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Abstract During the Eocene epoch, archaic cetaceans made the land-to-sea transition, giving rise to modern whales, dolphins, and porpoises. During this transition,
the feeding apparatus of fossil remingtonocetines displayed morphologies that are
distinct from other cetaceans, confounding straightforward interpretations of their
feeding behaviors. This study utilized a novel combined ordination of morphology
and feeding strategy, while accounting for phylogeny, in a sample of 2 remingtonocetines and 18 extant cetartiodactylans, to assess the morphological signal of feeding behaviors. Results showed that differences between prey acquisition in extant
taxa were driven by a suite of mandibular characters and width of the palatal arch,
providing a behaviorally constrained morphospace. Remingtonocetinae clustered
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closest to the snap-feeding river dolphins, suggesting that they too were snap feeders. The methods presented here represent a novel application for constrained
ordination that links morphology with performance, and may be widely applied in
the fossil record.
Keywords Archaeocetes · Feeding · Mastication · Eocene · Constrained ordination ·
Reconstruction

5.1 Introduction
Whales, dolphins, and porpoises (Cetacea) are a lineage of even-toed ungulates
(Cetartiodactyla) that previously inhabited a terrestrial environment and during the
Eocene epoch successfully invaded the seas to become obligatorily aquatic. During this aquatic invasion, dentition and feeding strategies underwent an extraordinary bloom in diversity. The morphology of the feeding apparatus also transformed
from short-snouted and gracile forms into relatively long-snouted, crocodilian-like
forms, with large diastema between teeth. The fossil ancestors of cetaceans displayed quadritubercular and bunodont teeth (i.e., Indohyus; Thewissen et al. 2007),
whereas those of the earliest fossil cetaceans (archaeocetes) evolved tricuspid upper
molars (e.g., pakicetids, ambulocetids, remingtonocetines, protocetids; Gingerich
and Russell 1990; Cooper et al. 2009; Thewissen and Bajpai 2001; Thewissen et al.
2011) and conical upper molars bearing supernumerary cusps (i.e., basilosaurids;
Kellogg 1936; Uhen 2000) (Fig. 5.1). Remingtonocetid archaeocetes, in particular,
evolved an extreme combination of rostral and dental characteristics, displaying
narrow, tall, and exceptionally long rostra and large, rostrocaudally elongated teeth
separated by large diastemata (e.g., Sahni and Mishra 1975; Kumar and Sahni 1986;
Thewissen and Hussain 2000) (Fig. 5.1). These changes in the feeding apparatus
suggest shifts in the strategies used in food procurement and processing; however,
little is known of the feeding strategy employed by remingtonocetines. This is unfortunate, as no extant cetartiodactylans retain a remingtonocetid-like craniofacial
morphology and little is known of the events shaping the early evolution of food
procurement among cetaceans. This study utilizes novel methods to reconstruct the
feeding behaviors in remingtonocetines.
In contrast to the paucity of data regarding the evolution of feeding strategies
within the earliest cetaceans, the morphology and feeding behaviors of extant cetaceans are comparatively well known. Dentitions of extant taxa can be grouped
into three broad categories. First, toothless, or edentulous, forms are typified by
baleen whales (mysticetes) in which plates of keratinized baleen extend from the
roof of the mouth and function to strain small prey out of sea water. Second, most
species of toothed whales (odontocetes) have a long rostrum with many single
cusped teeth that are used to pierce and stabilize prey during raptorial or snap
feeding where the animal pushes its mouth through the water to capture its prey, as
seen in some oceanic and river dolphins (Heyning and Mead 1996; Werth 2006a, b;
Johnston and Berta 2011). Extreme cases of this supernumerary and homodont
dentition are seen in oceanic dolphins, which can have as many as 200 teeth
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Fig. 5.1 Skull of the middle Eocene archaeocete Remingtonocetus harudiensis. (Sahni and Mishra
1975; IITR-SB 2770). a Lateral view, b dorsal view, c ventral view. Occulsal view of the upper
molars of d Raoellidae ( Indohyus RR-209), e Remingtonocetidae ( Remingtonocetus IITR-SB
2605), and f Basilosauridae ( Pontogeneus MMNS-2338). Teeth are scaled to the same craniocaudal lengths to illustrate alterations in tooth dimensions

(Leatherwood et al. 1988). Although river dolphins are almost exclusively snap
feeders, most other odontocetes combine snap or ram feeding with suction, which
is generated by the rapid depression and retraction of the tongue or gular structures, to swallow prey (e.g., Bloodworth and Marshall 2005; Werth 2006a, 2007;
Johnston and Berta 2011). In some of these cases, however, suction alone cannot
capture prey (e.g., Tursiops; Bloodworth and Marshall 2005). Third, some odontocetes display drastic reductions in the number of teeth. Several beaked whale
taxa, for example, undergo eruptions of only one or two pairs of teeth (Heyning
and Mead 1996). Most taxa with this reduced dentition have blunt rostra and
rely solely on suction to capture and swallow their cephalopod prey (e.g., Clarke
1996; Heyning and Mead 1996; Bloodworth and Marshall 2005; MacLeod et al.
2006; Werth 2006a, b). Examples of suction feeders include beaked whales (e.g.,
Heyning and Mead 1996; Bloodworth and Marshall 2005), pilot whales (Werth
2000, 2006b), and sperm whales (Werth 2004, 2006a, b). Morphology of the feeding apparatus in these modern taxa bears little resemblance to the morphologies
seen in their terrestrial artiodactyl ancestors (quadritubercular, heterodont teeth)
making it difficult to reconstruct the transition between these morphological endpoints (e.g., Werth 2007; Thewissen et al. 2011). Analysis of archaeocete cetaceans
is, therefore, ideal as they represent a morphological and behavioral intermediate
between terrestrial and obligatorily aquatic cetartiodactylans.
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5.2 Remingtonocetid Archaeocetes
Remingtonocetid archaeocetes have been collected from the middle Eocene
(Lutetian) of western India and northern and central Pakistan (e.g., Sahni and
Mishra 1972, 1975; Bajpai and Thewissen 1998). Fossils were recovered from
mostly swamp, marsh, near shore, and lagoon deposits (e.g., Gingerich et al. 1995,
2001; Thewissen and Bajpai 2009; Bajpai et al. 2011, 2012). Stable isotopic evidence of teeth shows that most remingtonocetines ingested sea water (Thewissen
et al. 1996; Roe et al. 1998), and analyses of their skeletal characteristics suggest
that, while they were powerful swimmers, they were still able to walk on land (e.g.,
Bajpai and Thewissen 2000; Thewissen et al. 2009).
The cranial features of remingtonocetines are unique in that skulls are extremely
narrow (six times longer than wide), the snout occupies roughly two-thirds of the
length of the skull, and the mandibular symphyses vary between unfused to fused
with the posterior extent of the joint extending up to the molars (e.g., Gingerich
et al. 1998; Thewissen and Bajpai 2009; Bajpai et al. 2011, 2012). Remingtonocetines displayed tall incisor crowns and widely spaced molars (Fig. 5.1, Thewissen
and Bajpai 2001; Bajpai et al. 2011). Unlike the earliest archaeocetes (i. e., pakicetids, Cooper et al. 2009), remingtonocetines lacked crushing basins on their molars.
These dental characteristics support the assertion that the tall and large teeth of
remingtonocetines functioned to capture and stabilize prey; however, it is currently
unclear how prey were moved from the oral cavity to the oropharynx. It could be
that, like crocodiles, remingtonocetines were inertial feeders, and prey were forced
to the back of the throat and subsequently swallowed by throwing the head back. Alternatively, it could be that, once in the oral cavity, prey were moved to the oropharynx via gular depression as in extant suction feeding cetaceans (e.g., Werth 2006a,
2007). This study, therefore, undertakes a quantitative assessment of the feeding
apparatus in extant cetartiodactylans with different feeding strategies (e.g., suction,
ram/snap suction, and snap feeding) in order to reconstruct the feeding behaviors in
fossil remingtonocetids.

5.3 Goals of This Study
This study had two broad objectives. First, we aimed to establish a quantitative
method for reconstructing behaviors in fossil taxa based on known morphological
and behavioral characteristics in modern taxa. By linking quantitative aspects of
morphology and behavior, we present methods that can be applied widely to clades
rich in fossil and extant taxa (e.g., chiropterans, rodents, and lizards). Second, we
use remingtonocetid cetaceans as a test case for our methods as their craniofacial
anatomy is unique compared to their terrestrial ancestors and modern aquatic relatives. Cetartiodactylans make an ideal group to test these methods upon, as their
fossil record is rich with taxa showing progressive changes in skeletal morphology
along the land-to-sea transition, and, within extant taxa, feeding morphologies and
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behavior morphologies are well known. Using the methods developed in the first
part of this study, we tested the hypothesis that, like modern oceanic dolphins (e.g.,
Tursiops) with long rostra and supernumerary teeth, fossil representatives of Remingtonocetinae employed a combination of snap and suction-feeding strategies to
procure food.
The methods presented here are the first to utilize a phylogenetic redundancy
analysis (PRDA) as a means to reconstruct unpreserved features of an extinct taxon
by finding the extinct taxon’s position in a functionally defined morphospace. Principal components analyses (PCA) on morphological data have seen frequent use in
paleobiological studies as a means to produce a morphospace that can be related to
function by identifying species groups and ecological gradients (Gingerich 2003;
Andersson 2004; Egi et al. 2007). This study goes beyond those analyses by explicitly including functional information to constrain the morphospace. This study,
therefore, builds on previous work in this field in two ways: first, by incorporating
a phylogenetic generalized least squares (PGLS) framework, in which bias due to
shared phylogenetic history is reduced, and second, relationships between morphology and function are explicitly addressed by using functional information to constrain our final morphospace.
This method, therefore, utilizes the variation in modern cetartiodactylan cranial
morphology as it relates to function, and determines how different morphologies
within the data set contribute to a specific behavior (snap, suction, and grazing/
browsing feeding behaviors). By applying these methodologies to extant cetaceans
with known feeding behaviors, our analyses identify specific cranial features that
contribute to snap, suction, and browsing/grazing feeding strategies. These analyses
were then used to reconstruct the feeding strategies (behaviors) employed by fossil
taxa, in this case Remingtonocetus and Dalanistes, based on morphology.

5.4 Materials and Methods
Morphology of the feeding apparatus was represented in this study by a set of 14
linear measurements that capture shape and size variation in the mandible and bony
components of the pharynx (Table 5.1). Morphometric analyses were conducted
with linear measurements instead of landmarks (e.g., geometric morphometrics)
because distortion and partial preservation in fossil cetaceans prevent the reliable
application of landmark-based morphometric approaches. Measurements of the hyoid apparatus were excluded in this study because hyoid bones are not yet preserved
for remingtonocetines.
Our sample included a sample of 11 extant cetaceans and 2 fossil remingtonocetines, as well as various terrestrial artiodactyl out-groups (Table 5.2). Skulls and
mandibles were photographed in lateral and ventral views, and linear measurements were taken on both osteological specimens and calibrated images in ImageJ
(Rasband 2006). None of the specimens of Remingtonocetus or Dalanistes available for this study preserved all of the measured features—a scaled composite mea-
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Table 5.1 Linear measurements taken on the skulls and mandibles of artiodactyls, cetaceans, and
the fossil taxa Remingtonocetus and Dalanistes
Measurement
Reference
Skull
1. Basicranial length
This study
2. Medial extent of pterygoid muscle origin to middle of glenoid fossa
This study
3. Basicranial width
This study
4. Palatal arch width at anterior teeth
This study
Mandible
5. Mandible length
Seagars 1982
6. Mandible height at right angle to greatest length measurement
Seagars 1982
7. Length of mandibular tooth row
Seagars 1982
8. Mandibular width at posterior alveolus
This study
9. Mandibular depth at the middle of tooth row
This study
10. Mandibular depth at posterior alveolus
This study
11. Length of mandibular symphysis
This study
12. Height of mandibular symphysis
This study
13. Arch width at anterior teeth (alveolus to alveolus)
This study
Skull and Mandible
14.	Masseter effort arm—distance from lateralmost surface of zygomatic arch to This study
inferior, anteriormost masseter insertion

Table 5.2 List of taxa
Taxon
Specimen ID
Feeding characters
USNM 464982, 302054
Browser/grazer
Hexaprotodon
USNM 254799, 259383, 259385
Browser/grazer
Moschus
CM 40176, 40204
Browser/grazer
Odocoileus
CM 6451
Browser/grazer
Phacochoerus
USNM 141166, 144302, 144303
Browser/grazer
Sus scrofa
CMNH 17908, 17909
Browser/grazer
Tayassu
USNM 123043, 123044, 123045
Browser/grazer
Tragulus
USNM 395379, 395380
Suction
Phocoena spinipinnis
USNM 276062, 276394
Suction
Phocoenoides dalli
USNM 571169, 570070, 571191
Snap
Tursiops
USNM 395374, 21167, 39375
Snap
Cephalorhynchus
USNM 259311, 258641
Snap
Stenella attenuata
USNM 550423, 482166, 550119
Suction
Globicephalus
USNM 482708, 395674
Snap
Pontoporia
USNM 49582, 239667, 395602
Snap
Inia
USNM 283625
Suction
Kogia breviceps
Suction
Mesoplodon densirostris USNM 504950, 550452
USNM 504940, 550064, 530291
Suction
Ziphius
IITR-SB-2704, 2770, RUSB 2592, VPL-1001 Unknown
Remingtonocetus
RUSB 2521
Unknown
Dalanistes
CM Cleveland Museum of Natural History, CMNH Carnegie Museum of Natural History, IITR-SB
Indian Institute of Technology, Roorkee, SB collection, RUSB Roorkee, SB collection, USNM US
National Museum of Natural History, VPL Vertebrate Paleontology Lab at Panjab, Chandigarh
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Fig. 5.2 Phylogeny of Cetartiodactyla showing the position of the Remingtonocetinae. Branch
lengths scaled to standard chronostratigraphic units and absolute age in Ma

surement set for remingtonocetines was concatenated from measurements on all
available specimens (Table 5.2), linearly scaled to common features.
Topology and divergence times of the clades represented in this study (Fig. 5.2)
were taken from the mammalian supertree of Bininda-Emonds et al. (2007). The
calibrated phylogeny was used to generate an expected phylogenetic variance/covariance matrix C equivalent to matrix var [ϵs]ij of Martins and Hansen 1997) assuming Brownian motion as the evolutionary model.
Species averages for all variables were log transformed to achieve univariate
normality:
xij′ = ln ( xij + 0.5)
(5.1)

where xij is the average value of variable j for species i, and x′ij is the log-transformed value. The full set of variables was then range transformed as:


x′′ ij =

x′ ij

{ }

max x′ j

,

(5.2)

to form Υ, an n × m matrix of linear morphometric variables with ranges [−1, 1].
We have chosen a form of constrained ordination analysis, known as redundancy
analysis (RDA; Legendre and Legendre 1998), to examine the relationships between
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morphometric variables and behavioral variables. We used a PGLS approach to
conduct this analysis in phylogenetic context (Simons et al. 2011). Discussion of
PGLS can be found in Grafen (1989), Martins and Hansen (1997), and Garland and
Ives (2000). The application of PGLS to canonical analyses is discussed in Revell
and Harrison (2008) and Revell (2009). All of the subsequent analysis steps were
performed in R 2.10.1 (R Development Core Team 2009) using components from
the R package ape (Paradis et al. 2004); scripts are available from the authors on
request.
Although RDA is based on linear regression using continuous variables, it can accommodate categorical explanatory variables dummy coded as orthogonal contrasts
(Legendre and Legendre 1998; Legendre and Anderson 1999). Each categorical
variable with n categories was broken into n − 1 continuous variables, one variable
each for categories 1 to ( n − 1). Each category was scored as a positive value for
its respective variable, and zero for other variables, with the exception that the nth
category was scored as a negative value in all the variables as a contrast. Because
sample sizes for categories were unequal, values for the positive and contrast score
within each variable were adjusted to sum to zero to maintain orthogonality.
The PGLS transformation matrix Z (equivalent to C−1/2) was calculated by singular value decomposition of C−1, such that:


C−1 = ϒΛV ′

(5.3)

where ϒ and V are matrices of the left and right singular vectors of C−1, and Λ is
a diagonal matrix of the singular values of C−1. Matrix Z was then calculated as:


Z = ϒ ( Λ )V ′

(5.4)

The complete set of morphometric data ( n × m matrix Y) along with range-transformed condylobasal length (CBL) and the dummy-coded orthogonal contrasts
for feeding behaviors ( n × p matrix X) were concatenated into a single n × ( m + p)
matrix W. A vector of ancestral character states ( a) of length m + p was calculated
as:


a = [(1′C−11) −11′C−1 W ];

(5.5)

where 1 is an n × 1 column vector with (1) in each cell. Species data were PGLS
transformed and centered on ancestral character states as:


M = ZW − Z1a ′

(5.6)

PGLS-transformed data M were then separated into a matrix of dependent morphometric variables D and a matrix of explanatory size and feeding-related variables
T. Morphological values for remingtonocetines were included in the calculations
of Eqs. 5 and 6, but this row was excluded from matrix D to leave complete matrices for comparison of morphology, size, and feeding in the extant taxa. As for the
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standard computation of RDA, a matrix of multiple regression coefficients, B, was
calculated as:


B = (T ′ T) −1 T′ D

(5.7)

 , was calculated as:
A matrix of estimated values of D based on this regression, D


 = TB
D

(5.8)

 represents a linear combination of morphometric variables with size and
Matrix D
feeding-related variables.
 results in a set of eigenvalues Λ and eigenvectors U. A set
Eigenanalysis of D
 , respectively, can
of object scores and fitted object scores in PGLS space, P and P
be calculated as:


P = DU

(5.9)



 = DU

P

(5.10)

While these scores do not represent an ordination of the data in terms of real
(non-PGLS transformed) units, their axis-by-axis correlation provides a measure of
the strength of the relationship between morphometric and size/behavioral datasets
on each ordination axis.
Points in matrix U provide a direct representation of the ordination space in
terms of PGLS-transformed dependent variables D. To place the PGLS-transformed
explanatory variables T in the same context, the correlation
coefficients of axis-by were scaled by √λi / , the square root of the
axis correlations between T and P
proportional variance explained by that axis. Biplots of U and the scaled correlation
 provide a direct representation of the relationships between
coefficients of T and P
dependent and explanatory variables in the ordination after accounting for the effects of phylogeny.
Object scores in Euclidean (species) space can be found by substituting the untransformed species data from Y, centered on their phylogenetic means, for D in
Eq. 10:


S = (Y − 1a ′ )U.

(5.11)

Unlike the object scores in P, which cannot be directly compared to one another, the
taxon scores in S allow direct comparisons between taxon positions in constrained
morphospace. Although the ordination space as defined by U controls for phylogenetic effects, taxon scores in S are not phylogenetically independent and, therefore,
must still be considered in phylogenetic context. Most important in reference to the
ability to use information from living animals to reconstruct extinct taxa, morphological data for remingtonocetines originally excluded from matrix D were included
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L. N. Cooper et al.
1st axis 2nd axis 3rd axis
Proportion of variance
0.818
0.115
0.0676
Cumulative proportion of variance 0.818
0.932
0.9999

 (fitted species scores).
Table 5.4 Correlations (r) between vectors in D (species scores) and D
Correlations represent the strength of association between the morphological variables in D and
 , interpreted together with the cumulathe head-size/feeding-behavior model of morphology in D
tive proportions of variance given in Table 5.3
r
p
95 % CI for r
a,b
0.891–0.985
1st axis
0.959
< 0.0001
0.431–0.900
2nd axis
0.747
0.0004a,b
3rd axis
0.680
0.0019a,b
0.312–0.870
a
Significant correlation
b
Significant proportion of cumulative variance
in matrix Y, placing the fossil taxon in a morphological ordination constrained by
known functional relationships in extant taxa.
Phylogenetically non-independent variable loadings consistent with the position
of species points in S are calculated as axis-by-axis correlations between the data
in W and the fitted species scores S, scaled to the square root of the proportional
variance of each canonical axis. Explanatory variable loadings can be plotted together with eigenvectors from U to show the relationship between dependent and
explanatory variables. For ease of interpretation, the projection of loadings and object scores in S can be rotated, resulting in a projection that shows the greatest differences between feeding category loadings on the first two axes (Smax, placing snap
and suction loadings within an x–y plane). Taxon scores from the rotated projections
were assessed for similarity in constrained morphospace using cluster analysis and
neighbor-joining trees in PAST 1.99 (Hammer et al. 2001) and ancestral character
state reconstruction in Mesquite 2.75 (Maddison and Maddison 2011).

5.5 Results
5.5.1 The Constrained Morphospace
Most of the variance in morphology is explained by the first three (canonical) axes
(Table 5.3). The remaining noncanonical axes, which are in essence residuals of
regression on size or feeding mode, explain a very small proportion of the morphological variation present in the sample. When taken together with proportional
 on each axis (Table 5.4) provide comvariance, the correlations between P and P
plementary diagnostics of the fit of the explanatory model to the data; in this case
correlations on each axis are significant.
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The relationships between morphological and explanatory variables in PGLS
space are shown as rotated biplots (Fig. 5.3). In addition to standard variable loadings on the three canonical axes in this analysis, the loading of each morphological
variable along the vectors of the explanatory variables can also be considered. For
three canonical axes, as in this analysis, these relationships can be conveniently
expressed as the deviation of a morphological variable from the direction of the
explanatory variable’s vector, together with the length of the morphological variable’s vector along the explanatory variable’s vector. Random relationships between
morphological variables and explanatory variables would produce an expected
equilibrium length (for a single axis in this analysis, expected scaled equilibrium
length is 0.267).
For each explanatory feeding variable, a set of morphological variables that
correlate well with that category (≤ 30° deviation) and load strongly along its axis
(scaled length ≥ 0.267) can be identified (Table 5.5). For snap feeding, these include
mandibular depth both at the middle of the tooth row and at the posterior alveolus
(8 and 9 in Fig. 5.3a). Mandibular width (10) and anterior palatal arch width (4)
also load strongly, but with less tight correlation. For suction feeding, pterygoid arm
(2), mandible height (6), and masseter arm (14) display tight correlation and strong
loading. Anterior palatal arch width (4) loads strongly on suction feeding, but deviates from the suction-feeding axis (out-of-plane deviation in Fig. 5.3b)

5.5.2 Taxon Scores in the Constrained Morphospace
Scores for individual taxa were projected in the rotated ordination space Smax
(Fig. 5.4a). All terrestrial taxa are grouped together in the morphospace, but are
separate from extant aquatic taxa. Within aquatic taxa, a morphological gradient
between riverine snap feeders (e.g., Inia, Pontoporia) and obligate suction feeders
(e.g., Globicephalus, Ziphius) is visible in this projection. Extant taxa employing
mixed feeding strategies, such as ram-suction feeding, lie in the middle of these
endpoints (e.g., Tursiops, Phocoena). Morphological data from remingtonocetines
allow them to be placed in this projection of the morphospace, nearest the ram
feeders, and farthest from browsing/grazing terrestrial taxa and suction-feeding
cetaceans (Fig. 5.4a). A neighbor-joining cluster analysis (Fig. 5.4b) shows the
feeding-related oral morphology of remingtonocetines to be most similar to river
dolphins Inia and Pontoporia.
Fig. 5.3 Rotated biplot of dependent variables and independent variable loadings in PGLS space,
showing morphological variables that show strong relationships with a snap feeding and b suction
feeding ( bold lines). Morphological variables numbered as in Table 5.1. Snap feeding is tightly
negatively correlated with mandibular depth at the middle of the tooth row ( 8) and at the posterior
alveolus ( 9), and both of these variables, as well as anterior palatal arch width ( 4) and mandible
width ( 10), show strong negative loadings on the snap feeding axis. Suction feeding is tightly
positively correlated with pterygoid muscle arm ( 2), mandible height ( 6), and masseter arm ( 14)
(apparent correlation with anterior palatal arch width is due to out-of-plane deviation); these three
variables, as well as anterior palatal arch width ( 4), mandible depth ( 8 and 9), and mandibular
symphysis height ( 12), all show strong positive loadings on the suction-feeding axis
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Table 5.5 Relationships between PGLS-transformed morphological variables and independent
variable loadings. Deviations are reported for symmetrical projections, with a maximum value
of 90°. Small deviations from the loading axes indicate greater correlation (positive or negative)
between the morphological variable and the behavioral variable. Eigenvector length provides a
modified form of dependent variable loading, read along the independent variable loading axis
rather than a canonical axis. Positive eigenvector lengths indicate positive correlations, and vice
versa
EigenvecDeviation
Deviation from Eigenvector
length on snap from suction tor length on
snap feeding
loading axis (°) feeding load- feeding load- suction feeding
ing axis (°) loading axis
ing axis
Basicranial length
89.3
− 0.013
85.5
0.056
Pterygoid armb,c,d
47.5
− 0.339
15.7
0.333
Basicranial widthb
64.5
0.436
81.1
0.109
Anterior arch widthb,d,c
41.3
− 1.04
50.6
0.519
Mandible length
64.7
− 0.063
37.7
0.137
Mandible heightb,c,d
37.2
− 0.401
5.2
0.400
Mandible tooth row length
71.6
− 0.176
83.6
0.048
Mandible widtha,b,d
8.3
− 1.19
38.8
0.671
Mandible depth mida,b,d
8.3
− 0.896
33.9
0.546
Mandible depth posb,d
35.4
− 1.15
73.6
0.272
Symphysis length
65.2
0.223
70.4
0.168
Symphysis heightb,d
76.7
− 0.304
31.4
0.908
Anterior mandible arch widthd 77.2
0.194
49.2
0.470
Masseter armb,c,d
32.8
− 0.552
5.3
0.494
a
Close alignment to snap axis (≤30° deviation)
b
Eigenvector length on snap axis greater than equilibrium contribution value for single axis
(≥0.267)
c
Close alignment to suction axis (≤30° deviation)
d
Eigenvector length on suction axis greater than equilibrium contribution value for single axis
(≥0.267)

5.6 Discussion
5.6.1 Quantitative Methods in Reconstructing Behaviors
The first goal of this analysis was to establish a reliable quantitative method to
reconstruct behaviors in fossil taxa. We chose RDA to address the particular research question of multivariate discrimination among groups while accounting
for phylogenetic effects using PGLS. Testing categorical group membership with
multivariate data is typically accomplished through canonical variate analysis
(CVA), but incorporating the generalized least squares framework of PGLS led to
intractable computational difficulties (but see Motani and Schmitz 2011). The solution we have settled on is very similar to the approach of variation partitioning
(Desdevises et al. 2003; Cubo et al. 2005, 2008); the underlying computations are
nearly identical, with the exception of how phylogenetic information is handled
(as a variance/covariance matrix for generalized least squares in PRDA versus
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Fig. 5.4 a Taxon points in species space along the three canonical axes, rotated to align snap
feeding and suction feeding loadings in the x–y plane (Smax). Convex hulls surround extant suction
feeders ( dark gray), snap feeders ( medium gray), and terrestrial herbivores ( light gray). Remingtonocetinae lie close to the river dolphins Inia and Pontoporia in this projection. b Neighborjoining tree using the two-dimensional projection of Smax

employing significant principal coordinate axes of phylogenetic distance as covariates in variation partitioning). The output of the two analyses differs primarily in
focus as variation partitioning compares coefficients of multiple determinations
derived from regressing dependent variables on several matrices of explanatory
variables to show the amount of variation explained by each set of factors. In contrast, PRDA employs the same regression procedures, but produces an ordination to
graphically portray the relationships between dependent variables and explanatory
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variables, and also the relationships among species’ average morphologies, given
the relationships between dependent and explanatory variables. This analysis is the
first instance of PRDA as a means to reconstruct unpreserved features of an extinct
taxon by finding the extinct taxon’s position in a functionally defined morphospace.
The relationship between the numbers of regression coefficients to be estimated
versus the sample size in the current study minimizes the expected difference between the constrained ordination of RDA and an unconstrained ordination (e.g.,
PCA). PRDA analysis provides clear distinction between function-driven variation
in morphology and neutral variation in morphology when the number of extant
taxa is more than double the number of regression coefficients to be estimated (i.e.,
nextant ≥ ~ 2mp).
Taken together, this study presents a novel suite of methods that integrated quantitative data from morphology and behavior and assumed a link through performance.
These methods are amenable to multilevel comparisons that include morphology,
performance, function, and other classes of covariates as they are deemed appropriate. The level of detail that can be attained in relating several sources of variation is
limited only by the number of extant taxa that can be included in the analysis. Ideal
groups for testing are taxon-rich extant and fossil taxa (e.g., chiropterans, rodents,
and lizards).

5.6.2 Remingtonocetines as Snap Feeders
The second goal of this study was to reconstruct feeding strategies in remingtonocetid
archaeocetes based on modern cetartiodactylans with varying feeding strategies
(ram, combined ram/suction, obligate suction, browsing/grazing). Results showed
a strong relationship between morphology and function within the extant sample.
There is a morphological gradient between ram feeders (river dolphins), obligate
suction feeders (beaked and pilot whales), and taxa known to use both strategies (e.g., Phocoena and Cephalorhynchus; Kastelein et al. 1997; Werth 2006a).
Remingtonocetines are positioned nearest the river dolphins, suggesting that they
employed very little suction, if any, during prey capture. This is consistent with
the interpretation that the ancestral feeding behavior of cetaceans is snap feeding
(Werth 2007).
Morphologies contributing to the snap-behavior assignment of remingtonocetines include the following characteristics: (a) long lengths of the mandible and
symphysis, (b) a narrow palatal arch, (c) a long mandibular tooth row, and (d) a
reduced mandibular depth along the posterior aspect of the mandible. These characteristics are also seen in extant river dolphins (Werth 2006a), specifically Inia and
Pontoporia.
In addition to an elongated rostrum and modified palate, the remingtonocetid
masticatory apparatus were supported by a large temporal fossa and an exceptionally large sagittal crest that extended caudally past the nuchal line (Thewissen and
Bajpai 2009; Bajpai et al. 2011). These characteristics suggest that the temporalis
muscle was not only massive in its cross section, but displayed a greater array of
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cranio-caudally directed fibers. These could have aided in both the strength and
rapidity of jaw closure, as well as resisted torsion of the skull incurred while capturing live prey. Contrary to the unusually large temporalis muscle, sites of attachment
for the masseter muscle were comparatively small (Bajpai et al. 2011), potentially
suggesting that lateral movements of the jaw associated with grinding prey were
minimized, which is consistent with studies of tooth wear (Thewissen et al. 2011).
The long mandibular symphysis, fused in andrewsiphiines and non-fused in remingtonocetines, would also have limited all jaw movements except simple adduction.
Prey capture and stabilization may have been assisted by the presence of tall
incisor crowns (Thewissen and Bajpai 2001; Bajpai et al. 2011) and widely spaced
premolars (Fig. 5.1). Molars of remingtonocetids lacked the crushing basins
(Fig. 5.1) characteristic of some archaeocetes (e.g., pakicetids, ambulocetids, and
protocetids, Cooper et al. 2009), suggesting prey received minimal crushing before
swallowing and that the teeth were mainly used to shear food items. This is also
consistent with dental wear in remingtonocetines (Thewissen et al. 2011). Therefore, while pakicetids, ambulocetids, and protocetids retained some crushing ability
in the molars, remingtonocetids are more like basilosaurids and molar function is
limited to shear. This similarity in dentition must be independently acquired, because protocetids are the sister group to the clade that includes basilosaurids, and
most protocetines have both molar protocones and crushing basins.
There are pronounced differences in dental morphology in the remingtonocetines. Within remingtonocetines, shear facets are clear and well developed, and in
the remingtonocetid Dalanistes, molar shape appears to be designed in such a way
as to maximize shear surface (large, flat areas on the lingual side of the paracone
and metacone). These areas are less well developed in Remingtonocetus. Molar
morphology is less well known in the andrewsiphiine Andrewsiphius, but its lower
molars do not show any flat shear surface, suggesting that this specific type dental
function was unimportant (Thewissen et al. 2011). The andrewsiphiine Kutchicetus
displays lower molars that are separated by diastemata, indicating a further loss of
occlusal function.
Taken together, this study presents novel methods relating quantitative measures
of morphology with behavior in extant taxa and applies them to fossils in order to
reconstruct ancient behaviors. These methods were applied to remingtonocetid archaeocetes, and the resultant data shed light on the evolution of food procurement
and masticatory behaviors along the cetacean land-to-sea transition. Future analyses
may utilize these methods to reconstruct behavioral questions in other fossil taxa as
these methods are only limited by the sample size of extant taxa.
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