;
endTell;
getEmployee #mesquite.charMatrices.ColorByState.ColorByState;
tell It;
setStateLimit 9;
toggleUniformMaximum on;
endTell;
getEmployee #mesquite.charMatrices.ColorCells.ColorCells;
tell It;
setColor Red;
removeColor off;
endTell;
getEmployee #mesquite.categ. StateNamesStrip.StateNamesStrip;
tell It;
showStrip off;
endTell;
getEmployee #mesquite.charMatrices. AnnotPanel. AnnotPanel;
tell It;
togglePanel off;
endTell;
getEmployee
#mesquite.charMatrices.CharReferenceStrip.CharReferenceStrip;
tell It;
showStrip off;
endTell;
getEmployee
#mesquite.charMatrices.QuickKeySelector.QuickKeySelector;
tell It;
autotabOff;
endTell;
getEmployee
#mesquite.charMatrices.SelSummaryStrip.SelSummaryStrip;
tell It;
showStrip off;
endTell;
getEmployee
#mesquite.categ.SmallStateNamesEditor.SmallStateNamesEditor;
tell It;
panelOpen true;
endTell;
endTell;
endTell;
endTell;
end;
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APPENDIX C

FIRST AND LAST APPEARANCE DATA FOR TAXA IN CHAPTER 11

First appearance datum (FAD) and last appearance datum (LAD) in
millions of years ago for each of the taxa used to timescale the
phylogeny in Figure 4 of Chapter II after Boessenecker and Churchill
(2018) and Poust and Boessenecker (2018).

Taxon Name FAD LAD
Enaliarctos spp. 30.6 16.6
Pteronarctos goedertae 20.2 16.6
Pinnarctidion bishopi 24 21.5
Pinnarctidion rayi 24.7 19.1
Desmatophoca oregonensis 20.2 16.6
Desmatophoca brachycephala  22.9 19
Allodesmus kernensis 15.85 15.15
Atopotarus courseni 15.7 14
Allodesmus packardi 14.8 11.6
Allodesmus naorai 13.5 11.8
Allodesmus demerei 10.5 9.1
Allodesmus uraiporensis 16.3 13.5
Allodesmus sinanoensis 13.5 12.5
Thalassoleon mexicanus 6 4.9
Callorhinus ursinus 1.81 0
Zalophus californianus 0.78 0
Proneotherium repenningi 17.3 16.6
Neotherium mirum 15.85 15.15
Imagotaria downsi 10 7
Gomphotaria pugnax 7.1 4.9
Odobenus rosmarus 2.7 0
Devinophoca claytoni 16.3 12.82
Monachus monachus 0.98 0
Erignathus barbatus 1.81 0
Eodesmus condoni 17.3 16.6
USNM 335445 17.3 16.6
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APPENDIX D

TIME-SCALED PHYLOGENY IN NEWICK FORMAT USED IN
CHAPTER III

((((((((Devinophoca_claytoni:3.68,(((Erignathus_barbatus:0.5,Erignathus_barbatus1:0.5):
10.5,((Cystophora cristatal:0.5,Cystophora_cristata:0.5):6.5,(((Histriophoca fasc
iatal:0.5,Histriophoca_fasciata:0.5):3.5,(Pagophilus_groenlandicus:0.5,Pagophilu
s_groenlandicus1:0.5):3.5):1.5,((Phoca_vitulina:0.5,Phoca_vitulinal:0.5,Phoca vi
tulina2:0.5):2.5,(((Pusa_hispida:0.5,Pusa_hispidal:0.5):1,(Pusa_sibirica2:0.5,Pusa
_sibirica3:0.5,Pusa_sibirical:0.5,Pusa_sibirica:0.5):1):1,(Pusa_caspica:1.75,(Hali
choerus_grypus1:0.5,Halichoerus grypus:0.5):1.25):0.75):0.5):2.5):1.5):4):5,((Ho
miphoca_capensis:3.504,Piscophoca_pacifica:3.504):2,(((Neomonachus_schauins
landi1:0.5,Neomonachus_schauinslandi2:0.5,Neomonachus_schauinslandi:0.5):8.
5,Monachus_monachus:9):1.5,((Mirounga angustirostris:0.5,Mirounga angustiro
stris1:0.5):8.5,((Ommatophoca rossii:0.5,0mmatophoca_rossiil:0.5):5.5,((Lepton
ychotes weddellii:0.5,Leptonychotes weddelliil:0.5):3,(Hydrurga leptonyx1:0.5,
Hydrurga leptonyx:0.5):3):2.5):3):1.5):2.25):3.25):1.5):9.44,(((Eodesmus_condo
ni:1.06,Eodesmus_sp.:1.06):3.25,(Allodesmus_kernensis:1.47,(Desmatophoca_br
achycephala:0.97,Desmatophoca_oregonensis:3.56):0.5):0.25):0.17,((Neotherium
_mirum:1.16,(Imagotaria_downsi:6.615,(Pontolis_barroni:4.41,(Dusignathus:2.20
5,(Pliopedia_pacifica:0.367,(Valenictus_imperialensis:0.1835,(Odobenus_rosmar
us:0.5,0dobenus_rosmarus1:0.5,0dobenus_rosmarus2:0.5,0dobenus_rosmarus3:
0.5,0dobenus_rosmarus4:0.5,0dobenus_rosmarus5:0.5,0dobenus_rosmarus8:0.5,
Odobenus_rosmarus9:0.5,0dobenus_rosmarus6:0.5,0dobenus_rosmarus7:0.5):5.
0165):0.1835):8.125):2.205):2.205):3.365):1.16,(((((((((Arctocephalus_australis:0
.5,Arctocephalus_australis1:0.5):0.2,(Arctocephalus_galapagoensis1:0.5,Arctocep
halus_galapagoensis:0.5):0.2):0.4,(Arctocephalus_forsteri:0.5,Arctocephalus_fors
teril:0.5):0.6):3.4,(Otaria_bryonia:0.5,0taria_bryonial:0.5):4):0.7,((Eumetopias_j
ubatus:0.5,Eumetopias_jubatus1:0.5,Eumetopias_jubatus2:0.5):4,(Zalophus_calif
ornianus:0.5,Zalophus_californianus1:0.5):4):0.7):0.9,(Neophoca_cinereal:0.5,Ne
ophoca_cinerea:0.5):5.6):2.1,(Callorhinus_ursinus:0.5,Callorhinus_ursinus1:0.5):
7.7):0.4,Thalassoleon _mexicanus:1.354):8.59,Pithanotaria_starri:5.57):5.57):2.16
):2.02):1.36,Pinnarctidion_rayi:7.86):1.2,Pteronarctos goedertae:9.06):2.5,Enaliar
ctos_emlongi:3.9):1,Enaliarctos_tedfordi:4.9):2.5,Enaliarctos_mealsi:7.4):3.91,Po
tamotherium_vallentoni:11.01);

147



APPENDIX E

PRINCIPAL COMPONENTS USED TO TRAIN THE FLEXIBLE
DISCRIMINANT ANALYSES IN CHAPTER III
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Table 1. First 13 principal components from principal components analysis in Chapter III. Specimen numbers are after Table 1. Continues onto subsequent page.

Taxon Name PC1 PC2 PC3 PC4 PCs PCé6 PC7 PC8 PC9 PC10 PC11 PC12 PC13
1. Potamotherium valletoni 0.0386 0.0562 0.0284 0.0034 0.0371  -0.0075 -0.0169  0.0459 0.0310 0.0094 0.0086 0.0159 0.0242
2. Pinnarctidion rayi 0.0067  0.0446  0.0128  0.0008 -0.0050  0.0062  0.0060  0.0336  0.0634 -0.0346 -0.0411  0.0153 0.0051
3. Desmatophoca oregonensis -0.0270  -0.0073  -0.0270  0.0199 0.0155  -0.0234 -0.0287  0.0449 0.0452  -0.0131 -0.0256 0.0167 -0.0116
4. Allodesmus kernensis -0.0799  0.0124  -0.0220  0.0194  0.0242  -0.0319 0.0032  0.0080  0.0236  -0.0282 -0.0211 0.0148  0.0098
5. -0.0133  0.0412  0.0079  0.0097  0.0389 -0.0326 -0.0160  0.0325  0.0454 -0.0245 -0.0307 0.0103 -0.0124
6.  Ihalassoleon mexicanus -0.0852  0.0312  -0.0107 0.0079  0.0129  -0.0002 -0.0096 0.0197  0.0025  0.0007 -0.0017 -0.0093  0.0095
7. Neotherium mjirum. -0.0199  0.0726  -0.0110  0.0543 0.0060  0.0190 -0.0333 0.0143 0.0201  -0.0024 -0.0506 0.0119  0.0121
8. lmagotaria dowusi, -0.0133  0.0374  -0.0058  0.0256 -0.0046  0.0157 -0.0267 0.0039  0.0150 -0.0114 -0.0327 0.0265 -0.0154
9. Pontolis barroni -0.0886  0.0395  0.0002  0.0352  0.0156 -0.0077 -0.0192  0.0309  0.0052 -0.0021  -0.0231  0.0085 -0.0042
10.  Dusignathus.seffoni -0.0690  0.0063  -0.0310  0.0018 -0.0070  0.0141 0.0305  0.0204  0.0271  -0.0097 0.0059  0.0137  0.0266
11. -0.0843  -0.0301 -0.0472  0.0192 -0.0516 0.0293  0.0001  -0.0304 0.0334 -0.0119 -0.0602 -0.0062 -0.0037
12. -0.0436  0.0005 -0.0574 0.0479  -0.0130 0.0345 -0.0117 0.0310  0.0264  0.0211  -0.0181  0.0214  0.0267
13.  Odobenus rosmarus -0.1051  -0.0078  -0.0428 -0.0279 -0.0677 -0.0458 -0.0236  0.0018 -0.0046 -0.0054 0.0314  0.0051 -0.0035
14. -0.0641  0.0208  -0.0457 -0.0216 -0.0622 -0.0574  0.0217 -0.0197 0.0080  0.0149 -0.0518 -0.0021 -0.0251
15. -0.0772  0.0295  -0.0566  -0.0244 -0.0205 -0.0342 -0.0041  0.0232  -0.0018 0.0249  0.0139  -0.0031  0.0098
16. Arctocephalus australis -0.0720  0.0223 0.0332 -0.0188 0.0101 -0.0147  0.0204 -0.0049 0.0312 -0.0018  0.0025 0.0295  -0.0023
17. -0.1019  0.0087  0.0327 -0.0070  0.0109  0.0153  -0.0023 0.0101 -0.0182  0.0050  0.0297  0.0200  0.0056
18. Arctocephalus forsteri -0.1063  0.0105  0.0047 -0.0394 0.0282  0.0442 -0.0253 0.0030 -0.0140 0.0288  -0.0106  0.0000  0.0251
19. -0.0886  0.0336  0.0288  -0.0236  0.0175  0.0301 0.0041  -0.0152 -0.0035 0.0114 -0.0227 0.0326  0.0062
20. Arctocephalus galgpageepsis, ~ -0.0708  0.0364  0.0195  0.0036  0.0107 -0.0263 0.0165  0.0128  0.0393 0.0213  -0.0043  0.0065  0.0013
21. ursinus -0.1084  -0.0221  0.0406  -0.0141  0.0113 0.0112  -0.0086  0.0150 -0.0174 -0.0352  0.0296 -0.0108 -0.0073
22. -0.1009  0.0141 0.0466  -0.0182  0.0007 -0.0103 0.0017 -0.0037  0.0242  0.0020  0.0175 0.0088  -0.0067
23. Neophoca cinerea -0.1372  -0.0054 -0.0187 0.2112  0.0076  0.0108  -0.0364 -0.0200 0.0175  0.0025 -0.0068 -0.0075 -0.0050
24. Qraria flaxescens, -0.0727  -0.0357 0.0338  -0.0074 -0.0065 0.0057 -0.0216 0.0051 -0.0264 0.0039 -0.0113 -0.0368  0.0065
25. -0.0902 -0.0313  0.0365 0.0036 -0.0012 -0.0007 0.0263  -0.0054 -0.0409 0.0024 -0.0158 -0.0199 -0.0092
26. Zalophus californianus -0.0816 -0.0139 0.0384  -0.0202  0.0045 -0.0023 0.0114  0.0081 0.0020 -0.0112 -0.0127 -0.0128 -0.0049
27. -0.0819 -0.0018 0.0464 -0.0338  0.0084  0.0020  0.0021  -0.0269 -0.0231 -0.0213 -0.0065 -0.0061  0.0110
28. Cystaphorg cristata 0.0788  0.0438  0.0259 -0.0095 0.0142 0.0169 -0.0241 0.0076  0.0072  0.0196 -0.0010  0.0038  0.0054
29. 0.0636  0.0001 0.0208  0.0149  -0.0275 0.0005 -0.0119  0.0026  -0.0040 -0.0029 -0.0010 -0.0021 -0.0113
30. Erignathus barbatus 0.0634  0.0530 -0.0059 -0.0362 0.0101  -0.0209 -0.0300 -0.0154 0.0221  -0.0018  0.0051  -0.0500 -0.0093
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Table 1. Continued from previous page.

Taxon Name PC1 PC2 PC3 PC4 PCS PCo PC7 PC8 PCY PC10 PC11 PC12 PC13
1. 0.0474  0.0597  0.0043 -0.0175  0.0200  0.0049 -0.0173  0.0119  0.0169  0.0087  0.0044 -0.0333 -0.0180
2. Halichoerus grypus. 0.0528 0.0593  -0.0270  0.0148  -0.0541  0.0019  -0.0434 0.0474  -0.0238 -0.0269 -0.0115 0.0222  -0.0031
3. 0.0713 0.0489  -0.0010 -0.0040 -0.0120 0.0278 -0.0164 -0.0217 -0.0232  0.0082  -0.0081  0.0234  -0.0065
4. 0.0854 -0.0133  0.0233  -0.0072 -0.0103  0.0094 -0.0233 -0.0318  0.0200  -0.0079  0.0094 -0.0196  0.0196
5. 0.0672  -0.0098  0.0221  -0.0097 -0.0246  0.0012 0.0015  -0.0322  0.0062  0.0005 0.0048 0.0065 0.0108
6. 0.0486  -0.1142  0.0085  -0.0055 -0.0457 0.0377 -0.0053 0.0450  0.0380 -0.0016 -0.0317 -0.0074  0.0424
7. 0.0418  -0.0608  0.0181 0.0326  -0.0103  0.0129  0.0522 0.0277  -0.0127  0.0089  -0.0049 -0.0058 -0.0198
8. 0.0403  -0.0273  0.0193  -0.0060 -0.0117  0.0081 0.0191 0.0401 0.0268  0.0253 0.0301  -0.0028  -0.0026
9.  Mirounga gngustirostris, 0.0124  -0.0315 -0.0277  0.0137  -0.0088  0.0022 0.0284  -0.0044 0.0371  -0.0216  0.0245 0.0067  -0.0117
10.  Monachus monachus. 0.0055 -0.0142 -0.0709 -0.0250  0.0138  -0.0149 -0.0173  0.0110 -0.0053 -0.0528 -0.0103  0.0020  0.0040
11. Neomonachus schauinslandi 0.0087  -0.0418 -0.1078 -0.0076  0.0455 0.0138 0.0153  -0.0229 -0.0044 0.0186  0.0256  -0.0057 -0.0010
12. -0.0227  -0.0057 -0.1061  -0.0238  0.0405 0.0245 0.0083  -0.0003  0.0118  0.0061 -0.0138 -0.0035  0.0092
13. -0.0190 -0.0144 -0.1191 -0.0037  0.0249 0.0248 0.0189  -0.0003 -0.0077 -0.0180 -0.0023  0.0080  0.0010
14. Qmmatophoca rossii, 0.0820 -0.1174 0.0377  -0.0023  0.0972  -0.0881 -0.0398  0.0136  -0.0031  0.0023  -0.0167 0.0243  -0.0105
15. 0.0904  -0.1109 -0.0079 -0.0080 -0.0575  0.0086 -0.0135 -0.0465 -0.0282  0.0302 0.0135 0.0105 -0.0174
16. Pagophilys, groenlandicus. 0.0581 0.0078  0.0392 0.0010  0.0060  0.0252 0.0294  -0.0222  0.0151  -0.0363  0.0000  0.0071  -0.0145
17. 0.0404  0.0018  0.0274  -0.0062 -0.0081  0.0076  -0.0030 -0.0443  0.0273  -0.0147 -0.0021  0.0066  0.0082
18. Phoca vitulina. 0.0482 0.0215 0.0180  0.0371  -0.0157  0.0000  0.0322 0.0298  -0.0066 -0.0045  0.0012 0.0051 0.0004
19. Pusa caspica. 0.0908 0.0404  0.0051 0.0567 0.0028  -0.0573  0.0289  -0.0020 -0.0378  0.0034  0.0254  -0.0030  0.0518
20. Pusa hispida 0.0675 0.0212  0.0078 0.0051 0.0265 0.0274  0.0191 0.0217  -0.0275 0.0053  -0.0005 -0.0134 -0.0389
21. 0.0729 0.0263  -0.0042  0.0010  0.0034  0.0193 -0.0180 0.0025 -0.0121  0.0044  0.0002 0.0192  -0.0004
22. Pusa sibirica. 0.0891 0.0598  -0.0009  0.0155 0.0141 0.0051  -0.0204 0.0134  0.0082  0.0093 -0.0023  0.0087 -0.0156

150



APPENDIX F

PLOT OF PRINCIPAL COMPONENTS 1 AND 2 FROM PRINCIPAL
COMPONENT ANALYSIS OF ENVIRONMENTAL PARAMETERS FROM

CHAPTER 1V
151
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Projections of the ecospace for modern (maroon) and fossil (light blue) occurrences of O.
rosmarus onto the first two axes of a principal component analysis (PCA). According to the
broken stick criterion, principal component (PC1) is non-significant and PC2 is significant. The
arrows indicate how sea surface temperature minimum, sea surface temperature range, and sea
surface salinity range each influence PCs 1 and 2.
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APPENDIX G

ECOLOGICAL NICHE MODEL SUMMARY STATISTICS

Table 1. Evaluation summary statistics for the modern ecological niche models from ENMevaluate object (Kass et
al., 2021). Tr = training dataset, AUC = area under the curve, CBI = Boyce Index (an index measuring the quality of
the ecological niche model predictions for the presence of the relevant species; Boyce et al. 2002), Mean AUC.diff =
the average difference between the training and testing AUC across & bins (indicates degree of model overfitting;
Warren and Seifert, 2011), SD = standard deviation, AUC.val = AUC calculated on the validation training sets (the
data withheld during cross-validation), CBI.val = CBI calculated on the validation training sets, ORmTp = omission
rate with threshold as the minimum suitability value across occurrence records, OR10p = omission rate with threshold
as the minimum suitability value across occurrence records after removing the lowest 10 percent, AICc = Akaike
criterion corrected for small sample sizes, AICc.delt = highest AIC value across all models subtracted from this
model’s AICc, where lower values mean higher performance, NC = number of model coefficients, fc = function
class, L = linear, LQ = linear-quadratic, LQP = linear-quadratic-product, rm = regularization multiplier. Continued

onto the subsequent page.

Run ArT;:;its AUCr  CBlm AII\;[éi;liff AUSC].)diff Algé?al AUSCD.val Cl\gii:;l

1 fe.L_rm.0.1 0.8726  0.890  0.00181  0.00110 0.872  0.00088 0.882
2 fe.LQ rm.0.1 0.8933 0942  0.00776  0.00282 0.892  0.00582 0.900
3 fe.P_rm.0.1 08773  0.898  0.00184  0.00078 0.877  0.00157 0.901
4 fLQP rm.0.1 09014 0970  0.00753  0.00203 0.900  0.00566 0.919
5 fe.L rm.0.25 0.8725  0.888  0.00180  0.00110 0.872  0.00089 0.886
6 feLQ m.0.25  0.8931 0948  0.00757  0.00270 0.892  0.00552 0.909
7 fe.P_rm.0.25 08772 0.898  0.00192  0.00076 0.877  0.00162 0.903
8 fLQP_rm.0.25  0.9013 0971  0.00745  0.00203 0.900  0.00554 0.920
9 fe.L_rm.0.5 08725  0.889  0.00178  0.00110 0.872  0.00090 0.884
10 felQ rm.0.5 0.8930 0950  0.00718  0.00252 0.892  0.00495 0.913
11 feP_rm0.5 08769 0902  0.00205  0.00067 0.877  0.00165 0.903
12 foLQP.rmo05 09010 0973 000727  0.00202 0.900  0.00539 0.924
13 fel m.l 08724  0.890  0.00175  0.00110 0.872  0.00093 0.878
14 felQ m.l 0.8927  0.947  0.00654  0.00217 0.892  0.00422 0.913
15  feP_rml 08764 0914  0.00218  0.00056 0.876  0.00157 0.910
16 fe.LQP rm.1 0.8997 0958  0.00700  0.00187 0.899  0.00496 0.927
17 fel m2 08723  0.883  0.00169  0.00111 0.872  0.00097 0.882
18 felQ rm2 0.8924 0929  0.00573  0.00147 0.892  0.00328 0.899
19  feP_rm2 08764 0911  0.00214  0.00058 0.876  0.00153 0.908
20  fclQP rm.2 0.8985 0951  0.00626  0.00161 0.898  0.00374 0.926
21 fel rm4 08721  0.881  0.00162  0.00113 0.872  0.00107 0.879
2 felQ rm4 08918  0.896  0.00462  0.00037 0.892  0.00176 0.883
23 feP rmd 08764 0915  0.00207  0.00060 0.876  0.00148 0.912
24 fcLQP rm.4 0.8956 0932  0.00489  0.00106 0.895  0.00255 0.906

152



Table 1. Continued.

Rt Cplal Argumens  ORwm Oy  AICC AlCeddt N
1 0.0035 fc.L_rm.0.1 0.00245 0.00347 10833 488.65 3
2 0.0750 fc.LQ_rm.0.1 0.00490 0.00693 10344 0.00 6
3 0.0120 fc.P_rm.0.1 0.00245 0.00347 10810 466.17 3
4 0.0566 fc.LQP_rm.0.1 0.00980 0.01386 10473 129.35 8
5 0.0057 fc.L_rm.0.25 0.00245 0.00347 10833 489.36 3
6 0.0728 fc.LQ_rm.0.25 0.00490 0.00693 10351 6.76 6
7 0.0134 fc.P_rm.0.25 0.00245 0.00347 10807 463.40 3
8 0.0559 fc.LQP_rm.0.25 0.00980 0.01386 10476 132.17 8
9 0.0000 fc.L_rm.0.5 0.00245 0.00347 10834 490.51 3

10 0.0686 fc.LQ_rm.0.5 0.00490 0.00693 10363 18.93 5
11 0.0120 fc.P_rm.0.5 0.00245 0.00347 10807 463.14 3
12 0.0580 fc.LQP_rm.0.5 0.00980 0.01386 10478 134.41 7
13 0.0028 fe.L_rm.1 0.00245 0.00347 10837 492.94 3
14 0.0559 fc.LQ_rm.1 0.00490 0.00693 10390 46.22 5
15 0.0191 fc.P_rm.1 0.00245 0.00347 10809 464.62 2
16 0.0566 fc.LQP_rm.1 0.00735 0.01040 10487 142.63 6
17 0.0092 fc.L_rm.2 0.00245 0.00347 10842 498.07 3
18 0.0382 fc.LQ _rm.2 0.00490 0.00693 10450 106.26 5
19 0.0226 fc.P_rm.2 0.00245 0.00347 10816 471.62 2
20 0.0481 fc.LQP_rm.2 0.00490 0.00693 10531 186.79 6
21 0.0092 fc.L rm4 0.00245 0.00347 10853 509.27 3
22 0.0601 fc.LQ rm.4 0.00490 0.00693 10580 236.10 5
23 0.0247 fc.P_rm.4 0.00245 0.00347 10830 485.56 2
24 0.0757 fc.LQP_rm.4 0.00245 0.00347 10626 281.84 6
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Table 2. Evaluation summary statistics for the fossil ecological niche models from ENMevaluate object (Kass et al.,
2021). Abbreviations are the same as in Table 1. Continued onto the subsequent page.

Run ArTgl:nI:l:its AUCre CBlr AII\;ICei;Iiff AUSCI.)diff Algé?al AUS(?Val Cl\l/;;.avl;l CBSII.)val
1 fel m.0.1 0.8470  0.966  0.00448  0.00221 0.846  0.00129 0.897  0.0163
2 feLQ rm0.1  0.8568 0.882  0.01462  0.00312 0.857  0.00859 0.762  0.0460
3 fe.P rm.0.1 0.8293  0.959  0.01293  0.00312 0.829  0.00959 0.936  0.0021
4 fcLQP rm0.1  0.8649 0929  0.01072  0.00839 0.862  0.00794 0.878  0.0672
5 fel rm.0.25 0.8470  0.967  0.00453  0.00227 0.846  0.00131 0.891  0.0014
6 fcLQ rm025 08571 0881  0.01538  0.00413 0.856  0.00937 0.771  0.0431
7 fe.P rm.0.25 0.8293 096  0.01329  0.00264 0.829  0.00986 0.940  0.0035
8 fcLQP rm025 08651 0923  0.01100  0.00733 0.864  0.00735 0.875  0.0516
9 feL rm.0.5 0.8470  0.967  0.00459  0.00235 0.846  0.00135 0.894  0.0141

10 feLQ rm0.5  0.8576 0.891  0.01461  0.00368 0.857  0.00846 0.780  0.0283
11 feP rm0.5 0.8292 096  0.01391  0.00176 0.830  0.01027 0.937  0.0035
12 fcLQP rm.0.5  0.8655  0.923  0.00902  0.00682 0.865  0.00372 0.872  0.0403
13 feL rm.1 0.8470  0.966  0.00471  0.00249 0.846  0.00141 0.896  0.0156
14 feLQ rm.1 0.8581  0.885  0.01432  0.00425 0.858  0.00811 0.794  0.0651
15 foP rm.1 0.8291 0964  0.01515  0.00025 0.831  0.01051 0.943  0.0092
16 fc.LQP rm.l 0.8663  0.921  0.00760  0.00523 0.862  0.00349 0.897  0.0502
17 feL rm2 0.8470  0.969  0.00498  0.00276 0.846  0.00156 0.886  0.0000
18 feLQ rm2 0.8584  0.844  0.01089  0.00504 0.856  0.00393 0.746  0.1718
19 feP rm2 0.8288  0.957  0.01562  0.00008 0.832  0.01069 0.936  0.0071
20 fc.LQP rm.2 0.8670  0.926  0.00584  0.00008 0.861  0.00790 0.921  0.0219
21 fel rm4 0.8471 0962  0.00563  0.00327 0.847  0.00178 0.889  0.0134
22 feLQ rm.4 0.8588  0.827  0.00622  0.00339 0.847  0.00202 0.880  0.0127
23 fo.P rm.4 0.8291 0962  0.01589  0.00006 0.835  0.01027 0.887  0.0247
24 fcLQP_rm.4 0.8671 0919  0.01076  0.00633 0.863  0.00289 0.906  0.0163
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Table 2. Continued.

Tuning

Mean

SD

Run Arguments ORwrtP ORwmTP AlCe  AlCedelt  NC
2 fc.LQ rm.0.1 0.00943 0.01334 2770 0.00 6
3 fc.P_ rm.0.1 0.01087 0.01537 2949 179.13 3
4 fc.LQP rm.0.1 0.00943 0.01334 2800 30.27 9
5 fc.L m.0.25 0.02174 0.03074 2857 86.59 3
6 fc.LQ rm.0.25 0.02030 0.00203 2771 1.18 6
7 fc.P_ rm.0.25 0.01087 0.01537 2949 179.18 3
8 fc.LQP_rm.0.25 0.00943 0.01334 2802 31.59 9
9 fc.L rm.0.5 0.02174 0.03074 2857 86.90 3
10 fc.LQ rm.0.5 0.03117 0.01740 2773 2.88 6
11 fc.P_ rm.0.5 0.01087 0.01537 2949 179.28 3
12 fc.LQP rm.0.5 0.00943 0.01334 2804 33.80 9
13 fc.L rm.1 0.02174 0.03074 2858 87.52 3
14 fc.LQ rm.1 0.02174 0.03074 2777 7.10 6
15 fc.P rm.1 0.01087 0.01537 2950 179.52 3
16 fc.LQP rm.1 0.02174 0.03074 2809 38.53 9
17 fc.L rm.2 0.02174 0.03074 2859 88.71 3
18 fc.LQ rm.2 0.02174 0.03074 2787 16.77 6
19 fc.P_ rm.2 0.01087 0.01537 2950 180.14 3
20 fc.LQP rm.2 0.02174 0.03074 2811 40.97 7
21 fc.L rm.4 0.02174 0.03074 2861 91.26 3
22 fc.LQ_rm.4 0.02174 0.03074 2809 39.12 5
23 fc.P_ rm.4 0.01087 0.01537 2949 179.03 2
24 fc.LQP_rm.4 0.02174 0.03074 2816 45.93 5
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