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Morphometric analysis of cranial
morphology in pinnipeds (Mammalia,
Carnivora): convergence, ecology,
ontogeny, and dimorphism

KATRINA E. JONES AND ANJALI GOSWAMI

Introduction

Pinnipeds are a clade of secondarily aquatic arctoid carnivorans, including
34 extant species dispersed across most of the world’s oceans. Extant species are
separated into three families (Figure 12.1): Odobenidae (walruses, 1 species),
Phocidae (seals, 19 species), and Otariidae (sea lions and fur seals, 14 species)
and display a wide range of ecological diversity (Reeves ez al, 2002). Predominantly,
pinnipeds are generalist feeders. They are opportunistic, and their diets may vary
annually, between colonies and between individuals within a colony (King, 1983;
Sinclair and Zeppelin, 2002; Williams ez al, 2007). However, several species have
evolved more specialist feeding techniques: (1) Odobenus rosmarus is a suction feeder,
using powerful facial musculature to produce forces large enough to extract molluscs
from their shells (Adam and Berta, 2002); Erignathus barbatus (Phocidae) also uses
suction feeding (King, 1983; Marshall e al, 2008); (2) Lobodon carcinophagus
(Phocidae) is a filter feeder; it uses multicuspidate teeth to sieve out krill as water
is expelled from the mouth; (3) Hyrdrurga leptonyx (Phocidae) feeds on large,
warm-blooded prey such as penguins and seal pups (Adam and Berta, 2002).
Reproductive strategies of the pinnipeds are also diverse. Otariids are uni-
versally dimorphic with large harems. Their young are weaned over long
periods of up to 2 years whilst learning to forage (Kovacs and Lavigne, 1992;
Schulz and Bowen, 2004). On the other hand, phocid young are relatively
precocial (4—50 days weaning) and learn foraging skills after leaving their
mothers. Phocids also show a diversity of mating strategies and degree of
dimorphism (Schulz and Bowen, 2004). It has been hypothesised that this
shorter time spent on land has allowed phocids to exploit a broader range of
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Figure 12.1 Composite phylogeny for extant pinnipeds (Wynen ez al., 2001, Arnason
et al., 2006).

habitats, including polar regions (Kovacs and Lavigne, 1992; Schulz and
Bowen, 2005). Odobenids show extremely long lactation times of three years.
During this period, young walruses often accompany mothers on foraging trips.

Despite these many interesting ecological differences, research into pinniped
morphology has been fairly limited, and pinnipeds have received much less
attention than other marine mammals, such as cetaceans and sirenians.
Most research on pinnipeds has focused on taxonomy and phylogenetic
relationships, which have been subject to much disagreement. Molecular work
(Flynn e al., 2005, this volume; Arnason ez al., 2006) suggests a closer relation
between otariids and odobenids (forming the Otaroidea clade). Conversely,
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morphology-based work (Adam and Berta, 2002; Deméré ez al, 2003)
suggests a closer link between phocids and odobenids (Phocomorpha Clade).
The relationship of pinnipeds to other carnivorans has also been contentious,
with some morphological studies divided between a closer relationship of
Pinnipedia to either Ursidae (Adam and Berta, 2002; Arnason e# al., 2006) or
Musteloidea (Sato ez al., 2006). The latter relationship is also supported by
recent molecular analyses across all Carnivora (Flynn ez al., 2005).

Perhaps because of early controversies in pinniped relationships, particularly
pinniped monophyly (Wyss, 1988), several studies have focused on identifying
traits that define pinnipeds. Surprisingly, comparative studies of various traits
across Carnivora have indicated that many ecological, life-history and morpho-
logical factors fail to discriminate between pinnipeds and a paraphyletic
grouping of terrestrial carnivorans (fissipeds; Bininda-Edmonds and Gittleman,
2000; Bininda-Edmonds ez al, 2001). Aquatic adaptations found to define
pinnipeds were a larger brain size for perception in a 3D environment and longer
head and body sizes for a more hydrodynamic form. Smaller litter sizes and
shorter interbirth times in pinnipeds were also indicative of a more k-adapted
reproductive strategy.

Pinnipeds are first known from late Oligocene (27—25 Mya) fossils of
Enaliarctos mealsi from the Pacific coast of North America (Berta ez al, 1989),
although a recently discovered early Miocene pinniped from the Canadian
Arctic may represent a more transitional form with webbed feet, rather than
flippers like Enaliarctos (Rybezynski et al., 2009). The Otarioidea/Phocidae split
is placed at around 33 Mya using molecular clock dating, predating the earliest
tossils by 5 Mya (Arnason ef al., 2006). The Odobenidae/Otariidae divergence
was placed at 27 Mya, though the oldest fossils (odobenids) are middle Miocene,
~14 Mya old (Arnason ef al., 2006). The earliest otariid fossils are found in the
late Miocene, although the first unambiguous crown otariids do not appear until
the late Pliocene (Deméré ez al., 2003). The basal extant phocid split of mon-
achine and phocine phocids is placed in the early Miocene, ~22 Mya, by
molecular estimates, and the oldest fossils that can be clearly assigned to one
of these two subclades are late early Miocene (Arnason ez a/., 2006). The phocid
crown group is much older and includes more extinct species than that of crown
otariids or crown odobenids, both of which are characterised by more stem taxa.

Many of the studies of early pinniped evolution have focused on paleobio-
geography (Muizon, 1982; Deméré ez al., 2003), with several events potentially
having a vicariant effect on pinniped evolution. For example, early pinniped
divergences have been related to the growth of ice during late Oligocene
glaciations, which may have caused increased coastal upwelling and ocean
stratification. During the Pliocene, the closure of the Isthmus of Panama shut
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off an east-west dispersal corridor and caused isolation of Pacific and Atlantic
pinnipeds, leading to speciation. Further, the adaptation of phocines to cold
waters in the Pleistocene caused a high-latitude radiation. This was com-
pounded by glacioeustatic oscillations that acted to isolate colonies and cause
more speciation. These examples, and many others, suggest that changing
climate and circulation patterns have had a great effect on the evolution of
pinnipeds (Deméré ez al., 2003).

Fewer studies have focused on the morphological evolution of pinnipeds.
Early work (Repenning, 1976), based on observation and qualitative analysis of
morphology, noted the importance of adaptive evolution towards a marine
lifestyle reflected in fossil and extant forms and the variation in these features
between the three extant families. Later, more quantitative methods were used
with discrete features (Adam and Berta, 2002), to more accurately link prey
capture strategies with anatomy, separating the clade into four groups based on
ecology and morphology: pierce feeders, suction feeders, filter feeders, and
grip-and-tear feeders.

Studies quantitatively examining morphological diversity of pinnipeds are
very limited. A series of 2D traditional morphometric analyses of the cranium
in otariid species and subspecies were conducted to examine otariid taxonomy
and geographic variation (Brunner, 1998, 2003; Brunner ez a/., 2002). Another
recent investigation used 2D geometric morphometric analyses of the ventral
view of the cranium to study the development of dimorphic features in three
otariid species: Arctocephalus australis, Callorhinus ursinus and Otfaria byronia
(Sanfelice and de Freitas, 2008). Other studies focus entirely on individual
species (Brunner, 2002; de Oliveira ez al., 2005). The authors concluded that
dimorphism was achieved through differences in both the rate and the direc-
tion of ontogenetic shape change between males and females in each species.

While these studies provide a foundation for quantitative analysis of cranial
ontogeny and evolution in pinnipeds, they are relatively limited in phylogenetic
breadth. Furthermore, 3D morphometric data are better suited to the complex
morphology of the mammalian skull. Here, we use 3D morphometric data to
quantitatively examine cranial morphology across the three extant families of
pinnipeds. We test hypotheses of phylogenetic and ecological influences on cranial
morphology and quantify differences in dimorphism and ontogeny within and
among the three families. Specifically, we address the following questions:

1. Do differences in cranial shape correlate with phylogenetic relationships
among pinnipeds?

2. Do differences in cranial shape correlate with ecological attributes of
pinnipeds?
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3. Do differences in cranial ontogeny reflect different reproductive strategies

among pinnipeds?

4. Does cranial shape dimorphism reflect established differences in body size

dimorphism across pinnipeds?

Methods

Landmarks

An Immersion Microscribe G2X digitiser with 0.2 mm accuracy was

used for collecting landmark data from secured skulls. Measurements were

taken from the cranium in two different views: dorsal (37 landmarks) and

ventral (49 landmarks), which were later merged into a single view with a

least-squares algorithm using 10 landmarks common to both views (Table 12.1,

Figure 12.2). Landmarks were selected based on clear biological homology

across all specimens, with emphasis on sutures, and were chosen so that all

Table 12.1 Cranial landmarks used in analyses. Landmark

numbers refer to Figure 12.2. * indicates symmetrical
landmarks, gathered from right and left side. +
represents overlapping landmarks that were used to unify

the dorsal and ventral views.

Number

Landmarks

O Oy N AW N M

- — — — —
x4 oa&A £ &8 8 B o

Anterior interpremaxilliary suture
Nasal midline

Nasal width*
Premaxilla—Nasal-Maxilla suture®
Nasal-Frontal midline suture
Maxilla—Frontal-Nasal suture®
Jugal-Maxilla anterior dorsal suture®
Antorbital process®

Postorbital process/Interorbital width*"
Jugal-Squamosal anterior suture™

Jugal posterodorsal process*
Parietal-Occipital midline suture
Foramen magnum dorsal extreme "
Premaxilla—Maxilla venterolateral suture®
Canine anterior”

Canine posterior™

Canine labial*

Cheek teeth anterior*
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Table 12.1 (cont.)

Number Landmarks

19 Cheek teeth posterior*

20 Maxilla—Premaxilla midline suture

21 Maxilla—Palatine midline suture

22 Palatine-Maxilla lateral suture*

23 Midline between ultimate molars

24 Posterior Interpalatine suture

25 Jugal-Maxilla posteroventral suture**

26 Jugal-Squamosal posteroventral suture*"
27 External Auditory Meatus lateral extreme®
28 Auditory Bulla anteromedial extreme *
29 Auditory Bulla posterior extreme*

30 Mastoid Process lateral extreme®

31 Mastoid Process posterior extreme*

32 Basion

33 Occipital Condyle venteromedial*"

34 Occipital Condyle dorsomedial*

Figure 12.2 Landmarks collected and included in final analysis, shown on Arctocephalus
gazella. Numbers correspond with landmarks listed in Table 12.1. Symmetrical
landmarks are shown on one side only.
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regions of the skull were taken into account. Because of the emphasis on points
of clear homology, it is possible that structures of ecological or functional
importance were not sampled. Analyses based on landmarks, particularly those
concentrated on sutures, may well underestimate shape differences between
skulls (Macleod, 1999). However, because this study considers both phylogen-
etic and ecological aspects of shape across a diversity of taxa, the focus on
biological homology is justified.

The 10 common landmarks were widely distributed on the x, y and z axes
in order to minimise error when merging the views (Table 12.1, Figure 12.2).
Landmarks were repeated 3 times in 7 specimens for error tests, and 18 landmarks
with standard deviations greater than 1 mm, on specimens ranging from 20 to 50 cm
in skull length, were excluded from further analysis, leaving a total of 58 landmarks.

Specimens

Specimens were measured from the collections at the University
Museum of Zoology, Cambridge and the Natural History Museum, London.
Of the 34 extant pinniped species, 32 were represented, including all species of
phocids and odobenids, covering 20 of 21 genera (Table 12.2). A total of 208
specimens were digitised (Appendix 12.1). Every attempt was made to sample
both genders equally, with the final distribution of specimens including
36% male (74 specimens), 29% female (62 specimens), and 35% unsexed
(72 specimens). Of the specimens sampled, 26% were infant and juvenile
(55 specimens). The young specimens used in this study were primarily identified
based on age data during collection. Additional young specimens without
original data were identified based on the presence of significantly open sutures.
Note that, for many species, particularly phocids, suture closure occurs well after
weaning, but before sexual maturity, although more specific information is
unavailable (Schulz and Bowen, 2004).

Data analysis
Cranial shape

The dorsal and ventral views were unified into one data set using 10 overlapping
landmarks and a least-squares algorithm in Mathematica 6.0.1 (Wolfram
Research Inc., Champaign, IL). Next, 12 midline points were used as a mirroring
plane to fill in gaps in symmetrical landmarks. Both stages offered an opportunity
to measure error and specimens with high error were removed from the analysis.
Seventy-two specimens were removed prior to analysis due to high error or
missing landmarks, leaving a total of 136 specimens analysed for 58 landmarks
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Table 12.2 List of species included in analyses.

Otariidae Phocidae
Arctocephalus australis Hydrurga leptonyx
Arctocephalus forsteri Leptonychotes weddellii
Arctocephalus galapagoensis Lobodon carcinophagus
Arctocephalus gazella Mirounga angustirostris
Arctocephalus phillippi Mirounga leonina
Arctocephalus pusillus Monachus monachus
Arctocephalus townsendi Monachus schauinslandi
Arctocephalus tropacalis Monachus tropacalis
Callorhinus ursinus Ommatophoca rossii
Eumetopias jubata Cystophora cristata
Neophoca cinerea Erignathus barbatus
Otaria byronia Halichoerus grypus
Phocarctos hookeri Histriophoca fasciata
Zalophus californianus Pagophilus groenlandica
Odobenidae Phoca largha

Phoca vitulina
Odobenus rosmarus .
Pusa caspica

Pusa hispida

Pusa sibirica

(Appendix 12.1). This unified, mirrored data was then entered into Morphologika
2.5 (O'Higgins and Jones, 2006), in which Generalised Procrustes analysis and
principal components analysis were conducted (Zelditch ez al., 2004).

Phylogenetic signal

The correlation between phylogenetic relationship and similarity in cranial
shape was tested to measure the amount of phylogenetic signal in the pinniped
cranium. A patristic distance matrix was constructed using a composite phyl-
ogeny. Otariid relationships follow the phylogenetic analysis of Wynen ez al.
(2001; using the position indicated for Arctocephalus australis group A), whereas
phocid and higher-level pinniped phylogenetic relationships follow Arnason
et al. (2006) (Otaroidea; Figure 12.1). Euclidean distances between each pair of
species were calculated for each significant principal component (Table 12.3,
Appendix 12.1) and used to generate four shape distance matrices. Separate
distance matrices were generated for male and female specimens, and only adult
specimens were included in analyses. Each shape distance matrix was then
compared to the patristic distance matrix using Spearman’s rank correlation
analysis. Analyses were conducted in PAST (Hammer ez al., 2001).
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Table 12.3 Eigenvalues for each significant PC axis and the five
landmarks with the PC loadings that contributed to that axis.
Landmark numbers correspond to positions described in Table 12.1 and
shown in Figure 12.2.

PC Eigenvalues (%) Landmarks with highest PC loadings
I 29.4 13, 5, 33, 4, 19
2 16.8 6, 24, 9, 7, 2I
3 10.7 7, 16, 15, 12, 6
4 6.04 32, 7,19, 17, 16

Table 12.4 Significant ecological correlates of cranial shape for first four
principal components using independents contrasts. 4 indicates significant
positive correlation; — indicates significant negative correlation (p <0.05).
Sexual size dimorphism was calculated from male body mass divided by
female body mass (kg). Marine primary productivity was measured using
“C uptake and simulated fluorescence techniques (g C m™* year )
(Ferguson and Higdon, 2006). Seasonality was calculated as the annual
variation coefficient of the monthly primary productivity, averaged over 20
years, taken from measures of soil evapotranspiration in coastal weather
stations (Ferguson, personal communication).

Ecological variable PC: PC2 PC3 PC4

Sexual size dimorphism

Harem size

Latitude

Temperature (°C)

Productivity -

Seasonality + - -
Lactation (days) -

Female maturity (days) +
Gestation (days)

Longevity (months) +
Interbirth (months)

Polygamy (yes/no)

Weaning time (months)

Neonate (g) -

Ecological correlates of cranial shape
To analyse correlations of skull shape with various ecological attributes, data on
14 ecological variables were collected from the literature (Table 12.4; Reeves ez al,
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2002; Schulz and Bowen, 2004; Ferguson and Higdon, 2006). PC scores were
averaged for all specimens of each species, including males and females, and young
were excluded from ecology analyses. Because closely related species have the
potential to be more similar in morphology or ecology, the independent contrasts
method (Felsenstein, 1985) was used. Correlation analyses were conducted in
COMPARE 4.6b (Martins, 2004) with the phylogeny shown in Figure 12.1

(Wynen ez al., 2001, Arnason et al., 2006) and a significance value of p<o.05.

Ontogenetic shape change

Ontogenetic trajectories were calculated from PCr and 2 (Figure 12.3). The
length and angle were calculated trigonometrically from PCr and PC2 scores
(X and Y coordinates) of relevant specimens of known age and sex. Only species
with both adult and young specimens of the same sex could be included,
resulting in a representation of 18 species. Size differences between juvenile

@
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:-EO 002 - og’ .
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Figure 12.3 Principal components analysis displaying the first two principal

components. Wireframes represent the position of landmarks in specimens at the
extremes of the axes they are found next to. Symbols represent: ® phocids; Wotariids;
A odobenids; open symbols: young. A, Male Otaria byronia; B, Hydrurga leptonyx; C,
Erignathus barbatus and Halichoerus grypus; D, Male Mirounga leonina; E, Cystophora
cristata. PC loadings and eigenvectors are provided in Table 12.3.
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and adult specimens were measured using centroid size (adult/young). The
length of the vector in morphospace was then compared to centroid size ratio of
the two specimens with Spearman’s rank correlation analysis in PAST
(Hammer e# al., 2001). This is important to verify that longer ontogenetic
trajectories were not simply produced by the uneven sampling of younger
(and smaller) specimens. An unbiased data set should not show a significant
correlation between ontogenetic trajectory length and centroid size.

Sexual dimorphism

Male—tfemale trajectories on PCr and PCa2 (shape differences due to dimorph-
ism) were calculated using a similar method as in the analysis of ontogenetic
trajectories described above. Only adult specimens of known sex were included,
eliminating 12 species (Appendix 12.1) from the analysis. Where multiple
individuals of each sex of the same species existed all possible trajectories were
plotted. An analysis was also conducted to test if the ratio of male to female
centroid size correlates with degree of shape dimorphism (vector length) in
pinnipeds (i.e. are species that are dimorphic in cranial size also dimorphic in
shape?). In addition, shape dimorphism (vector length in PCr and PC2)
between males and females was plotted against published data on body mass
dimorphism (Ferguson and Higdon, 2006) to compare cranial and postcranial
dimorphism.

Results
Cranial shape

The first four principal components (Table 12.3 and Appendix 12.1)
explained significant shape changes in the data set (29%, 17%, 1%, and 6% of
the total variance, respectively). The first two principal components (Figure 12.3)
primarily reflected phylogeny, as the three families grouped into very distinct
areas of the morphospace that did not overlap. PCr represented otariid-like
morphology at the negative end to phocid-like morphology at the positive end.
Species with extremely negative scores on PCr, such as Callorhinus ursinus,
had an enlarged palate, broad interorbit and reduced auditory bullae. At the
positive end of the PCr axis, species, such as Cystophora cristata, showed narrow,
posteriorly placed nasal and interorbit and inflated auditory bullae. The highest
PC loadings for PCr (Table 12.3) were concentrated in the rostral region
and around the occipital region. PC2 (Figure 12.3) (16.8%) represented shape
differences between otariids and phocids at the positive end to walruses at
the negative end. Hydrurga leptonyx represented the positive extreme of PCa,
with a pointed snout and more slender nasal and interorbit region. Walrus
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specimens, which occupied the negative end of PCz, had a wide nasal opening,
large canines, and broad nasals. Dominant PC2 loadings were located in the
palate and snout (Table 12.3). Suction-feeding species (Odobenus rosmarus,
Erignathus barbatus) had more negative scores on PC2 and another dietary
specialist, Hydrurga leptonyx, had a more negative PCr score than the other
phocids.

Phocid specimens covered a wider range of morphospace than otariids did,
reflecting the greater diversity in cranial morphology in phocids. Although the
three pinniped families are clearly distinct in morphospace, there were some
species that deviated markedly from their respective clade’s space. The phocids
C. cristata, Halichoerus grypus, E. barbatus and the otariid Otaria byronia had
particularly negative PC2 scores. This indicated morphological convergence
with the odobenids. One phocid, H. /eptonyx, had a particularly negative
PCr score, indicating a more otariid-type skull morphology than observed in
other phocids.

PC3 and PC4 (Figure 12.4) did not show the strong phylogenetic groupings
apparent in PCs 1 and 2. On these axes, odobenids, phocids, and otariids all

— (%o
y . ° .
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e ' w @ QOB .
. oo " o P PC3
T ry_n. - .
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Figure 12.4 Principal components three and four. Symbols represent: ® phocids;
Wotariids; A odobenids; open symbols: young. A, Hydrurga leptonyx and Lobodon
carcinophagus; B, Halichoerus grypus; C, Erignathus barbatus, D, Ommatophoca rossi. PC
loadings and eigenvectors are provided in Table 12.3.
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occupied similar space. PC3 had a strong ontogenetic component and young
from all three clades fell towards the positive end of the axis. At the positive
end of PC3 was an odobenid foetus with small canines and a reduced frontal
region. H. grypus, H. leptonyx, and Lobodon carcinophagus adults occupied the
negative end of PC3. They had a longer skull, enlarged sagittal crest and
canines. High PC loadings (Table 12.3) were concentrated on the canines and
snout. PCy4 (Figure 12.4) was dominated by shape change within the phocids,
ensuring otariids and odobenids clustered around zero. Ommatophoca rossi was
found at the negative end of PCy4, and E. barbatus, the phocid suction-feeder
(Marshall ez al., 2008), at the positive end. Dominant PC4 loadings (Table 12.3)
involved the basion and dentition, which was reflected in the clear separation
of dietary groups on these axes. In addition to E. barbatus, filter feeders and
large prey feeders formed a cluster away from their sister taxon, Leptonychotes
weddelli, on the negative end of PC3 and PC4.

Phylogenetic signal

The analyses of the relationship between phylogeny and cranial shape
showed several significant correlations. For male cranial shape there were
significant correlations between phylogeny and PCr (p<o.oo01) and PCy
(p<o.oor). Female cranial shape was significantly correlated with phylogeny
on PCr (p<o.001) and PC2 (p=o0.002).

Ecological correlates of cranial shape

After removal of phylogenetic effects, seasonality was the only variable
to correlate significantly with PCr, showing a positive correlation (Table 12.4).
Seasonality and productivity correlated negatively with PC2. The reproductive
variables of neonate mass and lactation time were also negatively correlated
with PCz scores.

There were no correlations with PC3 suggesting this axis is not greatly
influenced by ecology (Table 12.4). Longevity and age to female maturity were
both positively correlated with PC4 scores. Also, seasonality correlated nega-
tively with this axis.

Ontogenetic shape change

The ontogenetic trajectories (arrows drawn from young to adults;
Figure 12.52) varied depending on the distance of the adult members of a
species from the mean shape for its respective family. Species with adult
morphologies closer to the mean shape for each family (low to moderate
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Figure 12.5 a, Ontogenetic trajectories (young to adult) plotted onto the first two
principal components axes. Solid arrows are between specimens of the same sex, dotted
arrows are between one or two specimens of unknown sex. Only specimens of known sex
are included in b. Boxes show all ontogenetic trajectories for the respective family,
re-oriented to the same origin. Symbols represent: ® phocids; Motariids; A odobenids;
open symbols: young. b, Plot of direction of ontogenetic trajectory against degree of
ontogenetic shape change. Direction is measured as angle anticlockwise from the positive
PC:2 axis. A key relating angle to direction on the PC1 and PC2 axes is shown in the top
left. Degree of shape change is measured as length of the vector. The grey area marks
specimens that show short ontogenetic trajectories in all directions. The white area
indicates specimens with long (greater than o.4) ontogenetic trajectories and are
concentrated between 250 and 350 degrees. 1: Odobenus rosmarus, 2: Halichoerus grypus, 3:
Otaria byronia, 4: Lobodon carcinophagus. Erignathus barbatus and Cystophora cristata were
not included in part B due to lack of sex data.



Comp. by: PG0036

Stage : Revises1 ChapterlD: 9780521515290c12  Date:5/5/10

Time:18:58:12  Filepath:G:/Goswami_&_Friscia-9780521515290/Applications/3B2/Proof/

9780521515290¢12.3d

356

Katrina E. Jones and Anjali Goswami

ontogenetic shape changes) tended to have shorter trajectories. These species also
had a wider distribution of directions of the ontogenetic trajectories. However,
longer trajectories were consistently oriented in the direction of negative PC2
values (Figure 12.5b). Specifically, for adults with highly negative PCz scores
(convergent on odobenid morphology), the young of those species usually dis-
played more generalised cranial morphology, near the mean shape for their family,
resulting in long trajectories in the direction of negative PC2 (Figure 12.5a).

Plotting length of trajectory against relative size difference between young
and adult specimens (ratio of adult to young centroid size) produced no
significant correlation (Spearman’s r=o0.0054, p=n.s.). This result demon-
strated that the ontogenetic patterns observed in Figure 12.5 were not a product
of sampling bias.

Sexual dimorphism

Dimorphism vectors (Figure 12.6a) showed patterns similar to those
found in ontogenetic trajectories (Figure 12.5a) described above. Low to mod-
erate differences in cranial shape dimorphism were heterogenous in orientation
(Figure 12.6b). However, phocids and otariids with negative scores on PCz
because of morphological adaptations relating to mating display showed longer
distances between males and females (Figure 12.6a). These species (C. cristata,
O. byronia, Mirounga leonina) all showed vectors aligned towards negative PC2
direction, toward odobenid morphospace, in a similar manner to the ontogen-
etic trajectories described above (Figure 12.6a).

Dimorphism distance was significantly correlated with male/female centroid
size ratio (r=0.45, p=0.002), indicating that species showing large dimorphic
differences in cranial size also display large dimorphic differences in cranial shape.

In contrast, results suggested dissociation between cranial shape dimorphism
and body mass dimorphism in some species (Figure 12.7). Most phocids and the
odobenids displayed low to moderate cranial shape dimorphism (0—o0.4) and
low body size dimorphism (1—2). On the other hand, most otariids showed
higher body size dimorphism (3—4) over a similar range of cranial shape
dimorphism (0—o0.4). M. leonina showed extremely large values on both axes.
C. cristata and O. byronia grouped together as having lower body size dimorph-
ism (1—2) but very high shape dimorphism (0.5-0.8).

Discussion

Pinniped families showed strong phylogenetic signal in their cranial
morphology (Figure 12.3). Significant correlations between phylogeny and
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difference. Direction is measured as the angle anticlockwise from the positive PCa2 axis.

A key relating angle to direction on PC axis is shown in the top left. Degree of
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show short vectors in all directions. The white area indicates specimens with long

(greater than o.4) vectors and are concentrated between 250 and 300 degrees.
1. Cystophora cristata, 2: Arctocephlalus gazella, 3: Otaria byronia, 4: Mirounga leonina.
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Figure 12.7 Plot showing body mass dimorphism against cranial shape dimorphism.
Body mass dimorphism is the ratio of female to male body mass for each species,
collected from the literature (Ferguson and Higdon, 2006). Cranial shape dimorphism
is measured as the length of the vector between male and female specimens on PCr and
PC2 (Figure 12.6a). Specimens plot into four quadrants: a, high cranial shape
dimorphism and low body mass dimorphism; b, high cranial and body mass
dimorphism; c, low cranial and body mass dimorphism; and d, low cranial shape
dimorphism and high body mass dimorphism. 1: Cystophora cristata, 2: Otaria byronia,
3: Odobenus rosmarus, 4: Arctocephalus gazella, 5: Mirounga leonina, 6: Arctocephalus
australis. All phocids except those specified are found in sector C. Sector D contains
solely otariids.

cranial shape on multiple principal components indicated that phylogeny was
the most dominant influence on cranial morphology. However, cranial morph-
ology did not reflect the considerable ecological overlap between phocids and
otariids. This pattern possibly reflects morphological differences that evolved
early in the histories of these clades, although fossil taxa need to be included to
determine when these distinct areas of morphospace were invaded. The results
presented here suggest a number of potential hypotheses that could be tested
with fossil data. First, the marked phylogenetic separation among the three
clades may be partially due to the loss of intermediate forms, particularly given
the relatively large otariid and odobenid stem groups. Second, the smaller range
of otariid morphological diversity may also reflect the greater loss of otariid
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taxonomic diversity through extinction, as the crown group represents a
relatively small proportion of the total group for otariids. By contrast, extant
phocids represent many basal branches and so the crown group includes many
more extinct species than that of the otariids (Deméré e al., 2003). Third, the
basal split of monachine and phocine phocids (20 Mya) was not reflected in
skull morphology on PCr or 2 (Figure 12.3). For example, C. cristata (a phocine)
and M. leonina (a monachine) plotted very near to each other on PCr and
PC2 (Figure 12.3). This result suggests either that there has been much
morphological convergence between these groups since they diverged, or that
there was relatively little morphological differentiation associated with their
divergence.

Although the families of pinnipeds displayed remarkably different cranial
morphology, some species were conspicuously positioned away from position of
the standard phylogenetic grouping in morphospace. These species displayed
morphological convergence that bridged the morphospace defined by the three
pinniped families (Figure 12.3). Convergence was more common in the phocids
than in the otariids, reflecting their greater ecological diversity and more
extreme specialisations. These examples of convergence can be classified into
those due to diet and those due to mating displays.

The most apparent example of morphological convergence reflecting simi-
larity in diet is observed in E. barbatus. This species had a particularly low score
on the PC2 axis (Figure 12.3) of around —o.06, approaching the region of
morphospace occupied by odobenids (the mean for odobenids is —0.18), than
other phocids (the mean for phocids is ~0). This species shares a similar diet
with walruses in feeding within the sediment on fish and invertebrates, and a
recent study showed that E. barbatus uses suction feeding 96.3% of time whilst
feeding underwater (Marshall ez 4/, 2008). This result shows there are aspects
of cranial morphology adapted for suction feeding that have evolved independ-
ently in both phocids and odobenids.

H. grypus also grouped very closely with E. barbatus in morphospace (Figure 12.3).
However, this species is not solely a sediment feeder, but eats a wider range of fish
including bottom-dwellers, crustaceans, and molluscs (King, 1983). The method it
uses for feeding on molluscs (crunching or suction-feeding) is unclear, but these
results suggest that it has some adaptations for sediment feeding, despite retaining a
generalist diet.

In constrast to those species that converge ecologically and morphologically
with walruses, H. Jeptonyx represents a phocid that may converge toward
otariids. /. leptonyx was located in between the phocid and otariid cluster on
PCi, with a mean PC score of —o.01, compared to a range of o.o1-0.08 for
other phocids and a range of —o0.07 to —o.14 for otariids (Figure 12.3).
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This position reflects more otariid-like morphology than observed in other
phocids. This unusual morphology may relate to the fact that H. /eptonyx is the
only pinniped to specialise on large, warm-blooded prey (Reeves ez al., 2002).
However, many otariids incorporate large prey as a small part of their diet.
The otariid skull is generally more robust than the typical phocid skull,
which may reflect the necessity to cope with the large forces associated with
large-prey feeding, and may have evolved convergently in H. /leptonyx for the
same purpose.

In addition to convergence relating to diet, several pinnipeds displayed
unusual morphologies related to mating displays. The most conspicuous
example of cranial adaptations for sexual displays are found in C. cristata. This
species had the lowest score among phocids on PCz (~o.012, Figure 12.3). The large
dimorphism distance on PC2 between females and males (female average —o.6)
(Figure 12.6a) supported the interpretation that this convergence toward
odobenid morphospace was related to mating strategy. Male C. cristata have a
large proboscis that is used in mating displays, including an internal nasal
membrane that can be inflated to produce a large, red, facial bladder (Reeves
et al. 2002). This is facilitated by a wider nasal opening, which is superficially
similar to the wide rostrum observed in walruses. However, females also had a
much lower score on this axis (Figure 12.3) than the young (—o0.03) for reasons that
are not apparent.

M. leonina males also fall out relatively low on the PC2 axis (—0.06; Figure 12.3).
Male M. leonina are the only other phocid species to have evolved a proboscis,
convergently with C. cristata, although they do not have a facial bladder.

While most unusual morphologies were observed in phocids, O. &yronia
males were significantly more negative on PC2 than the other otariids
(—o.07; Figure 12.3), consistent with qualitative reports (King, 1983) describing
male O. byronia as having a distinctive upturned snout. O. byronia feed on
seafloor fish and cephalopods (Reeves ez al., 2002), and some authors (Adam
and Berta, 2002) have suggested O. byronia skulls show characteristics associ-
ated with suction feeding (lengthening of the hard palate and robust pterygoid
hamuli), although experimental confirmation of their feeding mechanism is not
available. However, results presented here showing that female and young
O. byronia cluster near other otariids, around o.0 on PC2 (Figures 12.3 and
12.62), support the interpretation of cranial convergence of O. byronia with O.
rosmarus as due to sexual dimorphism and not related to diet.

These results (Figure 12.3) suggest that walrus morphospace was a popular
direction for cranial morphological evolution in the pinnipeds. This morph-
ology may have represented a common adaptation for accessing the sediment—
water interface (e.g. E. barbatus, H. grypus), in order to expand their range of
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feeding opportunities. Alternatively, it may relate to food processing and
stages in the independent evolution of suction feeding. Modifications to the
cranium for mating displays were also concentrated in the rostral region, often
resulting in dimorphic convergence of males in the direction of walrus
morphospace.

This repeated pattern of phocids and otariids converging in the direction of
walrus morphospace for modifications related to both diet and sexual display
suggests that the pinniped morphology may be constrained from exploring
other regions of cranial morphospace. Possibly, this repeated modification of
primarily the rostral region across all extant pinniped groups, and for both
feeding and mating displays, may reflect constraints to maintain a hydro-
dynamic form. More specifically, transformations of the rostral region may
have occurred independently multiple times because vertebrates with postcrania
that are highly adapted for swimming cannot drastically modify their skeleton
for use in mating displays or prey capture. This constraint would explain why
mating displays in pinnipeds are limited to the nasal region. Furthermore,
cranial dimorphism may be especially significant for species in which size
dimorphism is limited by adaptations for large female body size due to low
temperatures, such as O. byronia (Ferguson and Higdon, 2006), discussed
turther below.

Ecological correlates of cranial shape

Seasonality correlated significantly with three of the four significant
principal component axes (PCr, 2 and 4; Table 12.4). This may reflect differ-
ences between ice-breeding species, living in highly seasonal environments, and
those living in more temperate conditions. On PCr this correlation most likely
reflected the presence of phocids at high latitudes. Phocids are primarily found
at higher latitudes and in polar regions, while otariids inhabit primarily equa-
torial to mid-latitude regions (Ferguson and Higdon, 2006). This geographical
pattern reflects the fact that otariids are excluded from the most high-latitude
environments by their inability to breed on ice, while many phocids are
ice-breeders (Schulz and Bowen, 2004).

Productivity as well as seasonality correlated with PC2, suggesting that
cranial shape was highly influenced by availability of resources at the base of
the food chain. In addition, reproductive factors were correlated with cranial
morphology on PCz2 (Table 12.4). Large male, female, and neonate body masses
were demonstrated in those species converging on odobenid space. Longer
lactation times accompanied convergence in some species and this result is
likely to be driven by extremely long lactation in walruses. Lactation time is
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related to female mass as larger fat stores facilitate a longer period of milk
production (Schulz and Bowen, 2004).

PC3 scores did not correlate with any ecological variables, perhaps reflecting
the strong influence of ontogeny on this axis. Correlation of PCy4 scores with
age to maturity and longevity suggest life history is an important influence on
cranial morphology.

It is interesting to note that ecological specialisations are found exclusively
in those pinnipeds native to the high latitudes (above 70° north or south;
Ferguson and Higdon, 2006) and high seasonality environments. This may
present an environment in which a specialist feeding habit is favourable to the
generalist approach seen in all other locations. Resources at higher latitudes are
scarce, so specialised ecologies and related morphologies may allow these
pinnipeds to exploit the food sources available to them more effectively than
their generalist relatives can.

Ontogenetic shape change

The analysis of ontogenetic shape change (Figure 12.5) revealed that
there was no consistent shape trajectory for cranial growth across pinnipeds or
within phocids and otariids. It did, however, highlight an interesting relation-
ship between morphological convergence on odobenid space and length and
direction of ontogenetic trajectory in phocids and otariids. First, it showed that
all these species were undergoing similar skull shape changes during growth
(Figure 12.52). Second, the results showed that species that converge towards
walrus cranial shape had a greater difference in young and adult morphology
than non-convergent species (Figure 12.5b). In these species, young specimens
showed morphology more similar to that of the rest of their family
(Figure 12.52). This pattern means that the unusual morphology observed in
adults was only achieved after weaning and required extreme modifications in
cranial shape during growth. This shift suggests that the morphological traits
observed are only required during the later stages of their lives, possibly
representing sexual selection or differences in juvenile and adult diets.

In the cases of C. cristata, M. leonina, and O. byronia, the morphological shift
may reflect the development of sexual characteristics. In E. barbatus and
H. grypus, however, which converge on odobenid space due to diet, it is possible
that these ontogenetic shifts reflect changes in diet after weaning. For sediment
teeders, the ability to dive deeply and for prolonged periods may require further
development and hence a change in diet. Unfortunately, there are currently
little data available regarding the post-weaning diets of pinniped young that
would be required to test this hypothesis.
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Sexual dimorphism

The analyses of cranial dimorphism (Figure 12.6) demonstrated that
there is a strong positive correlation between size and shape dimorphism
of pinniped crania. While the data presented here lack the ontogenetic
resolution needed for testing specific hypotheses of allometry, the correlation
between cranial shape and cranial size dimorphism may simply reflect
allometric differences between adult males and females. In at least a few cases,
such as M. leonina, overlapping ontogenetic (Figure 12.5a) and dimorphism
(Figure 12.6a) trajectories provide tentative support for this hypothesis.
However, in many cases, such as C. cristata, the trajectories are not coordinated,
suggesting that shape dimorphism is not simply a consequence of allometric
differences between adult males and females.

A recent study of ontogeny and dimorphism in three species of otariids,
O. byronia, C. ursinus, and A. australis specifically tested the role of allometry in
generating cranial shape dimorphism. Their results demonstrate that shape
dimorphism may simply reflect allometry in C. ursinus, but that allometry alone
cannot explain the shape differences observed in O. byronia and A. australis
(Sanfelice and de Freitas, 2008). Their detailed ontogenetic study showed that
dimorphism in O. dyronia is achieved very early in development, resulting in
shape differences even between male and female juveniles. Strikingly, the
authors report that the rate of male cranial growth is three times greater than
that of females, implicating a strong heterochronic shift in the evolution of
cranial dimorphism in O. byronia. Improved data from ontogenetic series of a
diverse sample of pinnipeds, particularly those species highlighted in this study
for converging on odobenid morphology through ontogenetic shape changes,
will be essential to rigorously test the role of allometry and heterochrony in
cranial shape dimorphism.

It is also notable that C. cristata, M. leonina and O. byronia all showed
remarkably similar trajectories of shape dimorphism (Figure 12.6a), despite
representing a wide phylogenetic range (otariid and monachine and phocine
phocid). These species also displayed the most marked differences in male—
female morphology (Figure 12.6b). As noted above, in some of the species that
converge on walrus cranial morphology, such as O. dyronia, dimorphic shape
differences (Figure 12.6a) were similar in direction to the ontogenetic trajector-
ies (Figure 12.52), with adult females that are similar in cranial morphology to
juvenile specimens. This result is consistent with previous analyses demonstrat-
ing that adult female O. byronia share a very similar morphology with subadults
of both sexes, whereas adult male morphological traits arise well before adult-
hood (Sanfelice and de Freitas, 2008). In the results presented here, these
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differences between males and females primarily reflect the development of
sexual characteristics, such as a proboscis or facial bladder, in adult males,
driving their convergence on odobenid cranial morphology.

Interestingly, our study demonstrated that large dimorphic shape differences
in C. cristata and O. byronia were not accompanied by increased body mass
dimorphism (Figure 12.7). In fact, these species showed amongst the lowest
body size dimorphism, suggesting that body mass dimorphism and cranial
shape dimorphism may represent alternative strategies. For example, O. byronia
inhabits environments with very low temperatures (—14°C average, Ferguson
and Higdon, 2006) and also has relatively large female body size. One possi-
bility is that the observed low body mass dimorphism (2.08) (Figure 12.7)
may relate to a lower limit to female body size due to colder environments.
Alternatively, the trade-off between cranial shape dimorphism and body size
dimorphism may relate to the relative importance of display to fighting in male
competition. Cranial shape dimorphism is expected to be more pronounced
in species using elaborate male displays, such as facial bladders, while
body mass dimorphism may be more common in species in which male
fighting dominates.

Lastly, the analyses of dimorphism presented here demonstrated that intras-
pecific shape differences among males and females were large compared even to
interspecific differences (Figure 12.6a). While most terrestrial carnivorans
express dimorphism through size differences, the large cranial shape dimorph-
ism observed in pinnipeds here emphasises the importance of cranial morph-
ology to multiple purposes in pinniped evolution. Pinnipeds may place unusual
emphasis on the cranium for mating displays and prey-capture adaptations,
such as suction or filter feeding, because the extreme specialisation of the
postcranium for swimming reduces its utility in other tasks. Further analyses
including fossil taxa would be essential to understanding the shift of multiple
tunctions, such as prey-capture and mating displays, to the cranium during the
terrestrial to marine transition in pinniped evolution.

Conclusions

The most striking pattern observed in this quantitative analysis of
cranial morphology across extant pinnipeds is the repeated evolution of feeding
and mating specialisations that converge towards odobenid morphology. The
common evolutionary and developmental trajectories observed here suggest
that specialisations for an aquatic lifestyle may constrain the range of function-
ally viable morphospace available to pinnipeds, reflected in their concentration
on adaptations in the rostral region. While the three extant pinniped families
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occupy distinct areas of morphospace, multiple phocids and otariids independ-
ently converge toward odobenid cranial morphology in adaptations related to
both diet and mating display. Ontogenetic analyses suggest that these shifts
occur primarily during the juvenile growth phase, requiring large alterations in
morphology during development, likely due to dietary changes or sexual
maturation. Lastly, some species illustrate a trade-off between body size
dimorphism and cranial shape dimorphism, perhaps related to differences in
mating behaviour or habitat among pinnipeds.

Secondary adaptations to the aquatic realm include some of the most
compelling examples in vertebrate evolution (Uhen, 2007). However, pinniped
evolutionary morphology remains understudied in comparison to other aquatic
mammals. This study demonstrates that the unique reproductive and ecological
strategies pursued by pinnipeds are matched by several interesting patterns in
the morphological evolution of the pinniped cranium, providing a promising
avenue for future studies of major evolutionary transitions.
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